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ABSTRACT 

Cell- and tissue-based in vitro models are becoming an integral part of modern toxicological, pharmaceutical and 
biomedical research due to both ethical and practical reasons. Cell-based in vitro assays, which allow rapid, 
sensitive, reproducible and cost-effective evaluation of the key biological phenomena and processes, can be 
effectively used for hazard assessment and predictions of chemical effects on human health. Gap junctional 
intercellular communication (GJIC) mediated by connexin channels facilitates an exchange of small molecules 
between the adjacent cells and has been recognized as an essential process coordinating intra-, extra- and inter-
cellular signaling pathways between the cells within a tissue. Due to increasing knowledge on the critical role of 
connexins and GJIC in human diseases and toxicities, compatibility of methods for GJIC assessment with advanced 
in vitro models and high-throughput setups, in vitro evaluation of GJIC represents an effective tool which can be 
utilized in the modern toxicological and pharmacological research for prediction of chemical effects on human 
health.  

This thesis provides a commented summary of 15 original research papers, which demonstrates possible 
applications of in vitro GJIC assessment in modern toxicological and pharmacological research. GJIC can be 
assessed in vitro using a variety of methods, including techniques compatible with high-throughput screening, as 
well as methods which are suitable for different in vitro models including three-dimensional cell cultures. These in 
vitro GJIC assays were used to identify new chemical hazards represented by several organic pollutants, such as 
polycyclic aromatic hydrocarbons (especially methylated anthracenes and other low molecular weight PAHs), 
endocrine disrupters (methoxychlor, vinclozolin) or perfluorinated fatty acids. GJIC assessment was further applied 
to characterize molecular and cellular mechanisms of toxicity, including identification of new signal transduction 
pathways (phosphatidylcholine-specific phospholipase C, phospholipase A2, mitogen-activated protein kinases, 
protein kinase A) and molecular targets (e.g. annexins) altered by toxicants dysregulating GJIC. In vitro GJIC assay 
was also successfully used to assess toxic potential of complex cyanobacterial water blooms or to identify 
synergistic interactions between natural toxins and anthropogenic contaminants. GJIC assessment was employed 
as a principal bioassay in an effect-directed analysis for identification of toxic compounds in complex mixtures, or 
in effect-based monitoring or evaluation of water treatment technologies. It was demonstrated that GJIC can be 
assessed in a variety of in vitro models representing different cell types, tissues, organs, developmental stages, 
health states or biological species. The effects of chemicals on GJIC, mechanisms underlying GJIC modulations, or 
cellular events occurring downstream of GJIC dysregulation can be then studied and interpreted within the specific 
biological, physiological or pathophysiological context. GJIC assessment is also a valuable tool for in vitro screening 
for cancer chemopreventive agents capable to prevent chemically-induced inhibition of GJIC, as demonstrated for 
example for resveratrol, quercetin or silibinin. Alternatively, restoration of GJIC in neoplastically transformed cells 
can be assessed in vitro and used in drug screening, including a bioassay-guided fractionation and identification of 
bioactive chemicals in complex mixtures, such as extracts of different natural products. Finally, GJIC was shown as 
a useful tool to evaluate potential harmful or beneficial effects and mode(s) of action of perspective biomedical 
applications, like applications of carbon nanotubes or treatments with pulsed electric fields.  
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 15 Introduction 

1 INTRODUCTION  

1.1 IN VITRO ASSAYS FOR PREDICTING CHEMICAL EFFECTS ON HUMAN HEALTH 

Understanding chemical effects on human health represents one of the essential societal needs. Human beings 
are constantly being exposed to dozens of chemicals: unintentionally to those contaminating their environment or 
food; rather deliberately to the compounds from personal care and cosmetic products, food additives and 
preservatives; and finally quite on purpose via medicinal and recreational drug use and abuse. Interactions 
between the chemicals and organism might then result into acute or chronic alterations of its anatomical, 
physiological or psychological integrity, which are the critical determinants of the health state (Stokes et al., 
1982). 

Our interest to understand, characterize and predict beneficial or adverse effects of chemical substances on 
human beings is probably as old as the mankind itself. The effort to systematically identify compounds and 
exposures hazardous for human health in order to prevent, minimize, counteract or utilize their adverse health 
effects, has translated into the formation of modern toxicology, toxicity testing and risk assessment. On the other 
hand, modern pharmacology and drug discovery focuses on the identification of beneficial compounds and their 
effects to cure, treat, or prevent disease.  

In the modern experimental toxicology and pharmacology, in vitro methods compatible with high-throughput 
screening (HTS) are becoming the major tool for toxicity testing and drug discovery, which is supposed to 
overcome not only the ethical concerns associated with the use of experimental animals, but also other constraints 
of animal models in terms of their low speed and throughput, high costs, limited gain of mechanistic information, 
poor reflection of intra-specific variability, needs for interspecies extrapolation, and overall limited predictability of 
the outcomes observed in humans (Shukla et al., 2010). Important milestone regarding the use in vitro assays in 
the toxicity testing was the strategic document published by the US National Academy of Science in 2007 “Toxicity 
testing in the 21st Century: A vision and a strategy”, which outlined a need for the major change in the toxicity 
testing in order to increase its efficiency and reduce the animal usage. This should be achieved by transitioning 
from current expensive and lengthy in vivo testing with qualitative endpoints to in vitro toxicity assays on human 
cells or cell lines using robotic HTS with mechanistic quantitative parameters (Krewski et al., 2010). This strategy 
placing in vitro toxicology and toxicity mechanisms in the foreground is also in a synergy with the long term 
coordinated effort aiming for reduction of animal experiments (3Rs principle) on one hand, and the increasing 
demands for toxicity testing and chemical hazard assessment on the other hand. Both these aspects are being 
strongly emphasized within the current EU legislation including promotion and support for research, development, 
validation and application of in vitro alternatives to animal testing (Daneshian et al., 2015).  

1.2 TARGET-BASED VS. PHENOTYPIC IN VITRO ASSAYS 

Many in vitro assays were designed as so-called target-based assays in order to evaluate interactions between 
chemicals and specific biochemical or molecular targets (e.g. purified recombinant receptor proteins or signaling 
enzymes) in high-throughput cell-free assays, or to assess perturbations of the key signaling pathways using 
genetically engineered cell lines with gene reporters or protein sensors allowing rapid, sensitive and high-
throughput luminescence or fluorescence readouts for assessment of nuclear receptor transactivation (e.g. AR, 

ERs, PPARs, RXR, AhR), activity of other transcription factors (AP-1, HIF1A, NFB, ARE/Nrf2, CREB, p53), cytokine 

production (IL-8, TNF), membrane receptor or kinase activation (e.g. GPCR/cAMP, MAPK/ERK, Akt) (Shukla et al., 
2010). Although the target-oriented approach has been quite successful in both toxicological and pharmaceutical 
research and screening, signaling pathways are known to be interconnected, creating complex interacting 
networks with many redundancies, compensatory crosstalks and feedbacks. Moreover, signaling pathways and 
networks are cell-type specific, thus perturbations of the same signaling pathway might result in different 
outcomes in different cell types, depending on species-, sex-, developmental stage-, organ- or tissue-specific 
cellular and physiological context. Thus, the final outcomes occurring at the higher levels of biological organization 
cannot be always reliably predicted from the assessment of a single or few individual target(s) or pathway(s). This 
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increases demands to combine multiple assays into high-throughput setups to reflect perturbations of multiple 
signal transduction pathways, and to rely on the application of computational and systems biology tools for 
modeling or predicting of biological outcomes. Despite our expanding knowledge and understanding in biology and 
other relevant disciplines, this approach is being inherently limited by the number of known signaling pathways 
which can be successfully incorporated into the high-throughput assays, as well as by the number of assays which 
can be actually evaluated within a given research project, and finally by our not-finite understanding of signaling 
pathways and networks, since new signaling pathways, mechanisms and interactions are being constantly 
discovered.  

Phenotypic assays focusing on physiological responses and phenotypic changes, which require minimal 
assumptions concerning the participation of specific molecular targets and/or signaling pathways, therefore 
represent a very effective strategy complementary to the target-based assays. In cell-based phenotypic assays, 
cellular responses associated with various toxicant-induced adverse outcomes or disease-related phenotypes can 
be evaluated within a given cell-specific content of interacting proteins and signaling networks, and typically also in 
the presence of cell-cell interactions and intercellular signaling. Historically, cell viability represents probably most 
traditionally evaluated endpoint in cell-based phenotypic assays, thanks to a variety of early-on available methods 
allowing evaluation of cytotoxicity and proliferation in different formats, including high-throughput assays. Recent 
advances in cell and molecular biology, cell culture techniques, robotic platforms, detection instrumentation, 
microscopic and imaging systems, and computer hardware and software innovations have greatly increased the 
number, availability and throughput of methods and assays for evaluation of other cellular responses and 
phenotypic changes (Xu, 2015). In vitro methods and cell-based assays, which are nowadays available for routine 
qualitative and quantitative assessments of various cellular events linked to toxicant-induced adverse outcomes or 
diseased phenotypes, include alterations of apoptosis, autophagy, cell adhesion, cell growth, cell motility, cell 
migration and invasion, cytoskeletal rearrangements, DNA damage and repair, membrane integrity, 
mitochondrial function, morphological changes (e.g. neurite outgrowth), nuclear translocation, oxidative stress 
and redox state (Shukla et al., 2010; Zheng et al., 2013). These modern phenotypic assays can be effectively 
combined with biochemical or molecular-biological techniques using either hypothesis-driven or exploratory 
approach (‘omics’ technologies) in order to provide mechanistic clues and explanations by acquiring information 
on gene and protein expression, activity, function and regulation.  

1.3 NEW PHENOTYPIC BIOASSAYS? 

Considering increasing demands for toxicity testing and drug discovery, there is a continuous effort to develop and 
optimize new in vitro cell-based assays, which would allow to assess important toxicity- and disease-relevant 
cellular responses in more effective ways in terms of their efficiency, robustness, throughput, in vivo relevancy and 
ability to predict specific responses and adverse outcomes at the higher levels of biological organization. This 
includes development of newly designed or re-designed assays for assessment of well-recognized phenotypic 
endpoints such as cell death, migration, membrane integrity etc., but also phenotypic assays for evaluation of 
other cellular and tissue processes, whose disruption have been linked to adverse outcomes and health effects.  

Gap junctional intercellular communication (GJIC) represents an evolutionary ancient cellular process founding 
the origin of metazoans in the phylogenetic history of life on the Earth. Although GJIC is an indispensable process 
for the healthy development and functioning of any animal or human being, its application in the modern 
toxicological and pharmacological research is relatively underrepresented in comparison to other and more 
traditional assays, partially due to the until-recent lack of simple and rapid methods allowing for GJIC assessment 
in a higher-throughput workflow or in advanced in vitro models.  
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In this habilitation thesis, GJIC will be introduced as a vital cellular process whose in vitro assessment provides a 
valuable phenotypic endpoint, which could be effectively utilized in the modern toxicological and 
pharmacological research. After a brief introductory information regarding the underlying principles of GJIC, its 
regulation and (patho-)physiological role, the candidate will summarize and comment the major findings of his 
postdoctoral research in order to demonstrate that: 

 GJIC can be assessed in vitro using a variety of methods including those compatible with HTS or suitable 
for different in vitro models including three-dimensional (3D) cell cultures 

 In vitro assessment of GJIC can be used to  
o Identify new chemical hazards, with a possibility to validate the results using in vivo experiments 
o Characterize molecular mechanisms of cellular and tissue toxicity 
o Assess toxic potential or bioactivity of complex mixtures and identify the bioactive components 
o Characterize species-specific, tissue- or cell-type specific effects of chemicals 
o Evaluate potentially beneficial effects of bioactive chemicals or therapeutic treatments 

 
This thesis is built on the selection of 15 peer-reviewed publications [Attachment I-XV], which are relevant for 
this topic, and were co-authored by the candidate. The major claims are further supported also by several 
examples from the currently ongoing research.  

 

2 CONNEXINS AND GJIC REGULATION 

2.1 EVOLUTIONARY SIGNIFICANCE OF CELL-TO-CELL COMMUNICATION 

Evolution of the cell-to-cell communication was the essential prerequisite for the evolutionary transition from 
single celled organisms into complex multicellular life forms with specialized cell types, tissues and organs. There 
are several extra-cellular phenotypic features underlying the evolution and morphogenesis of differentiated 
multicellular organisms, including most importantly (Knoll, 2011; Trosko, 2016, 2011):  

(a) mechanisms of growth control, where a society of grouped cells regulates their proliferation, for example by 
mechanisms of “contact-inhibition”;  

(b) induction of specialized cells (“differentiation”) through regulated expression of the selected sets of the total 
genomic information; and  

(c) programmed cell death such as apoptosis to selectively remove damaged or developmentally no-longer 
required cells and allow their replacement with functional cells or proper cell types.  

Regulation of cell behavior in terms of their growth, differentiation or apoptosis relies on the ability of the cells to 
communicate with each other in order to coordinate their responses to different external and internal stimuli 
across the tissues and organs. Such coordination of cell behavior is necessary during the entire ontogenetic 
development, from the early stages of embryogenesis and morphogenesis, when an undifferentiated cell 
develops into a life form characterized by many specialized cell types organized in differentiated tissues and 
organs; till the later developmental phases, when proper function and regeneration of a tissue or organ depends 
on the constant maintenance of tissue homeostasis in terms of balanced proliferation, differentiation and 
apoptosis (Trosko 2011; 2016). 

Direct cell-to-cell coupling, i.e. direct symplastic connections between adjacent cells in the tissues, is one of the 
essential mechanisms of cell communication facilitating coordination of cell behavior and responses, and thus 
enabling the existence of complex multicellular life. Despite their evolutionary, structural and functional 
differences, mechanisms of intercellular communication allowing cell-to-cell transport of various molecules can be 
found in one form or another in all groups of eukaryotic organisms with multicellular life forms: gap junctions and 
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so-called tunneling nanotubes in animals, septal pores in fungi, plasmodesmata in brown algae, green algae and 
plants, and possibly also pit plugs in red algae (Bloemendal and Kuck, 2013; Knoll, 2011; Terauchi et al., 2015).  

2.2 GAP JUNCTION STRUCTURE AND GJIC REGULATION 

In animals, intercellular communication is mediated primarily by gap junctions, which are plaque-like protein 
structures that form contiguous channels between the cells. Vertebrate gap junctions are built from connexins 
(Cxs), which are membrane proteins with tetraspan topology of four interspersed transmembrane domains 
connecting the cytoplasmic N-terminal region through an extracellular (E1), cytoplasmic and another extracellular 
(E2) loop to the C-terminal region of the connexin molecule (Figure 1). This structure is shared among the 
20 rodent or 21 human connexin species encoded by the family of Gj/GJ genes. In addition to the gene names, a 
nomenclature of connexins based on the molecular weight predicted by DNA sequencing is commonly used. For 
example, Cx43 denotes connexins with a predicted molecular weight of 43 kDa, which are encoded by 
rodent/human genes Gja1/GJA1 (Nielsen et al., 2012). In gap junction channels, six connexin protein units are 
organized into a hexameric hemichannel structure termed connexon (Figure 1). Full gap junction channel is then 
formed by head-to-head docking of hemi-channels from two adjacent cells. Expression of different connexin 
proteins is tissue- and cell type-specific, and different connexin species can be combined within a gap junction 
channel: homomeric hemi-channels contain only on type of connexin, whereas heteromeric connexons are built 
from different connexin species (Nielsen et al., 2012). Homotypic channels then consist of two identical 
homomeric or heteromeric connexons, whereas heterotypic channels are created from two different homomeric 
or heteromeric connexons. Multiple (tens to thousands) connexin channels usually aggregate and create a gap 
junction plaque or a gap junction (Axelsen et al., 2013).  

Gap junction channels allow for passing of various ion species carrying electrical charges, nutrients, metabolites, 
signaling and regulatory molecules, and thus provide a basis for GJIC, i.e. direct intercellular communication via 
exchange of soluble ions and molecules. Chemicals with a size up to 1-1.5 kDa are known to be transported 
through gap junctions, including inorganic ions (e.g. Na+, K+, Ca2+), organic molecules, such as ATP/ADP, cAMP, 
inositol triphosphate (IP3), glutamate, glutathione (Nielsen et al., 2012) or non-coding RNAs (Zong et al., 2016). 
Different types of connexins and gap junctions might have different permeability and selectivity for the individual 
ions and compounds. Although cell-to-cell coupling and mediation of GJIC represents a universal and key function 
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Figure 1: Connexins, connexin hemichannels and gap junction channels. Connexin monomer consists of intracellular N-terminus, C-terminus 
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of all connexins, it was also demonstrated that connexins, connexin channels as well as hemichannels might be 
involved in signaling and regulations occurring via non-coupling mechanisms, and independently of GJIC (Vinken 
et al., 2012). Correspondingly, there is also an increasing knowledge regarding the (patho-)physiological role of 
pannexins, which are proteins related to invertebrate gap junction proteins innexins with a configuration 
resembling connexin hemichannels, but not participating in the intercellular junctions in verbrates (Willebrords et 
al., 2017). 

The main focus of this thesis will be on GJIC, which represents a strictly controlled process regulated at several 
levels: (a) control of connexin gene expression, (b) connexin turnover and trafficking, (c) postranslational 
regulations and (d) channel gating mechanisms (Figure 2).  

Transcription of connexin genes is regulated by a combination of ubiquitous or tissue-specific transcription 
factors, histone acetylation and DNA methylation. Stability and translation of connexin mRNA transcripts is 
modulated also by non-coding RNAs, and these epigenetic mechanisms contribute to the tissue and cell specific 
expression of connexin genes (Nielsen et al., 2012). GJIC permeability and selectivity will depend not only on the 
type(s) of connexin(s) expressed and present in the gap junctions, but also on the number of connexin channels 
within a gap junction plaque and the number of plaques, which are further regulated by mechanisms controlling 
connexin cellular fate and dynamics.  

Translated connexins have a high turnover rate, with half-lives ranging from few hours up to 1.5 days, depending 
on the connexin type and cell type (Nielsen et al., 2012). Folding of connexins and disulfide bonds formation occurs 
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Figure 2: Formation of connexin (Cx) channels and regulation of gap junctional intercellular communication (GJIC) at different levels: (a) 
Transcription of connexin genes is regulated by epigenetic mechanisms; (b) Connexin maturation, trafficking and assembly, membrane 
localization and degradation depend on the intracellular protein and organelle machinery; (c) Connexon docking and connexon gating 
(opening–closing) is regulated by connexin-postranslational modifications and also by voltage-, pH-, calcium- or redox-dependent gating. 
Adapted from (Leone et al., 2012). 
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within the endoplasmic reticulum. Mature connexin molecules usually oligomerize in the Golgi complex, and are 
transported to the plasma membrane through the Trans-Golgi network (Leone et al., 2012). Given their short half-
life, new connexons are being constantly inserted into the plasma membrane while removing of older ones is 
occurring simultaneously via internalization. Connexins are internalized primarily through formation of double 
membrane gap junction vesicles called annular gap junctions by clathrin-dependent endocytosis (Falk et al., 2016). 
Annular gap junctions are degraded primarily by endolysosomal or autophagosomal processes (Falk et al., 2016). 
Alternatively, some connexin molecules might be recycled back to the plasma membrane (Nielsen et al., 2012). 
Connexin maturation, trafficking, membrane localization, internalization or recycling is assisted and regulated by 
interactions with specific proteins (e.g. zonula occludens-1, caveolin, tubulin), thus dynamics of these processes is 
dependent on the actual context of intracellular protein and organelle machinery.  

Connexin turn-over and interactions with other proteins are regulated also by posttranslational modifications of 
connexins. Major recognized posttranslational modifications of connexin molecules include SUMOylation, 
nitrosylation, methylation, acetylation, glutamate g-carboxylation, ubiquitination and phosphorylation (Axelsen et 
al., 2013). SUMOylation has been associated with an increase in both connexin expression and gap junction 
formation, while S-nitrosylation of connexin has been linked to the regulation of GJIC in the vasculature, as well as 
in the regulation of hemichannel functions. Connexin methylation and acetylation have been implicated also in the 
control of GJIC, whereas g-carboxylation appears to modulate Ca2+-dependent gating of Cx26 (Axelsen et al., 2013). 

Ubiquitination and phosphorylation represent the most studied posttranslational modifications of connexin 
(Axelsen et al., 2013). Ubiquitination is involved in connexin degradation and regulation of connexin life cycle and 
turnover. Newly synthesized but immature, unfolded, misfolded or damaged connexin molecules are targeted by 
ubiquitination for endoplasmic-reticulum-associated protein degradation (ERAD) or for proteasome degradation. 
Interestingly, up to 40% of newly synthesized connexins were shown to undergo ERAD, and stress-induced 
reduction of ERAD was demonstrated to affect number of functional gap junctions. Thus, ERAD might be also part 

Figure 3: Post-translational modifications of connexin43 (Cx43). Schematic representation of C-terminus of Cx43 with the identified 
phosphosites and their specific kinases. Residue of Cystein 271 known to be modified by S-nitrosylation with nitric oxide is also highlighted. 
Adapted from (Pogoda et al., 2016). 
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of regulation of normal connexin molecules turnover (Nielsen et al., 2012). Internalization of gap junctional 
plaques followed by their endo-lysosomal or autophagolysosomal degradation is triggered by multiple 
monoubiquitination of connexins by E3 ubiquitin ligases (e.g. Nedd, Smurf2 or Trimm21) or by K63-poly-
ubiquitination (Falk et al., 2016). 

Phosphorylation is probably the most intensively investigated posttranslational modification of connexins. All 
connexins are phosphoproteins containing multiple phosphosites, with majority of phosphosites located in the C-
terminal region (Axelsen et al., 2013; Nielsen et al., 2012; Pogoda et al., 2016). Cx43 represents the most abundant 
and most extensively studied mammalian connexin. In human Cx43, there have been 22 phosphosites identified 
within C-terminal region (Figure 3), which include two tyrosine residues known to be phosphorylated by Src 
kinases, and 20 serine residues phosphorylated in a site-specific manner by Ca2+/calmodulin-dependent protein 
kinase II (CaMKII), mitogen activated protein kinases (MAPKs), protein kinase A (PKA), protein kinase C (PKC), 
casein kinase 1 (CK1), cyclin-dependent kinases (cdc5, p34cdc2) or Akt kinases (Axelsen et al., 2013; Nielsen et al., 
2012; Pogoda et al., 2016). Also other kinases (protein kinase G - PKG, EGFR-tyrosine kinases) were reported to 
phosphorylate other types of connexin (Cx35/36, Cx32). Dephosphorylation of connexins is mediated by protein 
phosphatases PP1 and PP2A. Phosphorylation pattern regulates all stages of connexin life cycle, including connexin 
oligomerization into the connexons, trafficking and insertion into the plasma membrane, gap junction assembly 
and connexin degradation, thus controlling the quality and quantity of gap junctions and consequently the levels of 
GJIC (Axelsen et al., 2013; Nielsen et al., 2012; Pogoda et al., 2016).  

Site specific phosphorylation and interplay 
between various phosphorylation sites appears 
to be also the key mechanism for direct 
regulation of electrical and metabolic coupling 
through gap junction channels via gating 
mechanisms (Figure 4), i.e. changes of single-
channel conductance or chemical permeability 
achieved by conformational changes and 
structural rearrangements of connexin 
molecules or electrostatic mechanisms, but 
without changes in the number or composition 
of gap junctional plaques . In addition to 
phosphorylation and other posttranslational 
modifications, the gating of connexin channels 
can be directly modulated also by 
transjunctional voltage and transmembrane 
potential (Bargiello et al., 2018), pH, Mg2+ and 
Ca2+ changes (Lopez et al., 2016; Palacios-Prado 
et al., 2013; Wang et al., 2012), phospholipase 
activity (van Zeijl et al., 2007) or redox signaling 
(Pogoda et al., 2016; Upham and Trosko, 2009).  

Taken together, functionality of GJIC represents 
a complex phenotypic outcome depending on 
the integration of different extra-, intra- and 
extracellular signals and signal transduction 
pathways either directly controlling GJIC or 
modulating the actual gene expression profile, 
including expression of connexins, expression 
and activity of connexin-interacting proteins or 
proteins involved in gap junction processing.  

Figure 4: Examples of gating regulation of connexin (hemi)channel 
permeability. Atomic force microscopy topography image of the plasma 
membrane surface with an opened and closed Cx43 hemichannel in a calcium-
free buffer (top left) and in the presence of 1.8 mM Ca2+ (top right). Schematic 
representation of hemichannel gating regulation by Ca2+ ions (middle) and by 
pH (bottom). CT - C-terminus, CL - cytoplasmic loop. Adapted from (Evans et 
al., 2006; Nielsen et al., 2012; Thimm et al., 2005). 
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3 PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL ROLE OF CONNEXINS AND GAP 
JUNCTIONS 

3.1 GJIC AS A MECHANISM OF HOMEOSTATIC CONTROL IN MULTICELLULAR ORGANISMS 

GJIC plays a central role in coordinating cell-to-cell communication and signal transduction pathways controlling 
gene expression and cell behavior in order to receive coordinated or collective responses from the cells across a 
tissue of multicellular organism, where virtually all differentiated cells within a solid tissue are joined by gap 
junctions. In the various tissues and organs of animals, four major cell types can be distinguished by their self-
renewal potential and their potency, i.e. ability to differentiate into more specialized cell types: (a) toti-potent and 
pluripotent stem cells, which occur typically only during the earliest stages of ontogenetic development, and their 
more differentiated progeny of (b) multipotent, oligopotent or bipolar somatic (adult, tissue-specific or tissue-
resident) stem cells, (c) the progenitor or transiently-amplifying cells with a finite life span, and (d) the terminally 
differentiated cells. Proper development and function of multicellular organism relies on the maintenance of 
homeostatic balance between self-renewal, differentiation, proliferation and apoptosis of these different cell 
types, which is achieved by delicately integrated mechanisms of extra- (hormones, cytokines, growth factors), 

intra- (different intracellular signaling mechanisms, such as MAPKs; NF-B) and also intercellular communication 
including GJIC (Figure 5). Without these communication mechanisms, the higher order structures and functions of 
multicellular organism could neither develop nor be maintained during the different stages of embryonic, fetal, 
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neonatal, adolescent, adult and geriatric development (Trosko, 2011).  

The importance and complexity of the connexin physiological and pathophysiological role is illustrated by a variety 
of outcomes of different connexin knock-out models. While knock-out of some connexin genes results in 
embryonic or early life stage lethality due to severe developmental impairment, dysfunction of other connexins 
might be partially or nearly fully compensated. For example, mice knockouts for Cx32 resulted in hepatic 
abnormalities and susceptibility to hepatic tumors and mild peripheral neuropathies; for Cx26 resulted in 
embryonic lethality at day 11; for Cx31 resulted in transient placental dysmorphogenesis; for Cx43 resulted in 
abnormal cardiac development and subsequent embryonic death; for Cx46 resulted in cataract formation; and for 
Cx50 resulted in cataract formation and microphthalmia (Kelsell et al., 2001; Upham and Trosko, 2009).  

3.2 CONNEXINS AND GJIC IN HUMAN DISEASES 

Recent advances in life science research allowed to study connexins and gap junctions in human patients, 
experimental disease models and/or connexin knock-out/knock-in models, which greatly expanded our view of the 
role gap junctions play in physiological and pathological conditions. Connexins and gap junctions were clearly 
identified to have distinct connexin type-, cell type-, tissue-, and developmental stage-specific physiological 
functions, whose direct or indirect disruption by genetic causes, exposures to endogenous or exogenous 
chemicals or by physical factors, can be linked to abnormal development or pathophysiological processes 
resulting in specific diseased outcomes or syndromes (Delmar et al., 2017; Srinivas et al., 2018). In addition to the 
traditionally recognized cell coupling function of connexin channels, there is also an increasing amount of evidence 
on the (patho-)physiological importance of channel structures connecting the cells and their extracellular 
surroundings, including connexin hemichannels and pannexins (Crespo Yanguas et al., 2016; Jiang and Penuela, 
2016; Maes et al., 2014).  

3.2.1 NERVOUS SYSTEM DISEASES 

The first human disease specifically linked to a mutation of a gap junction gene, Cx32, was the X-linked form of 
Charcot-Marie-Tooth syndrome, which is a neuropathy resulting from demyelination and axonal degeneration of 
peripheral nerves (Kleopa and Sargiannidou, 2015). In the central nervous system, connexins are expressed in 
neuronal, glial (astrocytes, oligodendrocytes), microglial as well as vascular cells and participate in dynamic 
interactions between different compartments of so-called neuro-glio-vascular unit (Leybaert et al., 2017). These 
interactions are required for normal brain development and function, such as synaptic transmissions and plasticity, 
glial signaling, vasomotor control, and blood-brain barrier permeability and integrity (Decrock et al., 2015; Gaete et 
al., 2014). (Dys)functions of connexin channels and hemichannels have been further implicated also in brain 
ischemia-reperfusion injuries, traumatic brain and spinal cord injuries, epilepsy, brain and spinal cord tumors, 
migraine, inflammatory demyelinating diseases (e.g. multiple sclerosis), neurodegenerative diseases, Pelizaeus-
Merzbacher-like disease, spastic paraplegia and maxillofacial dysplasia (Cheung et al., 2014; Freitas-Andrade and 
Naus, 2016; Leybaert et al., 2017; Masaki, 2015; Moinfar et al., 2014; Moore and O’Brien, 2015; Schulz et al., 2015; 
Takeuchi and Suzumura, 2014; Xie et al., 2015; Yi et al., 2017). 

3.2.2 EYE, EAR AND CUTANEOUS DISEASES 

Connexin channels and hemichannels play a critical role in the eye development and function, where connexins are 
expressed in the lens epithelial cells (Cx43, Cx50) and lens fiber cells (Cx46, Cx50) to allow a flow of currents and 
transport of nutrients across the lens (Berthoud et al., 2014; Jiang, 2010). Mutations in Cx46 and Cx50 have been 
associated with congenital cataracts and microphtalmia (Jiang, 2010), and connexin hemichannel dysfunctions 
have been linked to age- and disease-related cataracts (Beyer and Berthoud, 2014). In the retina, Cx43 has been 
associated with retinal pigment epithelium losses and various retinal diseases, including macular degeneration, 
glaucoma and diabetic retinopathy (Danesh-Meyer et al., 2016; Roy et al., 2017).  
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Connexin mutations have been linked also to hearing loss and hereditary deafness. In cochlea, connexins are 
expressed in epithelial and connective tissue cells, but not in the sensory hair cells, and they are involved in many 
cochlea-specific functions. Primarily Cx26, but also Cx29, Cx30, Cx31 and Cx43 mutations are responsible nearly for 
half of non-syndromic hearing losses resulting from the impaired cochlear development or reduction of active 
cochlear amplification (Wingard and Zhao, 2015).  

Other mutations of Cx26 or Cx30 have been linked also to syndromic deafness, where the hearing loss is 
accompanied by cutaneous disorders, such as keratitis-ichthyosis-deafness syndrome, hystrix-like ichthyosis with 
deafness, palmoplantar keratoderma, Bart-Pumphrey syndrome or Vohwinkel syndrome (Garcia et al., 2016; Lilly 
et al., 2016; Sanchez and Verselis, 2014; Xu and Nicholson, 2012). In addition, connexin gene mutations have been 
implicated in oculodentodigital dysplasia, and alterations of connexin functions can be found also in other skin 
diseases, including different types of chronic wounds (Cogliati et al., 2016; van Koppen and Hartmann, 2015).  

3.2.3 CARDIOVASCULAR DISEASES 

In the cardiovascular system, GJIC is critical for the passage of electric currents through myocardium, which is 
required for the propagation of the action potential across the heart and for normal cardiac rhythm (Leybaert et 
al., 2017). Connexin mutations have been associated with slowing impulse propagation and increased 
susceptibilities to arrhythmias (Leo-Macias et al., 2016; Michela et al., 2015; Seki et al., 2015). Electrical uncoupling 
of GJIC is involved in fatal arrhythmias during myocardial infarctions (Seki et al., 2015). Connexins and GJIC-
dependent chemical coupling play a central role in the propagation of cardiac ischemia/reperfusion injuries 
(Schulz et al., 2015). Connexin remodeling has been linked to ischemic heart diseases, as well as to hypertensive 
heart diseases, myocarditis, and myocardial fibrosis (Cogliati et al., 2016; Michela et al., 2015; Seki et al., 2015). 
Changes in connexin expression, phosphorylation, distribution and altered cell-to-cell coupling have been 
implicated in the development of atrial fibrillation, which represents the most common arrhythmia (Tribulova et 
al., 2015).  

In blood vessels, connexins are involved in the regulation of vascular tone and endothelial functions by forming gap 
junctional connections and/or hemichannels in the vascular smooth muscle cells, in the endothelial cells, and also 
so-called myoendothelial junctions between endothelial and adjacent smooth muscle cells (Ellinsworth et al., 
2016; Morel, 2014). Connexins allow the passage of transverse and longitudinal signals in the vessel wall, and their 
alterations have been correlated with endothelial dysfunctions leading to the development of vascular diseases 
such as hypertension, atherosclerosis, or restenosis (Brisset et al., 2009; Leybaert et al., 2017; Morel, 2014; 
Pfenniger et al., 2013).  

3.2.4 PULMONARY DISEASES 

Connexins mediate communication in the different pulmonary cells, including epithelial cells (upper airway, 
bronchiolar and alveolar epithelium), pulmonary arterial endothelium, smooth muscle cells, alveolar macrophages, 
submucosal glands and lung fibroblasts. In the respiratory system, gap junctions are involved in the regulation of 
epithelial mucociliary clearance, including ciliary beating and mucus hydration in the upper airways, and surfactant 
secretion by Alveolar Type II cells (Freund-Michel et al., 2016). Connexins are also involved in regulation of mucosal 
defense and innate immunity responses (Bou Saab et al., 2014). Gap junctions contribute to the regulation of 
pulmonary blood circulation by controlling pulmonary arterial contractions and possibly also smooth muscle 
differentiation and hypoxic pulmonary vasoconstriction (Freund-Michel et al., 2016). Alterations of connexin 
expression and function in the respiratory system have been implicated in the development and persistence of 
different inflammatory pulmonary diseases, such as asthma, pulmonary hypertension, acute lung inflammation, 
cystic fibrosis, idiopathic pulmonary fibrosis (Cogliati et al., 2016; Dempsie et al., 2015; Freund-Michel et al., 2016; 
Willebrords et al., 2016).  
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3.2.5 DISEASES OF DIGESTIVE SYSTEM 

In the gastrointestinal system, connexins and GJIC are required for proper gut development, maintenance of the 
epithelial barrier function, vascular stabilization, coordination of gastroduodenal and gut motility by coupling of 
smooth muscle cells and interstitial cells of Cajal, gastric acid secretion, gastric cytoprotection, intestinal nerve 
transmission, and also for immune responses, microbiota interactions and mucosal homeostasis (Bou Saab et al., 
2014; Maes et al., 2015a, 2015b). Disruption of connexin functions have been associated with gastroparesis, 
infantile hypertrophic pyloric stenosis, spontaneous neonatal gastric perforation, celiac disease, diverticular 
disease, Hirschsprung’s disease, inflammatory bowel diseases such as Crohn’s disease or ulcerative colitis, and 
colorectal cancer (Diezmos et al., 2015; Maes et al., 2015a, 2015b; Sirnes et al., 2015).  

Connexins are also expressed by different liver cells, including parenchymal hepatocytes as well as non-
parenchymal stellate cells, Kupfer cells, cholangiocytes and sinusoidal endothelial cells. Connexins are required for 
proper liver development, maintenance of function and metabolic competence, and regeneration. Connexin and 
pannexin-dependent signaling is involved in drug induced acute liver failure or hepatic ischemia-reperfusion 
injuries, and have been implicated also in chronic non-neoplastic liver diseases, such as cholestasis, liver fibrosis, 
cirrhosis and chronic hepatitis (Cogliati et al., 2016; Crespo Yanguas et al., 2016; Maes et al., 2015a, 2015b; 
Vinken, 2012).  

Connexins support distinct functions of exocrine and endocrine pancreatic secretory cells, and they are involved in 
the regulations of physiological secretion of pancreatic enzymes and hormones (Cigliola et al., 2015). Alterations of 
connexin-dependent signaling is associated with pancreatic diseases, most importantly including dysregulations of 
Cx36-mediated coupling in insulin-producing beta cells of the pancreatic islets, which leads to changes in insulin 
synthesis, secretion, beta cell survival, and diabetes (Bosco et al., 2011; Cigliola et al., 2013; Farnsworth and 
Benninger, 2014; Perez-Armendariz, 2013). 

3.2.6 RENAL DISEASES  

In the kidney, connexins and GJIC were implicated in the progression of chronic kidney diseases (Abed et al., 
2015), such as diseases associated with renal endothelial dysfunctions (Abed et al., 2014), diabetic nephropathy 
(Hills et al., 2015), renal endoplamatic reticulum stress, unfolded protein response and podocytopathy (Sala et 
al., 2016), and dysregulations of renin-secreting cells leading to the low renin hypertension (Bosco et al., 2011; 
Kurtz, 2015; Wagner and Kurtz, 2013).  

3.2.7 IMMUNE SYSTEM AND INFLAMMATORY DISEASES 

Connexins and pannexins play important role also in immune cells, where they are involved in cell migration, 
phagocytosis, antigen presentation, terminal differentiation and maturation of T- and B-cells, T-cell reactivity and 
B-cell responses (Glass et al., 2015; Willebrords et al., 2016; Wong et al., 2017). Dysregulation of connexin-
dependent signaling has been linked to a variety of inflammatory diseases of cardiovascular system (Hu et al., 
2015; Leybaert et al., 2017; Morel, 2014; Pfenniger et al., 2013; Tribulova et al., 2015), neural system (Leybaert et 
al., 2017; Masaki, 2015; Sarrouilhe et al., 2017; Takeuchi and Suzumura, 2014), lung (Cogliati et al., 2016; Freund-
Michel et al., 2016), liver and intestine (Cogliati et al., 2016; Diezmos et al., 2015; Maes et al., 2015a, 2015b; 
Willebrords et al., 2016) or kidney (Abed et al., 2014; Cogliati et al., 2016; Hills et al., 2015; Willebrords et al., 
2016).  

3.2.8 REPRODUCTIVE SYSTEM DISEASES 

GJIC plays a critical role in the male reproductive system and in fertility. Connexin-dependent signaling is required 
for proper proliferation levels, differentiation and function of somatic testicular Sertoli and Leydig cells in the testis 
as well as for the epithelial cells in the epididymis (Kidder and Cyr, 2016). Alterations of connexin expression have 
been associated with impaired spermatogenesis, increase of germ cell apoptosis and anarchic proliferation, loss 
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of blood-testis barrier integrity, hyperplasia of androgen producing Leydig cells, and decreased sperm motility 
(Chevallier et al., 2013a; Cyr, 2011; Kidder and Cyr, 2016).  

Gap junction proteins are present also in all organs of the female reproductive tract. Connexins are expressed in 
granulosa cells, cumulus cells, oocytes, uterine epithelial and stromal cells, as well as in myometrial cells. 
Disruption of GJIC has been implicated in impaired folliculogenesis, oocyte deficiency, embryo implantation, 
placentation, vascular changes associated with pregnancy and synchronization of uterine contractions of 
parturition (Christman, 2015; Winterhager and Kidder, 2015). 

3.2.9 CANCER 

Cancer was one of the first pathologies associated with gap junction channel impairment. GJIC-dependent 
integration of various extra-, intra- and inter- cellular signals across the cells within a tissue is a key component of 
the systems control of cellular events that allows for the coordination of cell metabolism, gene expression and cell 
behavior between contiguous syncytium of cells organized into a hierarchal multicellular system. This mechanism 
is critical for maintenance of tissue homeostasis via balanced cell proliferation, differentiation and apoptosis within 
a tissue (Trosko, 2011). All cancers can be generally viewed as disorders of tissue homeostasis, when the cancer 
cells are characterized by dysregulation of growth (loss of contact inhibition, self-sufficiency in growth signals, 
insensitivity to growth-inhibitory signals), evasion of apoptosis, and inability to terminally differentiate in 
combination with acquisition of phenotypic traits allowing to invade and metastase in the other parts of the body 
(Leone et al., 2012; Trosko, 2017). Thus, the lack of GJIC or its disruption is a necessary prerequisite for the cell to 
escape normal homeostatic regulations, and to express or manifest the traits characteristic for the malignant 
cancer cells, or so-called ‘hallmarks of cancer’ (Trosko, 2017; Trosko et al., 2004). Inhibition of GJIC is critical 
especially for the rate-limiting tumor promoting phase of cancer characterized by expansion of the initiated cells, 
but also during cancer progression, when more traits of malignant cells are being acquired (Trosko, 2017; Trosko et 
al., 2004). 

The role of GJIC in cancer has been extensively reviewed (Czyz et al., 2017; Jiang and Penuela, 2016; Leone et al., 
2012; Trosko, 2017, 2011; Upham and Trosko, 2009; Wong et al., 2017) and its importance is supported by the 
following evidence: (a) exogenous and endogenous tumor promoters reversibly inhibit GJIC; (b) structure-activity 
relationship models showed a high concordance between inhibition of GJIC and the tumorigenicity of chemicals; 
(c) oncogenes inhibit GJIC; (d) tumor suppressor genes up-regulate GJIC; (e) anti-tumor promoters up-regulate 
GJIC; (f) restoration of GJIC in tumorigenic cells via transfection with gap junction genes results in normal growth 
and morphology of cells; (g) antisense gap junction genes transfected into cancer cells augment foci formation; (h) 
Cx32 knockout mice exhibited a 25 times higher rate of spontaneous tumors; and (i) the formation of heterotypic 
gap junctions between metastatic cells and cells of the target tissue leads to preferential metastasis.  

Many studies demonstrated that tumor tissues and cancer cell lines have reduced levels of GJIC (Czyz et al., 2017; 
Jiang and Penuela, 2016; Mesnil et al., 2005), which is typically caused by aberrant expression, localization or 
posttranslational modifications of connexins, and by downregulations of their activity and functions via altered 
signaling pathways and regulatory mechanisms. Increased connexin expression and consequently GJIC levels were 
reported to suppress cancer growth primarily by restricting cell cycle progression and proliferation, and also 
increasing sensitivity of tumor cells to pro-apoptotic signals (Czyz et al., 2017; Jiang and Penuela, 2016). However, 
connexin expression has been positively correlated with more invasive cancers and metastasis due to modulations 
in cell adhesion and migration, which indicates a more complex role of connexins during different stages of cancer 
(Czyz et al., 2017; Naus and Laird, 2010). Connexin genes are, therefore, considered as conditional tumor 
suppressors (Naus and Laird, 2010). 
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4 IN VITRO  ASSESSMENT OF GJIC IN TOXICOLOGY AND PHARMACOLOGY  

As summarized in the Chapter 2.2, GJIC is a process tightly controlled by changes in voltage, Ca2+ concentration, 
pH, redox balance, and also regulated by major intracellular signal transduction pathways and interactions with 
membrane and cytoskeleton proteins. Therefore, different types of cellular stress, modulations of different cellular 
events or different signal transduction pathways by chemical exposures can result into altered GJIC, which 
represents a critical biological phenomenon known to play a central role in coordinating multiple signal 
transduction events controlling gene expression, and whose alterations have been associated with the onset or 
progress of different chronic diseases, pathologies and adverse outcomes (Chapter 3.2). GJIC can be measured 
using various in vitro, ex vivo or in vivo techniques, which thus allow for a broad assessment of this toxicologically 
and pharmacologically relevant effect, as will be demonstrated in the following sections. Arguably, in vitro 
assessment of GJIC provides not only an excellent starting point to evaluate hazardous or beneficial potential of 
chemicals, but it can be also used for their further mechanistic assessments. Moreover, such effects on GJIC and 
their underlying mechanisms can be studied within a specific biological context of a desired cell type and tissue, 
normal or diseased condition, developmental stage, biological species, or level of complexity. 

4.1 METHODS FOR GJIC ASSESSMENT 

GJIC can be evaluated by a variety of assays, which can be principally divided into three different groups: assays 
based on the measurements of (a) electrical conductance (electrical coupling), (b) endogenous metabolite transfer 
(metabolic cooperation assays), or (c) dye transfer assay (Abbaci et al., 2008; Maes et al., 2015c; Vinken and 
Johnstone, 2016). 

4.1.1 ELECTROPHYSIOLOGICAL MEASUREMENTS 

Permeability of gap junction channels is proportional to the electrical conductance between the pair of adjacent 
cells. The original dual voltage patch clamp technique used two separate micro-electrodes introduced in each cell 
of a cell pair, one for current injection and another one for voltage control, to record gap junctional electrical 
conductance. This technique was later modified to a double whole cell voltage clamp technique using only one 
patch pipette per cell (Figure 6A), which provides a superior sensitivity, resolution capable to detect single channel 
conductance, and also very high time resolution. It also allows for real-time measurements of fast changes in the 
gap junction properties during application of a chemical or physical agent. Analysis of gap junctional electrical 
conductance, however, is a labor-intensive and expensive technique, which requires appropriate expertise, 
instrumentation and technical skills (Abbaci et al., 2008; Maes et al., 2015c). 

4.1.2 ENDOGENOUS METABOLITE TRANSFER 

The metabolic co-operation assays are based on the monitoring of cell-to-cell transfer of endogenous and 
biologically relevant compounds. This method was one of the first standardized bioassay for GJIC. In the original 
assay, wild-type Chinese hamster V79 cells (6-thioguanine-sensitive, donor) and 6-thioguanine-resistant cells 
(recipient) were co-cultured at high densities in which 6-thioguanine (6-TG) resistant cells do not metabolize 6-TG 
to a toxic metabolite, thus conferring resistance. Co-culture with the 6-TG sensitive cells results in the transfer of 
the toxic metabolite through gap junctions resulting in cell death, while inhibition of GJIC results in the rescue of 6-
TG resistant cells by preventing the transfer of the toxic 6-TG metabolite from the 6-TG sensitive cells (Welsch and 
Stedman, 1983). Although an advantage of this assay is that it is minimally invasive, a major disadvantage is that it 
requires one week for completion, which makes extensive dose and time dependent assessments of toxicants as 
well as mechanistic studies impractical for assessing many chemicals (Upham et al., 2016a).  

In a modified version of metabolic co-operation assay, the population of donor cells is incubated in the presence of 
an excess of a radiolabeled metabolic precursor (typically nucleotides or glucose), and then co-cultured with the 
recipient cells. The transfer of labeled metabolites after from loaded to unloaded cells during the co-culture is 
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evaluated by quantitative autoradiography. Discrimination between the donor and recipient cells can be assisted 
by the use another radioactive label or fluorescence labels, when the latter option can be also combined with 
fluorescence-activated cell sorting followed by analytical identification and quantification of the radioisotope-
labeled metabolites in the recipient cells. This highly sensitive technique allows for a direct evaluation of the 
permeability of connexin channels to the endogenous molecules, however, it is relatively laborious, does not allow 
to evaluate rapid regulations in the channel permeability, its use might be complicated by the safety issues, and is 
not very quantitative or suitable for more general use (Abbaci et al., 2008).  

Figure 6: Methods for evaluation of GJIC. (A) Dual whole-cell patch clamp measurement; (B) Fluorescence recovery after photobleaching 
(FRAP); (C) Local activation of molecular fluorescent probe (LAMP); (D) Preloading assay; (E) Electroporation loading-dye transfer; (F) 
Microinjection assay; (G) Scrape/Scalpel loading-dye transfer. Adapted from (Abbaci et al. 2008). 
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Alternatively, the recipient cells can be genetically engineered cell lines expressing a luciferase gene reporter 
system for the detection of a selected endogenous metabolite or gap junction-permeable second messengers (e.g. 
IP3). The donor cells are then stimulated to produce the endogenous metabolite, and its transfer through gap 
junction channels into the recipient cells can be monitored indirectly by luminescence measurements (Stains and 
Civitelli, 2016).  

Another indirect method utilizing the transfer of endogenous metabolites is based on the tracking of intracellular 
calcium waves, whose propagation from cell-to-cell correlates with the presence of functional gap junctions. In 
this technique, cells are loaded with a calcium-sensitive fluorescent dye (e.g. Fura-2) and then stimulated 
electrically, mechanically or (photo)chemically to generate production of IP3 triggering the actual calcium wave. 
The wave is tracked via monitoring of the calcium-sensor fluorescence by microscopy. The method allows for rapid 
kinetic measurements and can be applied also for complex in vitro models and perfused organs. However, it 
usually requires an equipment capable of fast switching between excitation filters (Abbaci et al., 2008; Maes et al., 
2015c).  

Intracellular calcium release can be selectively induced also in the genetically engineered donor cells, e.g. in the 

cells overexpressing adrenergic 1-receptor or TrpV1 ion channel by coelenterazine. Propagation of the calcium 
wave into the recipient cells overexpressing calcium-sensitive bioluminescent protein aequorin can be quantified 
by luminescence measurements. This method was successfully optimized into a HTS platform (Haq et al., 2013). 
Another high-throughput assay for GJIC based on genetically engineered cell lines utilizes donor cells expressing 
membrane transporters for iodide ion and the acceptor cells expressing a sensor protein, whose fluorescence is 
quenched by iodide. When iodide is added to the co-culture of donor/acceptor cells, the iodide ions either pass 
from the donor cells through gap junctions into the acceptor cells and quench the fluorescence, or remain in the 
donor cells, if gap junction channels are absent or closed, so the fluorescence is not affected. The fluorescence is 
evaluated by the means of High Content image Screening / High Content Analysis (HCS/HCA) (Lee et al., 2015). 

4.1.3 DYE TRANSFER ASSAYS 

Dye transfer assays are probably most frequently used for GJIC evaluation. These assays are principally based on 
the introduction of a non-toxic fluorescent dye, or its precursor, into the living cells, which is followed by 
monitoring of gap junction-dependent cell-to-cell transfer of the fluorophore.  

In fluorescence recovery after photobleaching (FRAP) assay, the cells are loaded with a lipophilic plasma 
membrane-permeable dye precursor, such as calcein acetoxymethyl ester. Upon cellular uptake, the precursor is 
hydrolyzed by cytoplasmic esterases into the fluorescent, membrane-impermeable but gap junction-permeable 
calcein. Calcein-fluorescence in a single cell is then irreversibly photobleached using a high-energy laser beam and 
a subsequent transfer of the fluorescent dye from neighboring cells into the photobleached cell is monitored 
(Figure 6B). FRAP can be applied to monolayer culture systems as well as to 3D in vitro models, such as spheroids 
or organotypic slices. The method is non-invasive, well-suited for time-lapse/kinetic measurements and 
determination of gap junction permeability coefficients. It also allows for the study of the individual cells within a 
population. In standardized protocols, the technique usually requires a sophisticated equipment such as confocal 
laser scanning microscope, and its use can be complicated by possible photodamage induced in the photobleached 
cells (Abbaci et al., 2008).  

Alternative dye transfer technique is called local activation of fluorescent molecular probe (LAMP), which uses a 
membrane-permeable non-fluorescent coumarin-based dye for the cell loading. Using a fluorescence microscope, 
the dye is photoactivated in the selected cell(s) by UV excitation light, with a subsequent monitoring of the cell-to-
cell dye transfer (Figure 6C). The technique is non-invasive, suitable for kinetic and permeability measurements, 
allowing to study individual cells or cell pairs, and applicable for the 3D cultures or freshly dissected tissues (Yang 
and Li, 2009). 

In preloading and parachute assays, a population of the donor cells is preloaded with a membrane-permeable 
dye, such as calcein acetoxymethyl ester. In the preloading assay, the preloaded cells are mixed with the unloaded 
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cells to form a monolayer together. In the parachute assay, the preloaded cells are seeded onto a monolayer of 
the unloaded cells. The transfer of the fluorescent gap junction-permeable calcein from the loaded to unloaded 
cells can be quantified by epifluorescence microscopy, or after cell harvesting by flow-cytometry (Figure 6D). The 
donor and recipient cells can be distinguished by using fluorophores for permanent cell labeling and tracking, such 
as Di-I. The method is non-invasive, suitable for studies of circulating cells, and measurements of GJIC function in 
large populations of cells. Both preloading as well as parachute assay have been adopted for high-throughput 
setup including the use of HCA for image acquisition and analysis (Dukic et al., 2017; Li et al., 2003; Roemer et al., 
2013). Microfluidic-based techniques were can be also utilized to selective pre-load calcein acetoxymethyl ester 
into a defined region of adherent cells and then monitor calcein transfer into the area of unloaded cells and are 
also compatible with HTS (Chen and Lee, 2010). 

Electroporation loading-dye transfer assays utilize electroporation to introduce fluorescent dye into a selected 
population of the cells. The cells can be grown on special slides, where the half of the slide is coated with an 
electrically conductive and optically transparent surface (Ennaji et al., 1995). A membrane-impermeable 
fluorescent dye, such as Lucifer Yellow, is added to the culture medium, and an electric pulse is applied. It leads to 
formation of transient pores in the plasma membrane and dye penetration into the cells grown on the conductive 
part of the slide. Migration of the dye through gap junction channels from the permeabilized (loaded) cells to non-
permeabilized (unloaded) ones is monitored by fluorescence microscopy (Figure 6E). Alternatively, electroporation 
loading can be also done by a pair of microelectrodes, which are positioned using a micromanipulator above the 
monolayer cell culture and can electroporate a defined area of the cell (De Vuyst et al., 2008). 

Membrane-impermeable dyes, such as fluorescein or Lucifer Yellow, can be also introduced into the selected cells 
by intracellular microinjection using a micropipette and micromanipulator (Figure 6F). This technique allows to 
select and study dye transfer from the individual targeted cells, but it is relatively laborious and time-consuming in 
the traditional setup. However, it has been recently automated into a high-throughput format utilizing robotic 

Figure 7: Scalpel loading procedure (SL-DT). (A) Scalpel loading technique done by surgical scalpel with a curved blade in 35 mm dishes, and 
(B) different types of blades suitable for SL-DT assay in microplate wells, including a curved blade, a flat blade, and an acupuncture needle. (C) 
Images obtained by SL-DT assay, applying Lucifer Yellow (LY), which transfers through functional gap junction channels, and rhodamine-
dextran (RhD), which is retained in the loaded cells. The GJIC function is evaluated by analyzing net transfer of LY (the area at which LY 
diffuses), excluding RhD-stained regions. Representative images showing GJIC after the 1 h exposure of mouse Sertoli TM4 cells to the model 
tumor promoter, TPA (12-O-tetradecanoylphorbol-13-acetate), at the concentration of 40 nM was reduced to FOC (the fraction of the 
control) = 0.13 when compared with the solvent control (Control). Scale bar = 50 µm. Adapted from (Babica et al., 2016b) [Attachment I]. 
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microinjection (Liu et al., 2014). As an alternative to fluorescent dyes, endogenous molecules such as serotonin or 
neurobiotin can be microinjected, and their cell-to-cell transfer can be then detected by immunocytochemistry 
(Hou et al., 2013). These microinjection-based techniques are suitable not only for monolayer cultures, but also for 
3D cultures, explantates or in vivo experiments. 

Another commonly used technique for in vitro assessment of GJIC is so-called scrape loading-dye transfer assay 
(SL-DT) (Figure 6G). This technique has been used as the principal assay for GJIC evaluation in the research papers 
reported in this thesis [Attachment I-XV], and thus will be described in more detail in the following section. 

4.1.3.1 SCRAPE/SCALPEL LOADING-DYE TRANSFER ASSAY 

The original SL-DT was reported by (El Fouly et al., 1987). This technique uses a membrane-impermeable and gap 
junction-permeable fluorescent dye, typically Lucifer Yellow, which is introduced into adherent cells grown in a 
Petri dish by scraping with a rubber policeman or wooden probe (El Fouly et al., 1987). This technique has been 
slightly modified during the recent years, when the relatively invasive scraping step was replaced by a clean-cutting 
with a sharp blade, such as surgical scalpel blade. This later version was dubbed as “scalpel loading-dye transfer” 
technique, and the modified protocol has been reported in recent publications (Babica et al., 2016b; Upham et al., 
2016a) [Attachment I-II].  

The SL-DT utilizes dilithium salt of Lucifer Yellow hydrazine (457 Da, negatively charged), which is dissolved in a 
phosphate buffered solution and added to the rinsed monolayer of the experimental cells. Lucifer Yellow is 
introduced to the cells by cutting the monolayer by a gentle roll with a scalpel blade or a microblade, or by a 
pricking of the cell monolayer by a thin needle (Figure 7A-B). This method allows to successfully load the 
fluorescent dye into the cells, presumably as a result of mechanical perturbation of the membrane, in a 
reproducible manner which minimizes the area of loaded cells and is not leading to an extensive cell damage or 
detachment. It becomes incorporated by the cells along the cut. As normal membrane permeability is re-
established, the Lucifer Yellow becomes trapped within the cytoplasm and move from the dye-loaded cells into 
adjacent ones connected by functional gap junction channels. The amount of dye transferred from one cell to its 
neighbor that it is in contact with, is dependent on the number of coupling gap junctions and the gating properties 
of individual channels. To determine which cells are initially loaded after the scrape, other fluorescent dyes (e.g. 
rhodamine-dextran, MW 10,000, or dialkylcarbocyanine) that are too large to traverse the gap junction channel 
are concurrently used with the diffusional dye to serve as an additional control (Figure 7C). After a defined 
incubation period (usually 3-10 min), the cells are rinsed, fixated with phosphate-buffered formaldehyde, and the 
extent of dye transfer is documented microscopically. The extent of GJIC is typically quantified using image analysis 
to determine a control-normalized area of communicating (i.e. Lucifer Yellow labeled) cells (Babica et al., 2016b; 
Upham et al., 2016a) [Attachment I-II].  

SL-DT is an invasive assay which allows to investigate GJIC levels simultaneously in large populations of the cells, 
but it is not conducive in studying GJIC in small cell populations, particularly between cell pairs, in cultures with low 
cell densities, in cases when the extent of junctional coupling is small, or when the specific cells within the culture 
need to be examined individually. In addition, the GJIC status of cell types of irregular shape are not easily 
quantified using this assay. Although this approach is not well suited for 3D systems, its modification called incision 
loading-dye transfer (IL-DT) (Upham et al., 2016a) [Attachment II] can be used for GJIC assessment in freshly 
dissected tissues, also in combination with in vivo or ex vivo exposures to the tested chemicals (see Chapter 4.4). 
The major advantages of the SL-DT assay are its simplicity and minimum requirements for the special equipment or 
skills, especially in contrast to the other methods such as whole cell patch clamp, microinjection, electroporation. 
This method is versatile and can be used virtually for any adherent primary cells or permanent cell lines capable to 
grow to confluent or nearly confluent cell densities, with several examples shown in the Figure 8. 

As indicated above, there is a variety of tools which can be used for the dye loading in SL-DT assay, some of them 
compatible with a microplate format. In our laboratory, we have recently adapted SL-DT assay for the standard 
24-, 48- or 96-well cell culture microplates (Babica et al., 2016b) [Attachment I]. This modified microplate version 
of SL-DT assay allowed to increase the throughput of the assay by using fully-motorized automated microscopes 
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or HCA readers for image acquisition. We are currently developing scripts for analysis of these images using an 
open source platform Fiji/ImageJ, which will automate also the image analysis for quantification of GJIC, as well 
as other cellular parameters possibly evaluated by this assay. We are currently incorporating fluorophores allowing 
for detection of dead cells (e.g. propidium iodide) into the SL-DT protocol along with simultaneous nuclear staining 
to easily determine also the total number of the cells within the image (Čtveráčková et al., 2017; Yawer et al., 
2017). This modified SL-DT assay provides a very simple, cost-effective and (semi-) high-throughput assay for the 
simultaneous evaluation and quantification of cell-to-cell communication, cell viability and cell 
density/proliferation within one test (Figure 9). Moreover, this assay is opened for further development, including 

Figure 8: Evaluation of GJIC by SL-DT assay in different rodent and human permanent cell lines. WB-F344 - rat liver epithelial (oval) cells; C10 
- mouse lung epithelial cells; TM3 - mouse Leydig cells; TM4 - mouse Sertoli cells; RGC - rat glial cells; HL1-1 - adult human liver stem cells; 
Beas-2B, HBE1 - human bronchial epithelial cells; Caco-2 - human epithelial colorectal adenocarcinoma. Microphotographs show the 
communication in the non-treated cells (left) or the cells treated with chemicals inhibiting GJIC (right). 1-MeA -  1-methylanthracene, EGF – 
epidermal growth factor, TPA - 12-O-tetradecanoylphorbol-13-acetate. Prepared by P. Babica from his experimental results. 
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HCA evaluation of other cellular endpoints, such as discrimination between apoptosis-necrosis or cell cycle 
assessment, which can be derived from the dead cell staining and/or the pattern of nuclei staining (Elstein and 
Zucker, 1994; Ribble et al., 2005; Roukos et al., 2015). 

Thus, in vitro assessment of GJIC using a SL-DT method and eventually its modified microplate version are 
adaptable for the needs of HTS, and might represent a perspective technique, which could be utilized for 
multiparametric in vitro screening and simultaneous assessment of chemical effects on intercellular 
communication, cell proliferation, apoptosis and cytotoxicity. 

4.2 GJIC FOR IDENTIFICATION AND CHARACTERIZATION OF NEW CHEMICAL HAZARDS  

4.2.1 INHIBITION OF GJIC AS A COMMON BUT STRUCTURE-DEPENDENT RESPONSE TO 
TOXICANTS 

Among the very first chemicals identified as modulators of GJIC were not only well-recognized tumor promoters, 
such as 12-O-tetradecanoylphorbol-13-acetate (TPA) (Murray and Fitzgerald, 1979; Yotti and Trosko, 1979), but 
also organochlorine pesticides DDT, lindane and chlordane, aldrin, dieldrin, endrin, heptachlor and methoxychlor 
(Kurata et al., 1982; Tsushimoto et al., 1983), or cigarette smoke (Hartman and Rosen, 1983). Since then, many 
prominent environmental and food toxicants, pharmaceutical agents or biotoxins were identified as potent 
inhibitors of GJIC: including polycyclic aromatic hydrocarbons (PAHs), polychlorinated dibenzodioxins (PCDDs), 
polychlorinated biphenyls (PCBs), organochlorine pesticides (pentachlorophenol, hexachlorobenzene, toxaphene, 
alachlor), organophosphate pesticides (e.g. malathion, parathion), organic solvents (e.g. ethanol), fluorinated 
fatty acids, phthalates, peroxides, biotoxins (e.g. phorbol esters, lipopolysaccharides - LPS, ochratoxins, patulin, 
gossypol), drugs (clofibrate, phenobarbital, methapyrilene), or metals (Vinken et al., 2009).  

The observed effects on GJIC were repeatedly demonstrated to be structure-specific (Figure 10). This 
phenomenon was well reported for PAHs, where the inhibitory effects were observed for low molecular weight 

Figure 9: Schematic representation of (semi-) high-throughput in vitro multiparametric assay, which is currently being optimized for the 
simultaneous evaluation of GJIC, cytotoxicity and cell density / growth. LY – Lucifer yellow, PI – propidium iodide, H – Hoechst 33442. 
Adapted from conference proceedings co-authored by P. Babica (Čtveráčková et al., 2017; Yawer et al., 2017), paper in preparation. 
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PAHs with 3-4 benzene rings possessing a “bay” or “bay-like” region (Blaha et al., 2002; Rummel et al., 1999; 
Upham et al., 1998b; Weis et al., 1998). Thus, low molecular weight PAHs, such as methylated anthracenes or 
fluoranthene, which are known to be the predominant PAHs in the cigarette smoke, are the most potent inhibitors 
of GJIC, while the less abundant but frequently studied genotoxic and AhR-activating higher molecular weights 
PAHs have only weak effects on GJIC (Blaha et al., 2002; Rummel et al., 1999; Upham et al., 1998b; Weis et al., 
1998). Among PCBs, the strong inhibition of GJIC is elicited by non-coplanar PCBs, such as PCB153, while AhR-
activating coplanar congeners like PCB126 do not inhibit GJIC (Machala et al., 2003). Diametrically different effects 
were reported also for fluorinated fatty acids with different carbon chain lengths (Hu et al., 2002; Upham et al., 
1998a), phthalates with different types and lengths of ester side-chains (Klimova, 2015), organic peroxides with 
aliphatic or aromatic functional groups (Upham et al., 2007), different types of bile acids (Noda et al., 1981; Umeda 
et al., 1980), or various hexachlorocyclohexane isomers (Kurata et al., 1982). It indicates that the effects of 
chemicals on GJIC depend on specific structure-dependent interactions with molecular and cellular targets, and 
do not seem to be a consequence of general cell or membrane perturbations, cell stress or cytotoxicity.  

4.2.2 IDENTIFICATION OF NEW CHEMICAL HAZARDS AND TOXICITY MECHANISMS BY GJIC 
ASSESSMENT 

The examples of PAHs, PCBs, phthalates or organic peroxides also illustrate, that the effects on GJIC do not often 
correlate with the structure-dependent effects on the well-recognized toxicity mechanisms, such as induction of 
DNA damage, oxidative stress or activation of nuclear receptors such as AhR or PPARs. Thus, in vitro evaluation of 
GJIC might help to identify completely new hazardous properties of chemical compounds, which might not be 
revealed by in vitro assays targeting specific signaling pathways or toxicity mechanisms. 

Figure 10: Structure-dependent effects on GJIC. Chemicals with the green background did not inhibit GJIC in rat liver epithelial cell line WB-
F344, while the chemicals with red background were identified as potent inhibitors of GJIC. Prepared according to (Upham et al. 1998, 2007; 
Blaha et al. 2002; Machala et al. 2003; Klimova 2015). 
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In fact, in vitro inhibition of GJIC induced by these compounds is often elicited after relatively short exposure 
periods (<60 min), which suggests that altered mechanisms of GJIC control involve, at least initially, rapid changes 
in the signal transduction pathways regulating the connexin channel gating or intracellular trafficking, rather than 
alterations of gene expression mediated for example by transactivation of nuclear receptors such as AhR or PPARs. 
Several intracellular signaling pathways responsible for the regulation of gap junction channel gating have been 
found to be targeted by GJIC-inhibiting toxicants. Activation of MEK (MAPK kinase), either by activators of receptor 
tyrosine kinases-Raf-pathway like epidermal growth factor (EGF), or by PKC activators like TPA, resulting in the 
activation of MAPK ERK1/2 and phosphorylation of consensus sequences of Cx43 by PKC and ERK1/2 (see Figure 
3), is probably one of the best understood mechanisms of GJIC dysregulation (Rivedal and Opsahl, 2001; Ruch et 
al., 2001; Sirnes et al., 2009; Warn-Cramer et al., 1998). Also other inhibitors of GJIC were reported to activate 
MAPK/ERK pathway, such as arachidonic acid (Rao et al., 1994), lower molecular weight PAHs (Blaha et al., 2002; 
Weis et al., 1998), pentachlorophenol (Corcelle et al., 2007), lindane (Mograbi et al., 2003), DDT (Han et al., 2008), 
PCB153 (Machala et al., 2003), or benzoylperoxide and dicumylperoxide (Upham et al., 2007). Other known 
inhibitors were reported to activate PKC, such as diacylglycerol kinase inhibitor R59022 (Matowe and Ginsberg, 
1996), 18ß-glycyrrhetinic acid (Huang et al., 2003; Liang et al., 2008), or alachlor (Bagchi et al., 1997). However, 
experimental results indicated that the activation of MAPK ERK1/2 alone is not sufficient to inhibit GJIC (Hossain et 
al., 1999). Moreover, rapid inhibition of GJIC induced by MAPK ERK1/2 activating toxicants, such as PCB153 
(Machala et al., 2003) or dicumylperoxide (Upham et al., 2007) was found to be independent of MAPK ERK1/2 
activation but dependent on the activity of phosphatidylcholine-specific phospholipase C (PC-PLC). This indicates 
that in vitro assessment of GJIC can help to identify new molecular and biochemical processes, which are 
targeted by toxic chemicals.  

Therefore, we focused on further characterization of rapid molecular and signaling responses to 1-
methylanthracene, which represents environmentally relevant PAH, known to be abundant also in the cigarette 
smoke (Upham et al., 2008a) [Attachment III]. 1-methylanthracene, but not 2-methylanthracene was found to 
rapidly (<10 min) dysregulates GJIC in rat liver epithelial cells WB-F344 (Figure 11A). WB-F344 represent a model 
epithelial cell line expressing Cx43, which is the major connexin protein responsible for the maintenance of GJIC 
and tissue homeostasis in many different cell types, tissues and organs. Moreover, these cells possess 
characteristics of liver bipotent progenitor or ‘oval’ cells, which have been implicated in liver tumor promotion and 
carcinogenesis (Vondracek and Machala, 2016). While having normal diploid karyotype and non-tumorigenic 
phenotype, WB-F344 cells can undergo neoplastic transformation as a result of mutagenization, chemical 
exposures or oncogene activation, which was found to be accompanied with dysregulation of GJIC, aberrant 
connexin phosphorylation, localization and/or expression (DeoCampo et al., 2000; Hayashi et al., 1998; Ogawa et 
al., 2005; Oh et al., 1993). Forced re-expression of connexin and/or restoration of GJIC in transformed cells 
decrease their tumorigenicity and reverse the phenotype of normal cells (Rae et al., 1998; Ruch et al., 1993). Thus, 
WB-F344 cells represent a relevant in vitro model for studies of liver tumor promotion and disruption of progenitor 
cell-dependent tissue homeostasis.  

The GJIC-inhibiting effects of 1-methylanthracene induced in WB-F344 cells were accompanied also by activation 
of MAPKs ERK1/2 and p38 (Figure 11B). However, inhibition of GJIC was not associated with altered 
phosphorylation of Cx43, and connexin-internalization occurred only in the later phases of exposure, which 
indicated that other than ERK1/2-dependent mechanism were involved in GJIC dysregulation. GJIC inhibition was 
found to be associated with activation of phospholipase A2 (PLA2) and also PC-PLC (Figure 11C-D). Finally, 
experiments with a series of pharmacological inhibitors of different signal transduction pathways revealed that 1-
methylanthracene-induced inhibition of GJIC was dependent on PC-PLC activation and also facilitated by PKA 
(Figure 11E-F), while activation of MAPKs and PLA2 occurred independently of PC-PLC (Figure 11G-H). 
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Figure 11: Effects of methylated anthracenes on intercellular and intracellular signaling in rat liver epithelial cells WB-F344. 1-
methylanthracene (1-MeA), but not 2-methylanthracene (2-MeA) (A) inhibited GJIC (15 min exposure or 75 µM concentration), (B) activated 
MAPK ERK1/2 and p38 (75 µM), (C) phospholipase A2 (PLA2; measured as a release of arachidonic acid, 15 min exposure); (D) 
phosphatidylcholine-specific phospholipase C (PC-PLC; 100 µM for 15 min). (E) Inhibition of GJIC by 1-MeA (75 µM, 10 min) was prevented by 
D609, an inhibitor of PC-PLC, but (F) not by inhibitors of MEK-ERK1/2 and p38 pathways, U0126 and SB202190; (G-H) D609 did not prevent 1-
MeA-dependent activation of ERK1/2, p38 (75 µM, 30 min) or PLA2 (75 µM, 15 min). GJIC was evaluated by SL-DT assay, MAPK activity by 
Western blotting, release of tritiated arachidonic acid by liquid scintilllation counter, PC-PLC activity by Amplex Red  PC-PLC assay. Adapted 
from (Upham et al., 2008a) [Attachment III] and (Rummel et al., 1999). 
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To complement these hypothesis-driven mechanistic experiments, which investigated alterations of individual 
signal transduction pathways, we also utilized an exploratory proteomic approach to identify rapid signaling 
events occurring specifically in response to 1-methylanthracene. These experiments were designed with respect to 
the chemically-induced inhibition of GJIC viewed as the critical cellular event of interest, thus (a) the 
concentrations effectively inhibiting GJIC were used (b) in combination with exposure times associated with the 
onset of GJIC inhibition (5 min), and (c) 2-methylanthracene was used as the primary negative control to take into 
the account any effects resulting from general cell perturbations not specifically linked to structure-dependent 
activity of 1-methylanthracene. Relative changes in the membrane proteome were quantified using Stable Isotope 
Labeling with Amino Acid in Cell Culture (SILAC) technique, where the experimental 1-methylanthracene-treated 
were labeled by a heavy 13C-Lys isotope (H), while unlabeled (L, 12C-Lys) 2-methylanthracene-treated cells were 
used as a control (Upham et al., 2011, 2008b). The exposed H and L cells were pooled, membrane and cytosolic 
protein fractions were separated, the samples trypsin-digested and peptides analyzed and identified by tandem 
mass spectrometry and de novo peptide sequencing. For 192 out of 516 successfully identified proteins, both H 

Figure 12: Rapid signaling events induced by 1-methylanthracene (1-MeA) in rat liver epithelial cells WB-F344. (A) Proteomic SILAC 
experiment revealed that, among 192 quantified proteins with SILAC ratios, proteins from annexin (Anxa) family were specifically depleted in 
the membrane proteome of 1-MeA-treated cells (70 µM, 5 min) in comparison to 2-methylanthracene (2-MeA)-treated cells. (B) Independent 
SILAC experiment confirmed that decrease of annexin A1, A2 and A5 in the fraction of membrane proteome was accompanied by their 
reciprocal increase in the fraction of soluble cytosolic proteins, while housekeeping proteins such as Ldha, Mdh1, Gnb1 or Vdac1 were not 
affected. Immunodetection of Annexin A3 (AnxA3) by (C) Western blotting and (D) immunocytochemistry confirmed membrane-to-cytosol 
translocation of the annexin in response to 1-MeA but not to 2-MeA. (E) Expression of Annexin A3 gene was affected neither by 1-MeA (1M) 
nor 2-MeA (2M) exposure (70 µM) as analyzed by RT-PCR. C - control, V - vehicle (solvent) control. Adapted from conference proceedings co-
authored by P. Babica (Babica et al., 2009; Upham et al., 2016b, 2011, 2008b), paper in preparation. 
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and L peptides were detected and SILAC H/L ratios could be determined. The proteins from annexin family were 
the most significantly affected, when annexin A1, A3 and A5 were found to be significantly depleted in the 
membrane proteome of 1-methylanthracene treated cells (Figure 12A). Subsequent proteomic experiment 
revealed that 1-methylanthracene-dependent decrease of annexin A1, A3 and A5 in the membrane protein 
fraction leads to their reciprocal increase in the fraction of soluble cytosolic proteins (Figure 12B). These results 
were confirmed also by Western blotting analysis of annexin A1-A5 (a representative image of annexin A3 is shown 
in the Figure 12C) and immunocytochemistry (Figure 12D). The changes observed at the protein level were not a 
result of altered gene expression, as confirmed by reverse transcription-polymerase chain reaction (RT-PCR) (a 
representative image of annexin A3 is shown in the Figure 12E), indicating that the observed changes in annexin 
proteins are probably caused by their translocation from membrane to cytosol. Moreover, translocation of annexin 
A3 from the plasma membrane was effectively prevented by pre-treatment of the cells with PC-PLC inhibitor, D609 
(Figure 12D). Knock-down of AnxA3 by siRNA did not prevent 1-MeA induced dysregulation of GJIC, but did 
stimulate the 1-methylanthracene-induced release of arachidonic acid. Correspondingly, annexins have been 
previously identified as inhibitors of PLA2. Therefore, it can be hypothesized that annexins closely interact with 
phospholipases in the plasma membrane until translocated to cytosol in response to a GJIC-inhibiting PAH, and the 
subsequent phospholipase-induced events then regulate the release of lipid derived second messengers and 
dysregulation of GJIC (Babica et al., 2009; Upham et al., 2016b, 2011, 2008b). These studies demonstrate that 
inhibition of GJIC can be considered as the critical biological event to which both upstream and downstream 
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Figure 13: Diffferent chemicals dysregulate GJIC via different mechanisms in rat liver epithelial cells WB-F344. (A-B) PC-PLC-dependent 
dysregulators of GJIC; (C) MAPK-ERK1/2-dependent dysregulators; (D) Both PC-PLC and MEK-ERK1/2-dependent dysregulators; (E) PC-PLC and 
MAPK-ERK1/2-independent dysregulators. WB-F344 cells were pre-treated with PC-PLC inhbitor D609 (50 μM, 20 min), MEK inhbitor (i.e. 
upstream regulator of ERK1/2) U0126  (20 μM, 30 min) or resveratrol (100 μM, 15 min), then the GJIC dysregulators were added: Fluorene 
(100 μM, 10 min), 1-methylfluorene (70 μM, 10 min), phenantrene (70 μM, 10 min), 1-methylanthracene (70 μM, 10 min), 9,10-
dimethylanthracene (100 μM, 10 min), fluoranthene (70 μM, 10 min), pyrene (70 μM, 10 min), 1-methylpyrene (70 μM, 10 min), 
perfluorodecanoic acid (PFDA; 50 μM, 20 min), dicumylperoxide (50 μM, 15 min), PCB153 (50 μM, 30 min), DDT (30 μM, 20 min), 12-O-
tetradecanoylphorbol-13-acetate (TPA; 10 nM, 30 min), EGF (5 ng/mL, 30 min), lindane (60 μM, 25 min), perfluorooctanoic acid (PFOA; 80 
μM, 10 min), NAC+benzoylperoxide (the cells were treated with 1 mM N-acetylcysteine for 15 min to prevent oxidative stress-dependent 
cytotoxicity prior the addition of 200 μM benzoylperoxide for 15 min), diacylglycerol kinase inhibitor R59022 (30-50 μM, 10 min), thrombin 
receptor activating peptide-6 (TRAP-6; 50 μM, 30 min), perfluorooctanesulfonic acid (PFOS; 40 μM, 20 min), benzoylperoxide (200 μM, 15 
min), arachidonic acid (70–100 μM, 15 min), 1-monolaurin (150 μM, 10 min), 18β-glycyrrhetinic acid (30 μM, 15 min), pentachlorophenol (50 
μM, 10 min) and alachlor (185 μM, 25 min). GJIC was evaluated by SL-DT assay. Adapted from (Sovadinová et al., 2015) [Attachment IV]. 
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signaling events can be anchored. Evaluation of GJIC can be then used as the principal in vitro assay for further 
identification of mechanisms associated with the inhibition of GJIC either in hypothesis-driven research or to 
design ‘omics’ experiments, both successfully leading to the identification of the new molecular targets and 
signaling pathways, such as PC-PLC or annexins. Mechanistic understanding might not only provide links to the 
other toxicologically-relevant events and adverse outcomes, but could be also utilized to define new in vitro 
biomarkers for hazard identification and assessment.  

The experiments with 1-methylanthracene further indicated that PC-PLC represents the key regulator of GJIC, 
which might be responsible for GJIC dysregulation occurring independently on the traditionally recognized 
regulatory mechanisms through MAPK MEK-ERK1/2 or PKC. Therefore, we conducted an in vitro survey of 25 
different chemicals to elucidate their major mechanism of GJIC inhibition: PC-PLC-dependent, MEK-ERK1/2-
dependent, or other (Sovadinová et al., 2015) [Attachment IV]. Different toxicants, growth factors and signal 
pathway modulators were found to dysregulate GJIC via different mechanisms in rat liver epithelial cells WB-F344 
(Figure 13). Although many of these chemicals are known to activate MAPK ERK1/2, this signaling pathway was 
involved in GJIC dysregulation only by limited number of compounds. Majority of compounds thus inhibited GJIC 
through MEK-ERK1/2-independent mechanisms, with PC-PLC-dependent dysregulation of GJIC being relatively 
prevalent and robust response by all lower molecular weight PAHs, dicumylperoxide, PCB153, DDT, and partially 
also by perfluorodecanoic and perfluorooctanoic acid (PFOA). However, large group of chemicals dysregulated 
GJIC through signaling pathways other than MEK-ERK1/2 or PC-PLC. Interestingly, different signaling mechanisms 
responsible for GJIC were in some instances implicated even for chemically related compounds, such as different 
fluorinated fatty acids (PFOA, perfluorodecanoic or perfluorooctanesulfonic acid), different organochlorine 
pesticides (DDT, lindane, pentachlorophenol, alachlor), or different organic peroxides (dicumylperoxide, 
benzoylperoxide). Thus, not only the general ability of environmental toxicants to target GJIC depends on their 
structure, but also the mechanisms responsible for GJIC dysregulation might be structure-dependent. In vitro 
assessment of GJIC allows to effectively pinpoint these mechanisms and the signaling events leading to 
dysregulated intercellular communication and other downstream effects. 

The implication of PC-PLC as the key regulator of GJIC and probably common target of environmental toxicants in 
rat liver progenitor cells was further supported by a study, which focused on the effects of methoxychlor and 
vinclozolin on rapid signaling events (Babica et al., 2016c) [Attachment V]. Pesticides methoxychlor and vinclozolin 
are potent endocrine-disrupting compounds (EDCs), known to alter male and female reproductive system, 
neuroendocrine and immune system, reproductive and social behavior (Manikkam et al., 2014; van Ravenzwaay et 
al., 2013). The effects induced by these compounds were found to be transmitted into the offspring via 
mechanisms of epigenetic inheritance. Interactions of methoxychlor and vinclozolin and their metabolites with sex 
hormone receptors, such as estrogen receptor (ER) or androgenic receptor (AR) and subsequent changes in the 
expression of the genes transcriptionally controlled by the ligand-activated ER/AR represent well-recognized and 
traditionally studied mechanism of methoxychlor and vinclozolin toxicity (Cummings, 1997; Gaido et al., 2000; 
Wong et al., 1995). Hydroxylated metabolites of methoxychlor, such as HPTE (2,2-bis-(p-hydroxyphenyl)-1,1,1-

trichloroethane), are potent agonists of ER and weak antagonists of ER and AR. Vinclozolin metabolites, 
vinclozolin M1 and M2, are strong antagonists of AR and moderate agonists to progesterone receptor and ERs. 
However, there is an increasing evidence that both endogenous hormones, as well as several environmental EDCs, 
can also act via so-called non-genomic signaling mechanisms, which represents primarily membrane-initiated 
rapid signaling events occurring independently of alterations of gene transcription induced by ligand-activated 
nuclear receptors (Watson et al., 2014; Wong and Walker, 2013). These mechanisms include also processes known 
to be involved in the regulation of GJIC, such as rapid modulations of Ca2+ or K+ channel activity, Ca2+ levels, or 
activity of major intracellular signal transduction pathways, such as PLC / PKC, PKG, PKA, adenylyl cyclase, Akt, Src, 
or MAPKs ERK1/2, p38 and SAPK/JNK (see Chapter 2.2). These rapid mechanisms of non-genomic signaling were 
also implicated in the modulation of GJIC in response to various endogenous or synthetic estrogens and androgens 
(Herve et al., 1996; Iwase et al., 2006; Lyng et al., 2000; Pluciennik et al., 1996), bisphenol A (Lee et al., 2014), 
ioxynil, ioxynil octanoate (Leithe et al., 2010), nonylphenol (Aravindakshan and Cyr, 2005), fluorinated fatty acids, 
DDT or lindane (Sovadinová et al., 2015) [Attachment IV]. Interestingly, methoxychlor and vinclozolin were also 
found to induce a rapid (<5 min) dysregulation of GJIC accompanied by activation/phosphorylation of MAPK 
ERK1/2 and p38 (Figure 14). Inhibition of GJIC by vinclozolin was also associated with rapid hyperphosphorylation 
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and internalization of Cx43 (Figure 14). The effects on GJIC were prevented by an inhibitor of PC-PLC and, in the 
case of vinclozolin, also by p38 inhibitor. However, neither MEK inhibitor or modulators of ER and AR (estradiol, 
HPTE, ICI182,780, testosterone, flutamide, vinclozolin M2) were able to prevent effects of methoxychlor or 

Figure 14: Effects of methoxychlor (MXC) and vinclozolin (VIN) on GJIC and MAPKs in rat liver epithelial cells WB-344. (A) MXC and VIN 
induced rapid inhibition of GJIC (30 min exposure is shown); (B) Concentrations of MXC and VIN metabolites HPTE and vinclozolin M2 (VM2) 
in cell culture medium during the experiments (MLoD - method limit of detection); (C) Effects on phosphorylation of Cx43 (MXC 25 µM, VIN 
250 µM); (D) Activation of MAPKs ERK1/2 and p38; (E) Immunocytochemistry of Cx43 in the cells treated for 30 min; (F) Effects of inhibtors of 
MEK-ERK1/2 pathway (U0126), p38 (SB202190) and PC-PLC (D609) and resveratrol (RES) inhibition of GJIC induced by 10 min exposure to 
MXC or VIN; (G) Microphotographs showing preventive effects of resveratrol on GJIC dysregulation by 10 min treatment with MXC or VIN. 
GJIC was evaluated by SL-DT assay, MAPK and Cx43 phosphorylation by Western blotting, Cx43 localization by immunocytochemistry, HPTE 
and VM2 were analyzed by LC-MS/MS. FOC – Fraction of the Control. Adapted from (Babica et al., 2016c) [Attachment V]. 
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vinclozolin on GJIC. Interestingly, some of the ER- or AR-ligands, such as estradiol, HPTE, flutamide and VM2 also 
inhibited GJIC, although via a slower and presumably genomic signaling-dependent mechanism (Babica et al., 
2016c) [Attachment V]. Since no biotransformation of methoxychlor to HPTE was detected by instrumental 
analysis, and formation of vinclozolin M2 was slower than the onset of GJIC inhibition and MAPK activation (Figure 
14), the rapid signaling events were probably caused by the parental compounds, not the metabolites. We 
provided most likely the very first report that prototypical EDCs, methoxychlor and vinclozolin, can rapidly inhibit 
GJIC and activate ERK1/2, p38 and PC-PLC independently of ER or AR-dependent genomic signaling (Babica et al., 
2016c) [Attachment V]. These newly recognized rapid alterations of intercellular and intracellular signaling might 
represent another mechanism possibly contributing to the effects of EDCs on disruption of epigenetic 
developmental programming, alterations of tissue development and organ function, and transgenerational 
inheritance (Casati et al., 2015). 

4.3 GJIC ASSESSMENT OF SPECIES- AND TISSUE-SPECIFIC EFFECTS OF CHEMICALS 

Although WB-F344 cells have been repeatedly proven to be a useful model to study effects of toxicants on Cx43-
dependent GJIC in liver progenitor cells (Vondracek and Machala, 2016), the effects on GJIC observed in one 
particular in vitro model should not be undoubtedly extrapolated to the other cell types, since connexin 
expression, gap junction function and regulation depend on the biological and physiological context (Chapters 2 
and 3). Consequently, effects of toxic chemicals on GJIC, as well as specific mechanisms underlying the eventual 
GJIC inhibition, might be also cell type-, tissue- and organ-specific. As illustrated in the Chapter 4.1 (Figure 8), GJIC 
can be evaluated in different cell types representing various tissues and organs, which provides an excellent 
opportunity to investigate effects of chemicals on GJIC in the desired biological context. 

Methoxychlor is known to impair development and function of male reproductive system in rodent in vivo 
studies, where induced hormonal imbalances, atrophy of sexual organs, and deteriorations of sperm production 
(Aoyama and Chapin, 2014). Cx43-mediated GJIC, which was found to be targeted by methoxychlor in the rat liver 
epithelial cells (Babica et al., 2016c) [Attachment V], plays a critical role in the function of somatic testicular 
Leydig or Sertoli cells (see Chapter 3), which are known to be essential for sex hormone production, 
gametogenesis and reproduction (Kidder and Cyr, 2016). The results of our recent and still ongoing study 

Figure 15 Effects of methoxychlor (MXC) on GJIC and MAPK ERK1/2 in mouse somatic testicular Leydig TM3 and Sertoli TM4 cells. Western 
blot image shows the control cells and the cells treated with 100 µM MXC for 30 min. GJIC was evaluated by SL-DT assay, MAPK-ERK1/2 
activation by Western blotting. Adapted from conference proceedings co-authored by P. Babica (Sovadinová et al., 2017b; Yawer et al., 2017), 
paper in preparation. 
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(Sovadinová et al., 2017b; Yawer et al., 2017) revealed that methoxychlor induces rapid (within 30 min) and 
permanent inhibition (≥24 h) of GJIC also in mouse Leydig TM3 cells and mouse Sertoli TM4 cells (Figure 15). 
Similar to WB-F344 cells, GJIC dysregulation was also accompanied with activation of MAPK-ERK1/2 in Leydig TM3 
cells. Another example of cell type-specific effects of toxicants on GJIC is represented by the activity of low 
molecular weight PAHs in mouse Leydig TM3 cells in contrast to mouse Sertoli TM4 cells. 1-methylanthracene, 
fluorene, fluoranthene, but not 2-methylanthracene or benzo(a)pyrene, were found to inhibit GJIC in Leydig TM3 
cells (Figure 16), which indicated a similar pattern of structure-dependent activity as in the previous experiments 
with rat liver cells WB-F344 (Blaha et al., 2002) (Upham et al., 2008a) [Attachment III]. However, the effects of 1-
methylanthracene on GJIC were attenuated by an inhibitor of MEK-ERK1/2 pathway (Figure 16), which implies a 
different mechanism responsible for 1-methylanthracene-induced inhibition of GJIC in TM3 cells in comparison 
with WB-F344 cells. Nevertheless, none of the tested PAHs was found to alter GJIC in TM4 Sertoli cells, further 
indicating that the effects of chemicals on GJIC might be cell type-specific (Babica et al., 2013; Sovadinová et al., 
2017b; Yawer et al., 2017).  

 
Apparently, low molecular 
weight PAHs can elicit quite 
different effects on GJIC in 
different cells or tissues. Since 
these compounds represent 
prevalent atmospheric 
contaminants which are also 
abundant in the cigarette 
smoke and secondhand 
cigarette smoke, it was 
particularly interesting to 
characterize effects of low 
molecular PAHs in airway 
epithelial cells, where a 
dysregulation of GJIC might 
represent a mechanism 
eventually contributing to the 
adverse outcomes induced by 
inhalation exposure to these 
compounds, such as 
development of chronic 
pulmonary diseases or lung 
tumor promotion. Therefore, 
we studied the effects of 
selected methylated 
anthracenes on GJIC also in 

mouse epithelial lung cells C10 (Osgood et al., 2013) [Attachment VI]. These cells were derived from BALB/c 
mouse alveolar type II pneumocytes (type II cells), which express Cx43 as the major connexin (along with other 
connexin types). Type II cells are critical in the defense of the alveolar space from inhaled pollutants and 
maintenance of homeostasis. In addition, type II cells maintain gas exchange, secrete surfactant, have a metabolic 
capacity, and play a role in lung immunity through secretion of cytokines and chemokines. Similar to the previous 
results with WB-F344 cells, 1-methylanthracene but not 2-methylanthracene induced rapid inhibition of GJIC in 
C10 cells (Figure 17), followed by internalization and degradation of Cx43. Inhibition of GJIC was induced by non-
cytotoxic concentrations, and GJIC was restored upon removal of 1-methylanthracene from the cell culture. 
Furthermore, the inhibition of GJIC by 1-methylanthracene was associated with activation of MAPKs ERK1/2 and 
p38 (Figure 17). It has been observed that inhibition of GJIC induced by 1-methylanthracene was prevented by 
inhibitor of p38 but not MEK-ERK1/2 inhibitors, which indicates that p38 pathway was responsible for 
dysregulation of GJIC in this type of cells. MAPK p38 is known to be active in inflammatory lung diseases like 

Figure 16: Effects of polycyclic aromatic hydrocarbons on GJIC and related signaling events in 
mouse Leydig TM3 and Sertoli TM4 cells. Fluorene (FLR) and fluoranthene (FLA) but not 
benzo(a)pyrene (BaP) inhibited GJIC in Leydig TM3 cells after (A) 30 min or (B) 24 h. (C) 1-
methylanthracene and 9-methylanthracene (1-MeA, 9-MeA) but not anthracene (0-MeA) or 2-
methylanthracene (2-MeA) inhibited GJIC in Leydig TM3 cells after 30 min exposure. (D) 12-O-
tetradecanoylphorbol-13-acetate (TPA) but not 1-MeA (100 µM) inhibited GJIC in Sertoli TM4 cells, 
1-MeA-induced inhibition of GJIC was prevented by PD98059, an inhibitor of MEK-ERK1/2 patwhay. 
(E) 1-MeA (100 µM, 30 min) did alter phosphorylation of Cx43 and activation of ERK1/2. GJIC was 
evaluated by SL-DT assay, MAPK-ERK1/2 and Cx43 were evaluated by by Western blotting. Adapted 
from conference proceedings co-authored by P. Babica (Babica et al., 2013; Sovadinová et al., 
2017b; Yawer et al., 2017), paper in preparation. 
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chronic obstructive pulmonary disease (COPD), and has been shown to be induced in the lung exposed to cigarette 
smoke, which suggested that GJIC dysregulation and p38 activation might be also associated also with pro-
inflammatory responses and signaling. Indeed, 1-methylanthracene but not 2-methylanthracene induced gene 
expression of inflammatory markers: Chemokine (C-C motif) ligand (Ccl2), Cyclooxygenase 2 (Cox-2) and Tnf 
(Osgood et al., 2013) [Attachment VI]. P38-dependent modulations of chemokine and cytokine expression were 
confirmed also by a follow-up transcriptomic and proteomic study with C10 cells exposed to 1-methylanthracene, 
fluoranthene or their binary (1:1) mix (Osgood et al., 2017). The effects of the binary 1-methylanthracene-
fluoranthene mix were more potent than those of the individual chemicals, and the mix was found to alter in a 
p38-dependent manner expression of major inflammatory genes and pathways (e.g. Cox2, Ccl2, Cxcl1, Lif, IL6, 
Egfr1, Ccl7, Vcam1, Vegfa). P38 was also responsible for increased expression of Mmp-13 protein and decreased 
expression of Mmp inhibitor Timp-1, which is similar to their expression pattern COPD patients, where these 
proteins play a critical role in tissue remodeling and disease progression. Thus, rapid dysregulation of GJIC and 
upregulation of p38 by low molecular weight PAHs seems to be mechanistically connected to chronic disease-
relevant effects occurring at the tissue level (Osgood et al., 2017). 

A F

B

C  

D E 

G

H

Figure 17: Effects of methylated anthracenes in mouse lung epithelial cells C10. 1-methylanthracene (1-MeA)  but not 2-methylanthracene 
(2-MeA) (A) inihibited GJIC and (B-C) activated MAPK-ERK1/2 and p38 (at concentration 75 µM). GJIC inhibition induced by 1-MeA (75 µM, 30 
min) was (D) not prevented by the inhibitors of MEK-ERK1/2 pathway, U0126 and FR180204, but they were (E) prevented by p38 inhibitor, 
SB202190. (F-G) The effects of 1-MeA but not 2-MeA (75 µM) were associated with increased expression of inflammatory genes, Ccl2 

(chemokine CC-motif ligand), Cox-2 (cyclooxygenase 2) and Tnf (tumor necrosis factor ). GJIC was evaluated by SL-DT assay, MAPK activation 
by Western blotting, inflammatory genes by PCR.. Cntl - control; TPA - 12-O-tetradecanoylphorbol-13-acetate. Adapted from (Osgood et al., 
2013) [Attachment VI]. 
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Figure 18: Effects of selected polycyclic aromatic hydrocarbons (PAHs) on GJIC and MAPK activity in human bronchial epithelial cells 
HBE1. 1-methylanthracene and 9-methylanthracene (1-MeA, 9-MeA), fluorene (FLN), fluoranthene (FLT) and pyrene (PYR) but not 
anthracene (ANT), 2-methylanthracene (2-MeA) or chrysene (CHR) inhibited GJIC in HBE1 cells after (A) 1 h exposure or (B-C) 24 h exposure. 
Effects of PAHs (100 µM) on (D) MAPK-ERK1/2 and (E) p38 activity. (F) GJIC inhibition induced by a binary mix of 20 µM 1-MeA and 20 µM 
Fluoranthene (Mix 20 µM) was blocked by an p38 inhibitor, SB203580 (SB). GJIC was evaluated by SL-DT assay, MAPK activation by Western 
blotting. FOC - Fraction of the Control; TPA - 12-O-tetradecanoylphorbol-13-acetate. Adapted from diploma thesis co-supervised by P. 
Babica (Brózman, 2015) and a conference proceeding co-authored by P. Babica (Brózman et al., 2017), paper in preparation. 
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Interspecies differences might also pose a significant limitation of rodent testing to predict toxic effects of 
chemicals in humans from animal tests (Cunningham, 2002; Krewski et al., 2010). Some of these differences might 
be manifested also at the molecular and cellular level, and result in the different outcomes between rodent and 
human cell lines (Jemnitz et al., 2008), thus confirmation of in vitro data using a human cell line might provide an 
additional level of evidence towards predicting the effects in human beings. Importantly, our recent experiments 
revealed that low molecular weight PAHs induce inhibition also in human bronchial epithelial cells HBE1 with a 
similar structure-dependent effects on GJIC like in WB-F344 cells or C10 cells (Brózman, 2015; Brózman et al., 
2017), when 1- and 9- methylanthracene, fluorene, fluoranthene and pyrene inhibited GJIC, while anthracene, 2-
methylanthracene and chrysene did not have effected on GJIC (Figure 18). MAPK ERK1/2 was activated in a similar 
structure-specific manner, being most potently activated by GJIC-inhibiting 1-methylanthracene, 9-
methylanthracene and fluoranthene. Interestingly, GJIC inhibitors fluorene and pyrene had only little effects on 
MAPK-ERK1/2, which indicates that these chemicals might act differently in respect to ERK1/2 activation than in 
WB-F344 or C10 cells (Figure 18). MAPK p38 was found to be transiently activated by all PAHs under the study, 
regardless their structure (Figure 18). However, dysregulation of GJIC induced by the binary mix of 1-
methylanthracene and fluoranthene was prevented by p38 inhibitor (Figure 18), which suggests that activation of 
p38 pathway played an essential role in the effects on GJIC, but p38 itself was not sufficient to decrease GJIC and 
co-action of other signaling pathways was probably needed. These results revealed that low molecular weight 
PAHs induce similar effects on GJIC in both human HBE1 cells and mouse C10 cells, although p38 does not seem 
have an exclusive role in GJIC dysregulation in human cells. 

PC-PLC was implicated as the key regulator of GJIC in response of WB-F344 rat liver cells to several environmental 
toxicants, including low molecular weight PAHs, PCB153, DDT, dicumylperoxide, PFOA (Sovadinová et al., 
2015) [Attachment IV], methoxychlor or vinclozolin (Babica et al., 2016c) [Attachment V]. However, 1-
methylanthracene, a known PC-PLC-activator (Upham et al., 2008a) [Attachment III], has been just found either 
not to inhibit GJIC in certain cell lines, such as Sertoli TM4 cells (Figure 16), or to inhibit GJIC through a MAPK 
pathway in some other cells, such as mouse lung epithelial cells C10 (Osgood et al., 2013) [Attachment VI] or 
human bronchial epithelial cell line HBE1 (Figure 18). Therefore, we decided to investigate the structure-
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Figure 19: Effects of methylated anthracenes on GJIC in adult human liver stem cells HL1-1. 1-methylanthracene (1-MeA) but not 2-
methylanthracene (2-MeA) inhibited GJIC (150 µM, 20 min). Th effects of 1-MeA were prevented by pre-treatment with D609, an inhibitor of 
PC-PLC, H89, an inhibitor of PKA, and resveratrol (RES, 200 µM, 120 min). U0126, an MEK-ERK1/2 pathway inhibitor, did not have effect on 1-
MeA-induced dysregulation of GJIC , while prevented the effects of epidermal growth factor (EGF). GJIC was evaluated by SL-DT assay. Graph 
provides a comparison between the effects on GJIC in rat liver epithelial cells WB-F344 and human liver stem cells HL1-1. Adapted from a 
conference proceeding co-authored by P. Babica (Park et al., 2008), paper in preparation. 



 

 

46 GJIC|IN VITRO ASSESSMENT OF HAZARDOUS AND BENEFICIAL EFFECTS OF CHEMICALS 

dependent effects of methylated anthracenes as well as the basic mechanisms identified in the studies with rat 
liver progenitor WB-F344 cells also in a human liver cell line. For this purpose, we used recently isolated adult 
human liver stem cells HL1-1, which have characteristics of liver stem or progenitor cells, including expression of 

Oct-4, -fetoprotein, vimentin, Thy-1/CD90, high proliferation capacity, and ability to undergo hepatic 
differentiation (Chang et al., 2004; Kim et al., 2013, 2009; Shi et al., 2014). Upon differentiating HL1-1 cells in a high 
calcium DMEM-based medium (Kim, 2011), these cells developed functional GJIC. 1-methylanthracene was found 
to inhibit GJIC, while 2-methylanthracene did not have a significant effect on cell-to-cell communication (Park et 
al., 2008). Similarly to WB-F344 cells, GJIC dysregulation by 1-methylanthracene was prevented by a PC-PLC 
inhibitor as well as by a PKA inhibitor, but not by a MEK-ERK1/2 inhibitor (Figure 19). This provides additional 
evidence that PC-PLC-dependent inhibition of GJIC represents an important mechanism induced by 1-
methylanthracene and possibly other environmental toxicants not only in rat liver epithelial cells, but also in adult 
human liver stem cells. Chemically-induced alterations of homeostatic control mechanisms, such as GJIC, in 
populations of adult liver stem or progenitor cells might be particularly important for the development of chronic 
toxicities and diseases, given the important role these cells play in liver tissue renewal, regeneration and repair, 
and increasing number of studies, which have linked alterations of liver stem cells by model toxicants to the 
development of hepatic carcinoma or other chronic liver diseases, such as liver fibrosis (Font-Burgada et al., 2015; 
Knight et al., 2007; Wang and Jacob, 2011; Zhi et al., 2016).  

4.4 IN VIVO  AND EX VIVO  VALIDATION OF IN VITRO  EFFECTS ON GJIC 

The traditional cultures of adherent mammalian cells grown in monolayers provide a convenient in vitro model 
allowing for effective assessment of GJIC by a variety of methods (Chapter 4.1). However, it is being more 
increasingly recognized that such ‘2-dimensional’ (2D) cultures, due to their simplistic and unphysiological 
microenvironment, do not often properly recapitulate many critical properties of the cells and tissues in vivo. Thus, 
responses of 2D cultured cells to the chemicals might not correspond to their in vivo effects. Validation of the 
effects on GJIC observed in 2D monolayer cultures using more complex in vitro systems, such as 3D cell and 
organoid cultures, ex vivo experiments with tissue slices, or in vivo GJIC assessment, might be a key step to better 
understand the in vivo relevance of in vitro results. Some techniques introduced in the Chapter 4.1 can be 
adapted also for ex vivo evaluation of GJIC in organs and tissues. These techniques include also SL-DT protocol, 
which can be modified into IL-DT, as previously described (Babica et al., 2016b; Upham et al., 2016a) [Attachment 
I-II].  

It has been reported previously, that some of the rodent liver tumor promoters and well-recognized in vitro 
inhibitors of GJIC were found to inhibit GJIC also in the liver of in vivo exposed Fischer 344 rats. These chemicals 
included pentachlorophenol (Sai et al., 2000), 2-acetylaminofluorene (Krutovskikh et al., 1991), phenobarbital and 
polychlorinated biphenyls (Kolaja et al., 2000; Krutovskikh et al., 1995), pregnenolone-16α-carbonitrile (Kolaja et 
al., 2000), cadmium (Jeong et al., 2000), clofibrate, DDT (Krutovskikh et al., 1995) and perfluorosulfonic acids (Hu 
et al., 2002).  

In the following study, we investigated GJIC inhibiting effects of PFOA, which is an important environmental 
contaminant, hepatotoxicant, liver tumor promoter and endocrine disrupter. The initial studies reported that 
perfluorinated fatty acids inhibit GJIC in WB-F344 cells in a structure dependent manner, where inhibition of GJIC 
was a function of perfluorinated carbon lengths ranging from C7 to C10 (Figure 20). Our follow-up experiments 
(Upham et al., 2009) [Attachment VII] revealed that single dose (intraperitoneal injection, 100 mg/kg of body 
weight) of rodent liver tumor promoter phenobarbital, C8 PFOA but not C5 perfluoropentanoic acid (PFPeA) 
induced hepatomegaly in F344 rats after 24 h - 1 week exposure. The effects on the liver weight were not 
associated with liver injury (Upham et al., 2009) [Attachment VII]. Ex vivo evaluation of GJIC by IL-DT method 
revealed that PFOA but not PFPeA inhibited GJIC in the liver of in vivo exposed rats (Figure 20). In addition, PFOA, 
but not PFPeA were then also found to activate MAPK ERK1/2 in WB-F344 cells (Figure 20). PFOA was observed to 
inhibit GJIC in vitro via a mixed PC-PLC- and MEK-ERK1/2-dependent mechanism (Figure 13). Similarly to in vivo 
results, the effective concentrations of PFOA required to inhibit GJIC in vitro were also not cytotoxic, since WB-
F344 cells incubated for 48 h with PFOA did not show any morphological abnormalities, and after the transfer into 
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a fresh medium without PFOA, the cells completely restored GJIC (Upham et al., 2009) [Attachment VII]. These 
results suggest that the in vitro rat liver epithelial cell assay system is a good predictor of the in vivo effects of 
chemicals on gap junctions in the liver tissue of rodents. 

Recently, we investigated also effects of methoxychlor on GJIC inhibition ex vivo (Sovadinová et al., 2017b; Yawer 
et al., 2017). Endocrine disrupter methoxychlor was identified to be a potent inhibitor of GJIC not only in rat liver 
WB-F344 cells (Babica et al., 2016c) [Attachment V], but also in both mouse Leydig TM3 and Sertoli TM4 cells. 
Correspondingly, methoxychlor dysregulated GJIC also in rat seminiferous tubules exposed ex vivo (Sovadinová et 
al., 2017b; Yawer et al., 2017), which further indicates that GJIC results obtained from in vitro experiments are 
likely to be relevant also for in vivo situation. 

4.5 GJIC ASSAY IN WHOLE-MIXTURE TOXICITY TESTING, EFFECT-DIRECTED ANALYSIS AND 
EFFECT-BASED MONITORING 

The previous Chapters (Chapters 4.2-4.4) focused on the use of in vitro GJIC assessment to identify hazards and 
characterize toxicity mechanisms of the individual chemicals. Although human risk assessment and environmental 
risk assessment of chemicals mainly focuses on exposures to individual chemicals and mostly considering only a 
single source, human beings and the environment are continuously exposed to enormous number of chemicals 
and their combinations often coming from multiple sources. Thus, there is an increasing demand for novel tools 
which could support human and environmental risk assessment of mixtures. In this respect, in vitro assays can 
support mixture risk assessment by providing a better understanding of the underlying mechanisms of combined 

Figure 20: In vivo and in vitro effects of fluorinated fatty acids on GJIC. (A) Ex vivo incision loading-dye transfer (IL-DT) assay of GJIC in liver 
tissues  from F344 rats exposed in vivo (intraperitoneal single dose administraion, 100 mg/kg body weight) to solvent (DMSO), phenobarbital, 
(PB) perfluorooctanoic acid (PFOA), perfluoropentanoic acid (PFPeA) - effects 24 h post-treatment; (B) relative changes in GJIC levels in liver 
tissue and changes in the relative liver weight in F344 rats exposed in vivo to DMSO, PB, PFOA and PFPeA – effects 1 week post-treatment; (C) 
In vitro inhibition of GJIC by fluorinated fatty acids with different carbon chain lenghts (PFPeA = C5; PFOA = C8) evaluated by SL-DT assay in rat 
liver epithelial cells WB-F344 (20 min exposure); (D) in vitro effects of PFPeA and PFOA on MAPK ERK1/2 activation in WB-F344 cells evaluated 
by Western blotting. EGF – epidermal growth factor (20 ng/mL, 15 min). Adapted from (Upham et al., 1998) and (Upham et al., 
2009) [Attachment VII]. 
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effects. This approach includes also whole-mixture testing, where the environmental mixtures of unknown 
composition can be tested to evaluate their hazardous potential to alter a specific mechanism of molecular or 
cellular toxicity (Kienzler et al., 2016). Although the compounds responsible for the response remain unknown, in 
vitro assays can be then used in a combination with fractionation procedures and chemical analytical methods in 
effect-directed analysis (EDA) to identify causative agents of specific adverse effects (Brack, 2003; Hong et al., 
2016). Moreover, effect-based tools, such as in vitro bioassays targeting different toxic modes of action, are 
currently being implemented into the monitoring guidelines for water quality assessment to complement the 
classical chemical analyses with additional information and to provide more integrative view of toxic potential of 
complex mixtures consisting of (i) high priority target contaminants, (ii) other potentially toxic but not-yet fully 
characterized compounds as well as (iii) toxic (by-)products of transformation or degradation formed by natural 
processes or during water treatment (Wernersson et al., 2015). 

4.5.1 WHOLE-MIXTURE TOXICITY TESTING OF CYANOBACTERIAL EXTRACTS AND 
EXUDATES 

Massive proliferations of toxic cyanobacteria and formation of so-called water blooms in aquatic ecosystems 
represent an emerging environmental and human health problem. Frequency, intensity and duration of 
cyanobacterial water blooms in fresh and coastal waters have been increasing over the past decades due to human 
activities, including anthropogenic eutrophication and climate change (Paerl and Otten, 2013; Visser et al., 2016). 
Several secondary metabolites of cyanobacterial origin have been identified as potent toxins and potential threat 
for human health. The major and well-recognized cyanobacterial toxins (cyanotoxins) include: (1) cyclic 
heptapeptides microcystins and pentapeptides nodularins, (2) tricyclic guanidine alkaloid cylindrospermopsin, (3) 
bicyclic amine alkaloid anatoxin-a, (4) cyclic N-hydroxyguanine organophosphate anatoxin-a(S), (5) carbamate 
alkaloids saxitoxins. These compounds have been identified, and their toxicity and ecotoxicity have been at least 
partially characterized and understood, which allowed for an assessment and management of health risks 
associated with human exposures via cyanotoxin-contaminated drinking or recreational water, or cyanotoxin-
contaminated food or food supplements (Buratti et al., 2017; Miller et al., 2017). 

Tumor promotion and carcinogenesis represent an adverse outcome, which might be affected by exposure to 
toxic cyanobacteria, since increased incidence of liver or colorectal cancers have been associated with increased 
occurrence of cyanobacterial water blooms and cyanotoxins, such as microcystin-LR (Svircev et al., 2017). 
Microcystin-LR has been recognized as a liver tumor promoter (Buratti et al., 2017), currently classified as a 
possible human carcinogen (Class 2B) by International Association for Research on Cancer (Grosse et al., 2006). 
Another cyanotoxin linked to carcinogenesis is cytotoxic and genotoxic cylindrospermopsin (Buratti et al., 2017). 
As discussed in the Chapter 3, inhibition of GJIC is strongly associated with carcinogenic process, especially its 
tumor promotion phase (Czyz et al., 2017; Trosko, 2017, 2011; Trosko et al., 2004). 

In addition to these well-recognized cyanotoxins, cyanobacteria can produce hundreds of other secondary 
metabolites (e.g. various peptidic, lipopeptidic, heterocyclic aromatic compounds) and other components of 
cyanobacterial biomass (such as cyanobacterial LPS), which were shown to be bioactive, but they are usually not 
considered in toxicological studies or risk assessment of cyanobacteria (Buratti et al., 2017; Dittmann et al., 2015; 
Méjean and Ploux, 2013). However, many in vitro as well as in vivo studies repeatedly demonstrated that the 
toxicity of complex cyanobacterial extracts does usually not correspond to the content of the known and identified 
cyanotoxins (Burýšková et al., 2006; Hrouzek et al., 2016; Palíková et al., 2007; Smutna et al., 2014), which 
indicates that there are other not-yet-identified compounds of cyanobacterial origin contributing to the toxicity 
of cyanobacterial biomass.  

We used in vitro assessment of GJIC to evaluate tumor-promoting potential of cyanobacterial extracts in a rat liver 
epithelial cells WB-F344 (Bláha et al., 2010) [Attachment VIII]. GJIC was found to be rapidly inhibited (<30 min) by 
methanolic extracts from natural water blooms dominated by common water bloom-forming cyanobacterial 
species: Aphanizomenon flos-aquae (most pronounced effects), Planktothrix aghardii, Microcystis aeruginosa and 
Woronichinia naegeliana (least effective) (Figure 21). Similar effects were observed also with extracts from 
laboratory single strain cultures of Aph. flos-aquae CCALA008 and M. aeruginosa PCC7806, while extracts from 
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cultures of heterotrophic Gram negative bacterium Klebsiella terrigena CCM3568 or green alga Chlamydomonas 
reinhardtii UTEX2246 had only weak or no effects on GJIC (Figure 21). Similarly, MAPK ERK1/2 was activated only 
by extracts from cyanobacteria, but neither by bacterial nor green algal extract (Figure 21). Apparently, the effects 
on GJIC did not correlate with the content or production of microcystins, which were detected only in M. 
aeruginosa and P. aghardii extracts, but not in GJIC-inhibiting and MAPK-activating extracts from Aphanizomenon 
sp. or Woronichinia sp. (Bláha et al., 2010) [Attachment VIII]. Moreover, pure cyanotoxins microcystin-LR and 
cylindrospermopsin, had no effects on GJIC or MAPKs. This study thus provided the very first evidence on the 
existence of novel cyanobacterial metabolites exhibiting in vitro tumor promoting potential (Bláha et al., 
2010) [Attachment VIII].  

 In the following study, GJIC-inhibitory 
potencies were evaluated in a broader set 
of ten cultured cyanobacterial strains, as 
well as in six samples of natural water 
blooms (Nováková et al., 
2011) [Attachment IX]. The effects on GJIC 
were evaluated not only for the extracts, 
but in the case of cultures also for their 
exudates, i.e. cell-free spent culture 
medium, which was concentrated and 
purified by solid phase extraction (Oasis 
HLB and activated carbon). This step was 
supposed to reduce the complexity of the 
tested samples and possibly narrow down 
the fraction containing GJIC-inhibiting 
metabolites. The results showed, that 
extracts from natural water blooms 
effectively inhibited GJIC (Figure 22). The 
extracts from laboratory cultures of 
Anabaena flos-aquae UTEX1444, Aph. flos-
aquae SAG 31.87, Aphanizomenon gracile 
RCX06, M. aeruginosa PCC 7806 
(microcystin- producing), 
Cylindrospermopsis raciborskii SAG 1.97, 
Planktothrix agardhii CCALA159 

(microcystin-producing) and SAG 32.79 
(microcystin-producing) also rapidly 
inhibited GJIC, whereas much weaker 
effects were induced by Aphanizomenon 
klebahnii CCALA 009 and no inhibition was 
induced by extracts of Aph. flos-aquae 
PCC7905 (cylindrospermopsin-producing) 
and Aph. gracile SAG 31.79 (Figure 22). The 
exudates from laboratory cultured strains 
also inhibited GJIC, but their activity did not 
clearly correspond to the activity of the 

extracts, since the most potent effects were induced by Aph. flos-aquae PCC 7905 and SAG 31.87, Aph. gracile 
RCX06 and SAG 31.79, C. raciborskii SAG 1.97 and M. aeruginosa PCC7806 (Figure 22). Apparently, GJIC-inhibiting 
chemicals can be released from cyanobacterial cells to the surrounding medium. In agreement with the previous 
study, no correlation with microcystin or cylindrospermopsin content in the extracts or exudates was found. These 
results indicate that putative tumor promoting compound(s) inhibiting GJIC can be associated with a wide range of 
different species of bloom-forming cyanobacteria, but the production as well as distribution of these compounds 
between the intracellular (extracts) and extracellular (exudates) compartments in the cultures are obviously 
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Figure 21: Effects of cyanobacterial extracts on GJIC and MAPK ERK1/2 in rat liver 
epithelial cells WB-F344. (A) GJIC inhibition (30 min) by extracts of laboratory 
cultures of cyanobacterium Microcystis aeruginosa  PCC7806  and Aphanizomenon 
flos-aquae CCALA008, green alga Chlamydomonas reinhardtii UTEX2246 and 
bacterium Klebsiella terrigena CCM3568; (B) GJIC inhibition (30 min) by extracts of 
natural water blooms (WB) dominated by M. aeruginosa, A. flos-aquae, Planktothrix 
aghardii and Woronichinia naegeliana; (C) effects of extracts of cyanobacterial, 
green alga and bacterium laboratory culture and cyanobacterial water bloom on 
MAPK ERK1/2 (30 min). GJIC was evaluated by SL-DT assay, MAPK-ERK1/2 activation 
by Western blotting. EGF – epidermal growth factor (5 ng/ml, 30 min). Adapted 
from (Bláha et al., 2010) [Attachment VIII]. 
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species- and strain- specific, which could explain the lack of clear relationship between toxicities of extracts and 
exudates. Also, the possibility that different agents were responsible for the effects of extracts and exudates 
cannot be excluded, as well as the modulation of the observed effects by other compounds present in the extract 
or exudate (Nováková et al., 2011) [Attachment IX]. The exudate of C. raciborskii SAG 1.97, which induced very 
pronounced effects on GJIC, was then fractionated by semi-preparative reversed phased HPLC, and the collected 
fractions assessed for GJIC inhibition (Nováková et al., 2013). The most activity was associated with two non-polar 
fractions, which were further fractionated and evaluated for their GJIC inhibiting potencies. The final LC-high 
resolution MS analyses of the bioactive subfractions identified a chemical compound with a molecular formula 
C18H34O3, whose presence was associated with the subfractions inhibiting GJIC. The experiments with signal 
pathway inhibitors revealed, that the compound was inhibiting GJIC via EGFR- and MEK-ERK1/2-depednent 
mechanism (Nováková et al., 2013), i.e. through a different pathway than common among different environmental 
toxicants, such as low molecular weight PAHs or PCBs (Sovadinová et al., 2015) [Attachment IV]. 

Since there is an evidence that exposures to toxic cyanobacteria enhance effects of other non-cyanobacterial 
environmental toxicants and stressors, such as heavy metals or viral infections (Pikula et al., 2010), or pesticides 
(Cerbin et al., 2010), we also investigated GJIC-inhibiting potencies of cyanobacterial extracts and cyanotoxins in 
mixtures with well-recognized environmentally relevant inhibitors of GJIC, fluoranthene and PCB153 (Nováková et 
al., 2012) [Attachment X]. A binary mixture of PCB 153 with fluoranthene was found to elicit a simple additive 
effect on GJIC, which further supports the information on the similar mechanism of GJIC dysregulation by these 
two chemicals, i.e. through the PC-PLC-dependent pathway (Sovadinová et al., 2015) [Attachment IV]. Similarly, 
the effects of binary mixture of extracts from two cyanobacterial strains, Aph. gracile RCX06 and C. raciborskii SAG 
1.97, were also additive. The effects of extracts or anthropogenic contaminants on GJIC were not modulated by 
microcystin-LR (up to 100 µM) and cylindrospermopsin (up to 60 µM), which further indicated that these 
cyanotoxins do not target GJIC in the rat liver epithelial cells WB-F344 (Novakova2012) [Attachment X]. However, 
the binary mixtures of anthropogenic contaminants (PCB 153 or fluoranthene) and cyanobacterial extracts (Aph. 
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Figure 22: Effects of cyanobacterial extracts and exudates on GJIC and their potentiation by co-exposure with anthropogenic contaminants 
in rat liver epithelial cells WB-F344. GJIC-inhibiting effects of (A) extracts and (B) exudates of several cyanobacterial strains and (C) extracts of 
water blooms dominated by different cyanobacterial species; synergistic effects of cyanobacterial extracts from (D-E) Aphanizomenon gracile 
RCX06 or (F-G) Cylindrospermopsis raciborskii SAG 1.97 and anthorpogenic contaminants (D, F) PCB153 or (E, G) fluoranthene. Exposure time 
was 30 min in all experiments. GJIC was evaluated by SL-DT assay. Asterisks indicate significant difference from the solvent control, crosses 
indicate significant difference from the values predicted by an effect-addition model. D.w. - dry weight. Adapted from (Nováková et al., 
2011) [Attachment IX] and (Nováková et al., 2012) [Attachment X]. 
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gracile or C. raciborskii) induced significant synergistic effects on GJIC (Figure 22). Nearly complete GJIC inhibition 
could be observed in the binary mixtures of such concentrations of the individual components, which separately 
did not cause any significant effect (Figure 22). While mixture toxicity of various environmental contaminants is 
being intensively studied, most studies are dealing with mixtures of chemicals sharing some general similarity or 
mechanism of action, whereas experiments with mixtures containing widely divergent components (e.g., organics 
vs. metals) or chemicals in a combination with non-chemical stressors are much less common (Nováková et al., 
2012) [Attachment X].  

In addition to the first information about alterations of this type of tumor promotion-relevant events by novel 
types of metabolites, our studies provided new evidence on toxic interactions between cyanobacterial 
metabolites and environmental anthropogenic contaminants, and thus highlighted the importance of combined 
toxic effects of chemicals in complex environmental mixtures.  

4.5.2 EFFECT-BASED EVALUATION OF WATER TREATMENT TECHNOLOGIES 

Occurrence of toxic cyanobacteria in aquatic ecosystems presents a challenge to drinking water treatment 
facilities producing drinking water from cyanobacteria-contaminated surface water. Although different risk 
management strategies have been suggested and elaborated to minimize human health risks caused by 
cyanobacteria and their toxins in drinking water (He et al., 2016; Merel et al., 2013; Sklenar et al., 2016; Westrick 
et al., 2010), they have primarily focused on the elimination of cyanobacterial biomass or removal of the selected 
well-identified cyanotoxins. However, the existing treatment techniques and strategies should be evaluated not 
only for their efficiency (i) to remove targeted priority pollutants (e.g. microcystins or cylindrospermopsin in the 
case of cyanobacterial toxins), but also (ii) to eliminate other potentially harmful and toxic components of the 
complex material which may not be fully chemically characterized; and (iii) to form of new harmful metabolites / 
toxic by-products during the application of the water treatment technology (Prasse et al., 2015). Thus, the use of 
complementary chemical and biological tools (i.e. instrumental analyses and effect-based bioassays) in the 
monitoring plans is encouraged (Maier et al., 2015; Wernersson et al., 2015). In vitro assessment of GJIC has been 
successfully used along with chemical analysis as a principal bioassay to study tumor promoting activity of water 
chlorination by-products (Hakulinen et al., 2004; Nishikawa et al., 2006) or to assess the efficiency of removing 
different anthropogenic contaminants and their toxic by-products with ozone, including PAHs (Herner et al., 2001; 
Luster-Teasley et al., 2005, 2002; Upham et al., 1995) and various pesticides (Masten et al., 2001; Upham et al., 
1997; Wu et al., 2007). 

Since toxic cyanobacteria seem to be generally capable of producing not only well-recognized tumor promoting 
microcystins, but also other water soluble but not-yet fully identified compounds shown to inhibit GJIC and 
activate MAPK ERK1/2 (Bláha et al., 2010; Nováková et al., 2012, 2011) [Attachment VIII-X], we decided to use 
GJIC and MAPK evaluation to compare the efficacy of two commonly used drinking water treatment technologies, 
chlorination and ozonation, for reducing tumor promoting potential of cyanobacterial extract of natural water 
bloom of M. aeruginosa (Sovadinová et al., 2017a) [Attachment XI]. The chemical analyses showed that ozone 
effectively removed microcystins in the extract and reduced its ability to inhibit GJIC and activate MAPK ERK1/2 in 
WB-F344 cells (Figure 23). Chlorination leading to a comparable decrease of total organic carbon in the extract was 
much less effective in both removing microcystins and reducing the effects on GJIC. Moreover, activation of 
ERK1/2 actually slightly increased in the extracts treated with a high chlorine dose, indicating a possible formation 
of toxic by-products. Both treatment techniques were less effective in reducing on MAPK p38 activation by the 
extract (Sovadinová et al., 2017a) [Attachment XI]. Our study thus points to the advances of ozonation approach 
and demonstrates that in vitro evaluation of GJIC and MAPKs represent a simple and sensitive bioassay for 
assessment of tumor promoting potential of complex cyanobacterial extracts, which is also suitable for effect-
based studies focusing on the elimination of these hazardous properties of contaminated water. 
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4.6 GJIC ASSESSMENT IN PHARMACOLOGICAL AND BIOMEDICAL RESEARCH 

With the increasing evidence on the critical role of connexins and pannexins in the etiology of different human 
diseases (Chapter 3), there is an extensive research exploiting potential use of connexins and pannexins in various 
clinical applications. This includes eventual use of GJIC, connexins and pannexins either as diagnostic markers, or 
considering them as a therapeutic targets in human disease prevention, protection or treatment (Delmar et al., 
2017; Willebrords et al., 2017). Several recent reviews discussed in the detail the clinical and therapeutic potential 
of connexins in the diagnosis and therapies of retinal (Danesh-Meyer et al., 2016; Jiang, 2010), cochlear (Lilly et al., 
2016; Xu and Nicholson, 2012), skin (van Koppen and Hartmann, 2015), neural (Hu et al., 2015; Schulz et al., 2015; 
Seki et al., 2015; Tribulova et al., 2015), cardiovascular (Dempsie et al., 2015; Freund-Michel et al., 2016), 
respiratory (Hills et al., 2015; Sala et al., 2016), liver (Crespo Yanguas et al., 2016; Maes et al., 2015b; Vinken, 
2012), gastrointestinal and reproductive (Chevallier et al., 2013a, 2013b; Christman, 2015), oncogenic (Czyz et al., 
2017; Jiang and Penuela, 2016; Leone et al., 2012) diabetic (Cigliola et al., 2013; Farnsworth and Benninger, 2014; 
Goudis et al., 2015; Perez-Armendariz, 2013) and wound healing (Kleopa and Sargiannidou, 2015; Masaki, 2015; 

Figure 23: Effects of complex and chlorine- or ozone-treated cyanobacterial extract on GJIC and MAPKs in rat liver epithelial cells WB-F344. 
Inhibition of GJIC by (A) non-treated (NT) extract of Microcystis aeruginosa water bloom, (B) extract treated with a chlorine dose of 1000 mg/L 
for 24 h (Cl(1000-24h), and (C) ozone-treated extract (5 mg/L, 1 L/min for 30 min); (D) activation of MAPK ERK1/2 and p38 by non-treated and 
treated cyanobacterial extracts. Effects were evaluated after 30 min exposure. GJIC was evaluated by SL-DT assay, MAPK activation by 
Western blotting. DW - dry weight; PC - positive control (12-O-tetradecanoyl phorbol-13-acetate, 10 nM, 30 min). Adapted from (Sovadinová 
et al., 2017a) [Attachment XI].  
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Moinfar et al., 2014; Moore and O’Brien, 2015; Takeuchi and Suzumura, 2014; Xie et al., 2015) diseases and 
disorders . 

In vitro assessment of connexins and GJIC could be then effectively used to screen for medically or 
pharmacologically interesting compounds which are able to modulate GJIC and other connexin functions in a 
desired manner (Willebrords et al., 2017), such as blocking the cell-cell communication in order to reduce 
propagation of injury during ischemia (Lee et al., 2015; Li et al., 2003) or to alter specific protein interactions (Dukic 
et al., 2017). Furthermore, in vitro assessment of GJIC in the cells representing a specific diseased phenotype can 
be utilized to evaluate the ability of pharmacological agents or other medical treatments to induce or restore 
connexin-dependent functions of a normal healthy cell or tissue. Since cancer represents a prime example of a 
disease which has been strongly linked to the impairment of connexin expression and function (Chapter 3), it was 
shown that in vitro assessment of GJIC can be effectively utilized in the screening for chemopreventive dietary or 
pharmaceutical agents capable to attenuate GJIC-inhibiting effects of chemical tumor promoters in normal cells 
or restore GJIC in cancer cells (Leone et al., 2012).  

4.6.1 SCREENING FOR CANCER CHEMOPREVENTIVE AGENTS  

Tumor promotion phase of cancer is typically associated with a dysregulation of GJIC, and chemical tumor 
promoters, mitogenic chemicals and stimuli were found to be potent inhibitors of GJIC (Leone et al., 2012; Trosko, 
2017; Vinken et al., 2009). Since tumor promotion represents a reversible and rate-limiting step of cancer, it 
provides a window of opportunity for lowering the risks of cancer by dietary chemoprevention or eventually by 
therapeutic interventions with synthetic drugs. Various dietary chemicals or synthetic drugs with known 
chemopreventive activity have been found to prevent tumor promoter-induced dysregulation of GJIC, which 
might represent an important mechanism contributing to their chemopreventive effects (Leone et al., 2012). While 
most of the studies reporting that chemopreventive agents can attenuate chemically-induced inhibition of GJIC 
were done with model tumor promoters, such as TPA, butylated hydroxytoluene or hydrogen peroxide (Leone et 
al., 2012), there is much less information about the interactions of chemopreventive agents with environmental 
tumor promoters and toxicants. It has been reported that oleoresins from tomato and grape seed extract can 
prevent inhibition of GJIC induced by mercury chloride (Leone et al., 2010; Zefferino et al., 2008); salidroside 
blocked effects of cadmium (Zou et al., 2015); chaetoglobosin K can attenuate the effects of endosulfan and 
dieldrin (Matesic et al., 2001); quercetin effects of DDT (Warngard et al., 1987); a green tea extact and its 
constituents can block inhibition of GJIC induced by DDT (Sigler and Ruch, 1993); paraquat, phenobarbital (Ruch et 
al., 1989) or dimethylnitrosamine (Takahashi et al., 2004).  

After the initial reports that resveratrol, a dietary phytoalexin and well-recognized chemopreventive agent, can 
attenuate inhibition of GJIC elicited by TPA (Nielsen et al., 2000), it has been also reported that resveratrol blocks 
also inhibition of GJIC induced by dicumylperoxide (Upham et al., 2007). Our further in vitro experiments with WB-
F344 cells revealed that resveratrol can attenuate also GJIC inhibition induced by PFOA (Upham et al., 2009) 
[Attachment VII]. Moreover, the survey of 25 different inhibitors of GJIC showed that resveratrol had significant 
preventive effects on the GJIC inhibiting activity of all chemicals dysregulating GJIC via a PC-PLC-dependent 
mechanism, a MEK-ERK1/2-dependent mechanism, or a combined MEK-ERK1/2 and PC-PLC-dependent mechanism 
(Figure 13), whereas compounds dysregulating GJIC through an alternative pathways were not affected by 
resveratrol with the exception of alachlor (Sovadinová et al., 2015) [Attachment IV]. These findings strongly 
suggest that resveratrol might be targeting PC-PLC pathway and thus preventing GJIC inhibition caused by PC-PLC-
dependent inhibitors, as well as to interfere with most likely redox-dependent activation of MAPK ERK1/2 
pathway, which could explain its preventive activity towards MEK-ERK1/2-dependent inhibitors of GJIC (Upham et 
al., 2009). In agreement with this hypothesis, the effects of methoxychlor and vinclozolin, which represent other 
PC-PLC-dependent inhibitors of GJIC (Babica et al., 2016c) [Attachment V], were also found to be attenuated by 
resveratrol (Figure 14). Finally, the preventive effects of resveratrol against 1-methylanthracene-induced inhibition 
of GJIC observed in rat liver epithelial cells WB-F344 (Sovadinová et al., 2015) [Attachment IV] were confirmed also 
in a human relevant in vitro model of adult human liver stem cells HL1-1 (Chapter 4.3, Figure 19). 
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Following these experimental results, we conducted another study to investigate whether also other 
chemopreventive agents can prevent inhibition of GJIC induced by environmental toxicants, and whether their 
eventual preventive effects will depend on the GJIC inhibitor or its mechanism of GJIC dysregulation (Babica et al., 
2016a) [Attachment XII]. The tested chemopreventive agents included nine commercially available chemicals 
previously implicated in cancer chemoprevention: polyphenols quercetin, silibinin and curcumin, simple phenol 
indol-3 carbinol, quinones thymoquinone and emodin, unsaturated aromatic carboxylic acid cinnamic acid, the 
organosulphurcompound diallyl sulfide, and an antidiabetic drug, biguanide metformin. Rat liver epithelial cells 
WB-F344 were pretreated for 30 min or 24 h with a chemopreventive agent and then a GJIC inhibitor was added 
for additional 15 min. Six different GJIC inhibitors were used, namely TPA, lindane (both MEK-ERK1/2-dependent 
inhibitors of GJIC), fluoranthene, DDT (both PC-PLC-dependent inhibitors), PFOA (mixed MEK-ERK1/2-dependent 
inhibitor of GJIC) and pentachlorophenol (neither MEK-ERK1/2- nor PC-PLC-dependent inhibitor of GJIC). All 
chemopreventive chemicals were able to attenuate the effects of at least one GJIC inhibitor, namely lindane 
(Figure 24). Quercetin and silibinin elicited the most pronounced effects, preventing the dysregulation of GJIC by 
all the GJIC-inhibitors but DDT (Babica et al., 2016a) [Attachment XII]. Metformin and curcumin attenuated the 
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Figure 24: Chemopreventive agents attenuated inhibition of GJIC induced by environmental toxicants in rat liver epithelial cells WB-F344. 
(A) Lindane, MEK-ERK1/2-dependent dysregulator of GJIC; (B) Fluoranthene, PC-PLC-dependent dysregulator of GJIC; (C) PFOA, both MEK-
ERK1/2-dependent dysregulator of GJIC; (D) Pentachlorophenol, MEK-ERK1/2- and PC-PLC-independent dysregulator of GJIC. Prior the 
addition of GJIC inhibitor, the cells were pretreated for 30 min or 24 h with allylsulfide (DAS, 500 µM), cinnamic acid (CIA, 100 µM), curcumin,  
(CUR, 1 µM), emodin (EMO, 10 µM), indole-3-carbinol (I3C, 10 µM), metformin (MET, 1000 µM), quercetin (QUE, 100 µM for 30 min or 25 µM 
for 24 h), silibinin (SIL, 100 µM for 30 min or 50 µM for 24 h), thymoquinone (THQ, 10 µM). Data represent medians, 25th and 75 th percentiles 
(boxes), 10th and 90th percentiles (whiskers) of at least three independent experiments. Dashed horizontal lines indicate median value, 25th 
and 75th percentile of the treatment with GJIC inhibitor only (w/o). Values significantly different from the treatment with GJIC inhibitor only 
are labeled by asterisks. Adapted from (Babica et al., 2016a) [Attachment XII]. 
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effects of three GJIC-inhibitors, whereas the other chemopreventive agents prevented the effects of two (diallyl 
sulfide, emodin) or one (indole-3 carbinol, thymoquinone) GJIC-inhibitor. The effects of MEK-ERK1/2-dependent 
inhibitors of GJIC were more effectively prevented by shorter pre-treatment with chemopreventive chemicals (e.g. 
lindane, Figure 24A), while longer incubation induced more pronounced effects on PC-PLC-dependent inhibitors, 
such as fluoranthene (Figure 24B). Preventive effects of chemopreventive agents were apparently dependent on 
the type of compound (its chemistry, structure and mode probably of action) as well as on the type of GJIC-
inhibitor and its mechanism of GJIC dysregulation (Babica et al., 2016a) [Attachment XII]. This indicates that the 
chemopreventive effects were mediated through specific modulations of different signaling pathways involved in 
GJIC control, rather than being a result of a generally shared biochemical or molecular mechanism. Such 
prevention of inhibition of GJIC induced by environmental toxicants represents an important mechanism 
contributing to the chemopreventive activity of dietary chemicals and supplements during tumor promotion, when 
the effects of environmental and food toxicants can be counteracted by co-exposure to chemopreventive agents 
from diet or dietary supplements, and thus lowering the cancer risks. Significant attenuation of chemically induced 
inhibition of GJIC was observed in 27 (50%) out of 54 possible combinations of nine chemopreventive agents with 
six GJIC inhibitors (Babica et al., 2016a) [Attachment XII], which demonstrates that in vitro evaluations of GJIC 
could be used as an effective tool for screening of chemicals for chemopreventive activity.  

Cancer or transformed cells where GJIC levels were reduced due to an oncogenic event can be also utilized in the 
screening for chemopreventive and anticancer compounds. WB-ras cell line represents a genetically engineered 
cell line, which was derived from normal WB-F344 cells by overexpressing H-ras oncogene (Defeijter et al., 1990). 
Normal WB-F344 cells have a functional Cx43-mediated GJIC, exhibit contact inhibition of growth, have a low 
ability to growth on soft agar, and are non-tumorigenic in vivo. On the other hand, neoplastically transformed WB-
ras cells have a typical diseased phenotype of cancer cells, including an aberrant expression, localization and 
phosphorylation of Cx43, low level of GJIC, lack of contact growth inhibition, ability to grow on soft agar and 
formation of metastazing tumors in vivo (Defeijter et al., 1990; Hayashi et al., 1998). Chemopreventive compounds 
such as lovastatin (Ruch et al., 1993), caffeic acid phenylester (Lee et al., 2004; Na et al., 2000), 4-phenyl-3-
butenoic acid (Burns et al., 2015; Sunman et al., 2004), suberoylanilide hydroxamic acid and trichostatin A 
(Ogawa et al., 2005) were found to increase GJIC in WB-ras cells. In our recent research, we have found that GJIC in 

WB-ras cells can be also restored for example by 
silibinin, a flavonoid from milk thistle seeds, or biguanide 
metformin (Figure 25) (Čtveráčková et al., 2017; 
Lenčešová, 2012). Furthermore, in vitro assessment of 
GJIC in WB-ras cells can be effectively used also as the 
principal method in bioassay-guided fractionation for 
identification of the active components and chemicals in 
the bioactive extracts from various natural products. 

This approach was applied to identify -sitosterol as an 
active compound in psyllium extract which was 
responsible for the restoration of GJIC in WB-ras cells 
(Nakamura et al., 2005, 2004). We are currently using 
WB-ras cell line and semi-automated / semi-high 
throughput multiparametric assay optimized in our lab 
for the simultaneous evaluation of GJIC, cell proliferation 
and viability (Figure 9) in screening for chemopreventive 
activities of compounds, which were recently isolated 
from Paulownia tomentosa fruits (Hanakova et al., 2015) 
or from zooxanthellate jellyfish Cotylorhiza tuberculata 
(Leone et al., 2015, 2013). High-throughput in vitro 
assessment of GJIC could be thus used for evaluation of 
chemopreventive and anticancer potential of known 
chemical entities, or for identification of new bioactive 
compounds in the complex matrices. 

Figure 25: Chemopreventive agents restored oncogene-inhibited 
GJIC in WB-ras cells. WB-F344 cells transformed by H-ras oncogene 
were exposed to metformin or silibinin for 24 h, GJIC was 
evaluated by SL-DT assay. Adapted from a diploma thesis 
supervised by P. Babica (Lenčešová, 2012) and a conference 
proceeding co-authored by P. Babica (Čtveráčková et al., 2017), 
paper in preparation. 
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4.6.2 DEVELOPMENT OF NEW BIOMEDICAL APPLICATIONS 

In addition to drug discovery and screening for new pharmacologically relevant chemicals or treatments, GJIC 
assessment can be also utilized in biomedical research of molecular and cellular mechanisms which might be 
targeted by perspective therapeutic procedures or treatments, or for evaluation of potential unwanted side 
effects of new therapies and biomedical applications. 

Single-walled carbon nanotubes (SWCNTs) represent a class of material with extraordinary mechanical, electrical, 
optical and thermal properties, with a wide variety of possible applications including biomedical field (Liang and 
Chen, 2010). SWCNTs are being investigated as near-infrared optical biosensors, bioprobes, molecular imaging 
contrast agents, photothermal therapy enhancers, as well as drug carriers to specifically deliver various 

anticancer drugs, proteins and nucleic acids to the diseased tissues and maximize the bioavailability of the drugs by 
improving solubility and increasing circulation time (Gao et al., 2016; Jain et al., 2015; Liang and Chen, 2010). 
However, the use of SWCNTs is impeded by their low solubility in polar solvents and their tendency to aggregate 
in aqueous solutions including biological fluids and liquids. Another issue complicating biomedical applications of 
SWCNTs is associated with their highly reactive surface, which provides a great opportunity for a variety of surface 
modifications, but might result into eventual unintentional deleterious interactions with biomolecules, cells and 
tissues (Gao et al., 2016). There have been different strategies and approaches aiming to increase solubility of 
SWCNTs in aqueous solutions, as well as to suppress toxicity of SWCNTs. Non-covalent functionalization of 
SWCNTs is an effective strategy which aids the dispersion process of SWCNTs in aqueous medium but minimizes 
changes in their electrical or mechanical properties. In our study, SWCNTs were functionalized by different 
dispersants, including arabic gum, Triton X-100, amylose, natural organic matter from Suwannee River, and 
polyvinyl pyrrolidone (Alpatova et al., 2010) [Attachment XIII]. These dispersing agents allowed to prepare 
SWCNTs suspensions where charge and the average effective hydrodynamic diameter of suspended SWCNTs as 
well as the concentration of exfoliated SWCNTs in the dispersion remained relatively stable over a period of 4 
weeks (Alpatova et al., 2010) [Attachment XIII]. The functionalized and dispersed SWCNTs were not cytotoxic for 

Control Solvent control NOM (pH 3.5)-dispersed SWCNTs

A B C

D

Figure 26: In vitro effects of dispersed single-walled carbon nanotubes (SWCNTs). (A) Effects on viability of Escherichia coli (48 h exposure in 
LB medium), (B) viability of rat liver epithelial cells WB-F344 (neutral red dye uptake, 24 h exposure), and (C) GJIC in WB-F344 cells (24 h 
exposure) and (D) representative images of GJIC assessment. Labels of x-axis indicate the dispersant type: Suwannee River Natural Organic 
Matter (NOM) with pH 3.5 (NOM3.5) or pH 7 (NOM7); arabic gum (GA); polyvinyl pyrrolidone (PVP); Triton X-100 (Triton). Open bars 
correspond to non-treated controls, hatched bars correspond to solvent controls, and cross-hatched bars correspond to dispersed SWCNTs. 
Adapted from (Alpatova et al., 2010) [Attachment XIII]. 
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Escherichia coli (3-48 h exposure) or rat liver epithelial cells WB-F344 (30 min-24 h exposure), with the exception 
of SWCNTs dispersed in Triton X-100, where the dispersing agent itself elicited toxic effects, as apparent from the 
solvent control treatments (Figure 26). Dispersions of SWCNTs also did not alter with GJIC in WB-F344 cells 
(Figure 26), a critical process for the maintenance of tissue homeostasis. Non-covalent functionalization of 
SWCNTs with non-toxic dispersants was found to be a useful method for the preparation of stable aqueous 
suspensions of SWCNTs, which seemed to be biocompatible and thus potentially suitable for biomedical 
applications (Alpatova et al., 2010) [Attachment XIII]. 

Pulsed electric fields (PEFs) have been recognized to induce different biological effects depending on pulse 
duration and field strength. Pulses in the range of milli- to microseconds primarily affect the outer membrane, 
while shorter pulses with duration in the nanosecond range (nsPEFs) have a more pronounced effect on 
intercellular structures. Treatments with nsPEFs were found to inhibit tumor growth and nsPEFs are being 
considered as a perspective tool for cancer therapy (Breton and Mir, 2012). There are several processes and 
signaling pathways, which can be triggered by nsPEFs, including the formation of pores in the plasma membrane, 
the release of calcium from intracellular stores, the breakdown of the cytoskeleton, and induction of apoptosis 
(Scarlett et al., 2009; Stacey et al., 2011; Thompson et al., 2014). These cellular events might result in modulations 
of GJIC, which is important for the regulation of cell growth control, differentiation and apoptosis, and plays a 
critical role in the carcinogenesis (Chapter 3). With respect to the lack of data regarding the effects of nsPEFs on 
GJIC, we studied effects of nsPEFs on intercellular communication, intracellular signaling, and structural changes in 
WB-F344 cells (Steuer et al., 2016) [Attachment XIV]. We found that non-cytotoxic treatments with nsPEFs (20 
pulses of 100 ns duration) induced rapid dysregulation of GJIC, which become more pronounced with increasing 
field strength (10-20 kV). Maximum inhibition of GJIC occurred 15 min after the treatment, which appears to be 
relatively late to be a result of a direct membrane depolarization. The effects on GJIC were only transient, and 
communication recovered within 24 h post-treatment (Figure 27). Alongside GJIC inhibition, amount of Cx43 
mRNA was decreased within 30-60 min post-treatment, but this effect was becoming gradually less pronounced 
and after 24-48 h recovering nearly to the control level (Figure 27). GJIC inhibition was also associated with a 
transient hyperphosphorylation and internalization of Cx43 (Steuer et al., 2016) [Attachment XIV]. MAPK ERK1/2 
were activated during 30-60 min, but after 6 h decreasing back to the control level (Figure 27). Interestingly, p38 
was not activated till 6 h post-treatment (Figure 27). Alterations of GJIC, Cx43 and MAPKs were accompanied by 
transient (5-60 min) disruption of cytoskeletal actin filaments, while tight junctional proteins zonula occludens-1 
remained intact. Altogether, the inhibition of GJIC was unlikely caused by a mechanical separation of the cells, 
membrane disruption or depolarization, but most likely resulted from nsPEF-induced modulation of intracellular 
processes and signaling leading to Cx43 alterations and GJIC dysregulation (Steuer et al., 2016) [Attachment XIV]. 
Although inhibition of GJIC and activation of MAPKs have been associated with tumor promoting and carcinogenic 
events, these effects induced by nsPEFs were only transient. In order to evaluate whether these transient changes 
might be translated into other and more permanent alterations of cell phenotype, we investigated effects of 
nsPEFs on the cell elasticity, cell migration and anchorage-independent growth (Steuer et al., 2017) [Attachment 
XV]. Treatment with nsPEF rapidly (within 8 min post treatment) decreased elasticity of WB-F344 cells, but only 
transiently and not to the levels of elastic modulus observed in tumorigenic WB-ras cells (Figure 27). Decrease in 
the elastic modulus correlated with reorganization of actin filaments, which also recovered app. 60 min after the 
treatment (Steuer et al., 2017) [Attachment XV]. However, these changes did not have any significant effects on 
the cell migration or soft agar growth (Figure 27). Treatments with nsPEF thus seem to be suitable for the cancer 
therapies without posing a risk to induce further pro-carcinogenic events in surviving cells that were incidentally 
exposed to sub-lethal electric fields (Steuer et al., 2017) [Attachment XV]. In fact, the ability of nsPEFs to 
transiently downregulate GJIC without inducing tumor promoting or carcinogenic changes might be utilized in 
other biomedical applications, where transient suppression of GJIC might represent desired therapeutic outcome, 
such as chronic wound healing (Wright et al., 2009). Investigation of GJIC can provide deeper mechanistic insights 
into the alterations of signaling and cellular events by nsPEFs, which could then contribute to the further 
improvement and development of nsPEFs treatments and therapies.  
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Figure 27: Effects of nanosecond pulsed electric fields (nsPEFs) on GJIC and related cellular events in rat liver epithelial cells WB-F344 at the 
different time points after the treatment. Effects of nsPEFs (20 pulses of 100 ns) of different field strengths (10-20 kV/cm) on (A) GJIC, (B-C) 
MAPK ERK1/2, (D) MAPK p38, (E) connexin 43 (Cx43) protein level, (F) elastic modulus (Young’s modulus, YM), and (G) ability to growth on 
soft agar (Giemsa stained colonies obtained after 3 weeks of growth of control or nsPEF-treated cells). GJIC was evaluated by SL-DT assay, (B-
E) were evaluated by Western blotting, YM was evaluated by atomic force microscopy. H-ras transformed WB-F344 cells (WB-ras) were used 
as a positive control for elastic modulus and soft agar growth. Adapted from (Steuer et al., 2017, 2016) [Attachment XIV-XV]. 
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5 CONCLUSIONS 

The demands on chemical testing and evaluation of their biological effects are ever increasing. In vitro assays allow 
acquiring large amount of data about the effects of chemicals on different biological phenomena with 
unprecedented speed and capacity, and can be effectively used for predictions of chemical effects on human 
health. Experimental assessment of connexin-dependent functions including GJIC can provide toxicologically and 
pharmacologically relevant information about the potential of chemicals to alter this physiologically important 
process, whose disruption appears to be the key cellular and tissue event associated with the onset and/or 
progress of different chronic diseases, pathologies and adverse outcomes (Chapter 3). Connexin functions and GJIC 
can be evaluated in vitro using a variety of methods, including techniques which are compatible with high-
throughput setups (Chapter 4.1). In vitro evaluation of GJIC thus represents a phenotypic assay capable to identify 
and characterize potential of chemicals either to disrupt or restore this key mechanism responsible for the 
maintenance of tissue homeostasis, proper development and functioning of multicellular organisms. Within the 
work presented in this thesis, such effects were identified for several environmental toxicants (e.g. 1-
methylanthracene, PFOA, methoxychlor, vinclozolin; Chapter 4.2) or medically promising compounds or 
treatments (e.g. dietary phytochemicals, pulsed electric fields, carbon nanotubes; Chapter 4.6). In addition to the 
assessment of defined chemical entities, GJIC can be used as the primary bioassay also for assessment of hazard 
potential of complex mixtures (e.g. cyanobacterial biomass), and utilized in effect-based monitoring or effect-
directed analysis (Chapter 4.5). In an analogous manner, GJIC assessment can be utilized for evaluation of 
beneficial effects of complex extracts from natural products with subsequent isolation an identification of the 
bioactive components using a bioassay-guided fractionation and analysis (Chapter 4.6). 

Since GJIC function at any given moment represents an integrated outcome of the actual signal transduction 
network and gene expression profile, modulations of GJIC can result from (a) alterations of gene expression due to 
transcriptional or epigenetic regulations, as well as from (b) rapid changes in signaling pathways controlling 
connexin channel gating, connexin trafficking or degradation. In essence, the effects on GJIC can reflect alterations 
of signal transduction pathways and gene expression pattern via ‘non-genotoxic’ or ‘epigenetic’ mechanisms, i.e. 
mechanisms not including alterations of genetic information. These mechanisms involve not only transcriptional 
activations or so-called genomic signaling mechanisms, which are currently in the focus of many high-throughput 
in vitro assays, but also rapidly occurring signaling events such as phospholipase or kinase activation, which was 
demonstrated for several environmental chemicals (e.g. lower molecular weight PAHs, PFOA, methoxychlor, 
vinclozolin; Chapter 4.2) or dietary phytochemicals and chemopreventive agents (e.g. silibinin, metformin; Chapter 
4.6).  

Although the mechanisms controlling GJIC are quite complex, there is a continuous progress in our understanding 
of GJIC regulation and several major regulatory mechanisms have been identified and characterized in detail. Thus, 
time- and concentration-dependent alterations of GJIC in the specific context of a particular in vitro model provide 
immediate mechanistic clues, which can be subsequently tested in hypothesis-driven experiments, or explored 
using ‘omics’ technologies in experiments specifically designed to decipher signaling events occurring upstream or 
downstream GJIC inhibition. This approach has been used to discover activation of the key signal transduction 
pathways and regulatory proteins, such as PC-PLC or annexins, in response to GJIC inhibitors (Chapter 4.2).  

Specific physiological functions and regulatory mechanisms of GJIC are often dependent on the species, organ, 
tissue, cell type or developmental stage of an organism. Possibility to evaluate GJIC using different in vitro models 
would therefore provide an excellent opportunity to study the effects on GJIC in a particular physiological or 
pathophysiological cellular/tissue context. This would allow more reliable data interpretation and better 
predictions of possible in vivo outcomes. Different in vitro models which might be considered for GJIC evaluation 
include models representing different cell types (primary cells, immortalized cell lines, somatic stem and 
progenitor cells, pluripotent stem cells) obtained from different species (rodent, human, or other animals), 
different organs (brain, liver, lung, etc.), different developmental stages of organism (embryonic, fetal, adult) or 
different health conditions (e.g. normal vs. diseased cells, such as transformed or cancer cells). Use of different 
types of cells and models to study GJIC and differences in their responses to GJIC inhibitors were shown in Chapter 
4.1 (Figure 8). Specific examples of tissue-specific and GJIC-inhibiting effects and mechanisms were then provided 
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for methylated anthracenes or methoxychlor for human or rodent liver, pulmonary or testicular in vitro models 
(Chapter 4.3). In addition to the traditionally used monolayer monocultures of adherent cells, GJIC evaluation is 
principally possible also in advanced and physiologically more relevant in vitro models, such as co-cultures or 3D 
cell cultures (Chapter 4.1), which are becoming more increasingly used in biomedical research, toxicology and 
pharmacology. Validation of GJIC-inhibiting effects observed in rodent monolayer in vitro models was 
demonstrated using ex vivo assessment of GJIC in rat liver tissue of in vivo exposed animals, or using ex vivo 
exposed rat testicular tissue (Chapter 4.4). 

GJIC and its in vitro assessment can be possibly incorporated also into the new emerging toxicological concepts, 
such as Adverse Outcome Pathways (AOPs), which is currently gaining a momentum within the toxicological 
community, and has been formally recognized, endorsed and promoted by the key regulatory agencies and 
organizations, including Organization for Economic Cooperation and Development (OECD), Joint Research Centre 
of the European Commission or the US EPA (Vinken et al., 2017). AOP is a structured clear-cut mechanistic 
representation of the critical toxicological effects, that are propagated (1) from the initial interaction of a chemical 
with a molecular target (so-called Molecular Initiating Event, MIE); (2) through a series of toxicologically-relevant 
biological events (so-called Key Events, KEs) over the different levels of biological organization (cells, tissues, 
organs); (3) and leading to a defined adverse effect (Adverse Outcome, AO) that is observed at the individual or 
population level (Vinken et al., 2017). Causal relationships linking MIE, KEs and AO are then described by Key Event 
Relationships (KER), which are established using the existing mechanistic knowledge. From the perspective of the 
AOP framework, well-defined alterations of connexin- or GJIC- functions might be seen as putative KE(s). Such 
KE(s) could be then linked via newly established KERs to already recognized KE(s) and incorporated into an existing 
AOP, or eventually used in a development of a new AOP. Within the AOP framework, in vitro assessment of GJIC 
should effectively become a tool for predicting specific adverse outcomes and health hazards. 

Compatibility of GJIC assessment with high-throughput setup, advanced in vitro models, together with an 
increasing knowledge on the role and importance of connexins and GJIC in human diseases and toxicities, it 
would allow to use the in vitro evaluation of this evolutionary ancient cellular process for the prediction of 
chemical effects in the 21st century. 
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Chapter 9

Scrape Loading/Dye Transfer Assay

Pavel Babica, Iva Sovadinová, and Brad L. Upham

Abstract

The scrape loading/dye transfer (SL/DT) technique is a simple functional assay for the simultaneous 
assessment of gap junctional intercellular communication (GJIC) in a large population of cells. The equip-
ment needs are minimal and are typically met in standard cell biology labs, and SL/DT is the simplest and 
quickest of all the assays that measure GJIC. This assay has also been adapted for in vivo studies. The SL/
DT assay is also conducive to a high-throughput setup with automated fluorescence microscopy imaging 
and analysis to elucidate more samples in shorter time, and hence can serve a broad range of in vitro 
pharmacological and toxicological needs.

Key words Dye coupling, Dye transfer, Ex vivo assessment, Gap junctional intercellular communica-
tion assessment, High throughput, In vitro assay, Incision loading, Lucifer Yellow, Scalpel loading, 
Scrape loading, Tracers

1 Introduction

Dye coupling methods are by far the most frequently used assay 
for the assessment of GJIC, mainly because of their ease of use. Of 
all the techniques used to measure GJIC, the scrape loading/dye 
transfer (SL/DT) assay is the fastest and simplest. Most protocols 
are modification of the one first reported by El-Fouly et al. [1]. 
This technique has since been widely used to elucidate the GJIC 
status of many cell types in various biological circumstances in dif-
ferent scientific areas such as carcinogenesis, embryogenesis, 
growth control, or endocrine disruption (for review, see [2–6]). 
This visual method allows to assess GJIC in a large population of 
cells. It is therefore particularly useful when a large screen of mul-
tiple conditions is required or when different regions of a cell 
monolayer have to be compared within the same culture dish [2]. 
The SL/DT assay can be effectively used as a tool to determine 
the qualitative and quantitative presence or absence of GJIC as 
well as demonstrate the concentration- dependent inhibition of 
GJIC [3, 7–9].
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The SL/DT assay relies on the introduction of small  
(MW <900), nonpermeable dyes (for review, see [2, 10]) into living 
cells that are traced in their intercellular movement through gap 
junctions. As the reference dye, dilithium salt of Lucifer Yellow 
hydrazine (LY, MW 457, negatively charged) is the most popular 
dye currently in use. This tracer has a high fluorescence efficiency, 
which ensures its detection in minute levels [10]. LY is introduced 
by scraping a monolayer of cells and becomes incorporated by cells 
along the scrape, presumably as a result of some mechanical pertur-
bation of the membrane (Fig. 1). As normal permeability is reestab-
lished, the LY becomes trapped within the cytoplasm and move 
from the dye-loaded cells into adjacent ones connected by functional 
gap junctional channels [2]. This dye transfer is monitored and 
quantified by fluorescent microscopy in multiple cells almost simul-
taneously. The amount of dye transferred from one cell to its neigh-
bor that it is in contact with is dependent on the number of gap 

Fig. 1 Scrape load dye transfer analysis in mouse Sertoli cells. Images obtained by SL/DT assay, applying 
Lucifer Yellow CH dilithium salt (LY, MW 457), which transfers through functional gap junction channels, and 
rhodamine-dextran (RhD, MW 10,000), which is retained in the scraped cells. The GJIC function is evaluated 
by analyzing net transfer of LY (the area at which LY diffuses), excluding RhD-stained regions. GJIC after the 
1-h exposure of mouse Sertoli TM4 cells to the model tumor promoter, TPA (12-O-tetradecanoylphorbol-13-
acetate), at the concentration of 40 nM was reduced to FOC (the fraction of the control) = 0.13 when compared 
with the solvent control. Scale bar = 50 μm
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junctions that are coupled and the gating properties of individual 
channels. The distance or area at which the dye diffuses during a 
certain period away from the scrape line is a quantitative measure-
ment of GJIC capacity. To determine which cells are initially loaded 
after the scrape, other fluorescent dyes (e.g., rhodamine-dextran, 
MW 10,000, or dialkylcarbocyanine) that are too large to traverse 
the gap junction channel are concurrently used with the diffusional 
dye to serve as an additional control (Fig. 1). These large fluorescent 
macromolecules that cannot diffuse across gap junctions are useful 
in ensuring that the intercellular transfer of the gap junction diffus-
ible-reference dye is actually dependent on gap junctions and is not 
accounted for by alternative pathways, such as cytoplasmic mem-
brane fusions, cytoplasmic bridge formation at the end of mitosis or 
due to membrane damage, which can occur after scraping [1, 11].

The SL/DT assay is an invasive technique but has been suc-
cessfully demonstrated to assess compounds that disrupt 
GJIC. However, this assay is not conducive in studying GJIC in 
small cell populations, particularly between cell pairs, and also in 
cultures with low cell densities, or when the extent of junctional 
coupling is small, or when specific cells need to be observed [2]. In 
addition, the GJIC status of cell types of irregular shape is not eas-
ily quantified using this assay. For example, GJIC of neuronal cells 
or long spindly fibroblast cannot be easily quantified because the 
distance or area at which the dye diffuses cannot be easily “track-
able” and quantified [11]. This approach is also not well suited to 
three-dimensional (3D) systems. The local activation of molecular 
fluorescent probe (LAMP) method has been recently improved 
(the so-called infrared-LAMP assay) and allows to examine cell–
cell coupling in three dimensions [12, 13]. However, for the time 
being, two-dimensional cell culture systems still serve as a valuable 
tool in cell biology and toxicology research [5].

The major advantages of the SL/DT are as follows: (1) sim-
plicity, (2) not a necessity of the special equipment or skills that are 
needed for other methods such as microinjection, (3) a rapid and 
simultaneous assessment of GJIC in a large number of cells, (4) 
conducive to a high-throughput setup with automated fluores-
cence microscopy imaging and analysis, and (5) its adaptation for 
in vivo studies followed by ex vivo assessment of GJIC in tissue 
slices from experimental animals [5]. An ex vivo GJIC assay, the 
incision loading/dye transfer method (IL/DT), is very similar to 
the in vitro protocol [14–16]. The IL/DT may be useful for rap-
idly screening tumorigenic compounds for setting doses for studies 
of carcinogenesis [14].

The basic technique described in this chapter has been 
adapted after the method of El-Fouly [1]. Rather than more inva-
sive scrape with rubber policeman or wooden probe, the dye 
loading step in this protocol involves a clean cut with a sharp 
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blade, such as surgical scalpel. This modified technique can be 
thus called scalpel loading/dye transfer assay and is amendable to 
many cell types with minimal or no modifications. This assay has 
been extensively applied to determine changes in GJIC in a wide 
variety of mammalian (including human) cell types after treat-
ment with many kind of toxicants such as tumor promoters, 
endocrine disruptors, pesticides, or developmental toxicants. 
Additionally, this assay has been successful in screening for com-
pounds that can either prevent toxicant-induced disruption of 
GJIC or reverse the effects of these toxicants or endogenous 
oncogenes.

2 Materials

 1. Cells of interest and appropriate media.
 2. Cell culture plates, e.g., 35 mm dishes, or multiwell plates, 

e.g., 6/12/24/48/96 wells.
 3. Phosphate buffered saline (PBS) buffer with calcium and mag-

nesium (CaMg-PBS; see Note 1): 137 mM NaCl (8 g/L), 
2.68 mM KCl (0.2 g/L), 8.10 mM Na2HPO4 (1.15 g/L), 
1.47 mM KH2PO4 (0.2 g/L), 0.68 mM CaCl2 (0.075 g/L), 
0.49 mM MgCl2 (0.047 g/L). The pH is adjusted to 7.2. The 
CaMg-PBS is filter sterilized and can be stored at room 
temperature.

 4. LY-dye solution: 1 mg/mL Lucifer Yellow CH dilithium salt 
(LY, MW 457) (see Note 2) and 1 mg/mL rhodamine-dextran 
(RhD, MW 10,000, optional, see Note 3) in CaMg-PBS. The 
solution is filter sterilized and can be stored for weeks in the 
dark at 4 °C (see Note 4).

 5. Surgical scalpel blade or micro-knife with a curved, flat, or 
needle blade as appropriate (Fig. 2) to fit into the cell culture 
plasticware used (see Note 5).

 6. 10 % Formalin solution (i.e., approximately 4 % formaldehyde) 
in CaMg-PBS (see Note 6).

 7. 25 mL pipettes with a pipette aid or manual bulb, automatic 
pipette 100–1000 μL or Pasteur pipette with a bulb, waste 
container, parafilm, aluminum foil.

 8. Inverted epifluorescent microscope or confocal microscope 
with appropriate filters (LY: excitation at 428 nm, emission at 
536 nm; RhD: excitation at 555 nm, emission at 580 nm).

 9. Camera, CCD or CMOS camera coupled to the microscope, 
computer, image acquisition and analysis software.

Pavel Babica et al.
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3 Methods

 1. Grow cells to confluency in suitable cultivation medium under 
appropriate conditions for the desired cell type (see Note 7).

 2. Visually check the health of the cells for expected morpholo-
gies and sterile conditions prior to the start of the 
experiments.

 3. Remove cells from the incubator and discard medium by gen-
tly pouring off the medium or by siphoning with a pipette into 
a waste container (see Notes 8 and 9).

3.1 General 
Procedure

Fig. 2 The scrape loading procedure. (a) Scrape loading technique done by surgi-
cal scalpel with a curved blade in 35 mm dishes. (b) Different types of blades 
suitable for SL/DT assay in microplate wells, including a curved blade (left), a flat 
blade (middle), and an acupuncture needle (right)

SL/DT Assay
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 4. Rinse cells gently three times with CaMg-PBS using a pipette 
(see Note 10) and discard the CaMg-PBS by gently pipetting 
off into a waste container.

 5. Add sufficient LY-dye solution (warmed up to 37 °C) to cover 
the cell monolayer (see Note 11).

 6. Load the dye into the cells by gently placing the tip of a surgical 
steel blade with a curved edge in contact with the cell  monolayer 
and then rolling the blade in one direction over its curved edge 
as indicated in Fig. 2a (see Note 12). If using multiwell plates, 
use a micro-knife with a curved or flat blade, or an acupuncture 
needle (see Note 5) to gently prick the cells (Fig. 2b).

 7. Typically, three cuts are done for each dish or multiwell plate 
well. The areas for cell loading are randomly selected in the 
central part of the plate/well (see Note 13).

 8. Incubate the dish or multiwell plate, undisturbed and under 
minimum illumination for 3–6 min at room temperature to 
allow the LY dye to travel through several adjacent cell layers 
(3 and more) via functional gap junctions (see Note 14).

 9. Cover the plate, to limit the exposure of the LY-dye solution 
to light during the incubation to avoid fluorescence photo-
bleaching of the dye.

 10. Aspirate the LY-dye solution from plate/wells (see Note 15) 
and then rinse cells three times with CaMg-PBS to remove all 
extracellular dye (see Notes 10 and 16).

 11. Fix the cells by adding sufficient 10 % formalin solution to 
cover the cells (see Notes 11 and 17).

 12. The cells can be viewed immediately using an inverted epifluo-
rescence microscope or confocal microscope with appropriate 
filters.

 13. Acquire three representative LY/RhD images per plate/well 
(see Note 18).

 14. A bright field or phase contrast image should be acquired for 
each field of view (see Note 19).

 15. Fixed cells can be air-dried overnight, stored in the dark for 
extended periods (months with no detectable decrease in dye 
intensity), and rehydrated with formalin solution for viewing.

 16. Store the plates sealed in parafilm and covered in aluminum 
foil.

 1. The degree of GJIC can be measured using a variety of meth-
ods (see Note 20) [17].

 2. The fluorescent distance or the area of the dye spread can be 
quantified using a morphometric software package. We use 
ImageJ, a free public domain imaging software package from 

3.2 Quantification 
of GJIC Using 
Morphometric 
Software
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the National Institute of Health (http://imagej.nih.gov/ij/), 
with a subroutine for determining fluorescence area of a fluo-
rescent image.

 3. To obtain a corrected fluorescence area value for LY and RhD, 
the fluorescent areas of digitized images (e.g., Fig. 1) are sub-
tracted from background fluorescence obtained at an area of 
the monolayer well away from any scrape lines within the same 
test plate (see Note 21).

 4. To calculate the net transfer of LY, the areas of LY and RhD 
fluorescence are subtracted from each other for each field of 
view (i.e., AreaLY-AreaRhD) (see Note 22).

 5. The net LY areas of individual images can then be normalized 
to the averaged net area from negative or solvent control dishes 
to obtain the fraction of the control (GJIC-FOC)

 

GJIC FOC
Area Area

Area
Treatment

LY
Treatment
RhD
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Treatment =
-( )

nntrol Averaged
LY

Control Averaged
RhDArea( ) ( )-( )

 

 6. GJIC-FOC values of individual images can be then grouped by 
the individual dishes or treatment conditions for further data 
evaluation and statistical analyses to allow relative comparisons 
between the control and the treatments, for concentration and 
time response analyses, or for comparisons between indepen-
dent experiments.

4 Notes

 1. Calcium chloride must be added before the magnesium chlo-
ride to avoid irreversible precipitation of the salts. This buff-
ered solution should not be sterilized by autoclave because of 
salt precipitation but should be rather filter sterilized through 
a sterile 0.22 μm filter. Calcium and magnesium cations are 
added to the PBS buffer to maintain cell adhesion and prevent 
a monolayer of cells from lifting, i.e., detaching from the bot-
tom of culture dishes or plates. However, some cell types may 
be sensitive to this level of Ca2+. This problem may be allevi-
ated by preparing the LY-dye solution in CaMg-free PBS.

 2. Some junction channels exclude anionic molecules like LY, for 
example, connexin 45 [2, 18, 19]. For these channels, smaller 
cationic dyes such as biotin conjugate (e.g., Neurobiotin [16, 20] 
or Biocytin [21]) are recommended. To be detected, biotin 
conjugates should be visualized with either streptavidin  coupled 
to a fluorochrome (cyanine dyes, fluorescein, or rhodamine) or 
to horseradish peroxidase. If the connexin channels of a partic-
ular cell type are unknown, then SL/DT using LY as the trans-
fer dye is not enough to elucidate GJIC status in these cells.

SL/DT Assay

http://imagej.nih.gov/ij/


140

 3. Use LY-dye solution with RhD if there is a need to identify 
which cells are initially loaded with the dye. RhD is a large dye 
that does not pass through gap junctions, while LY does pass 
through gap junctions.

 4. The LY-dye solution must be warmed to 37 °C before use on 
the cells.

 5. Surgical scalpel with a curved blade is suitable for 35 mm dishes 
(Fig. 2a). Micro-knives and blade holders with curved blades, 
flat blades, or ultrafine needle blades (e.g., acupuncture needles) 
with dimensions fitting multiwell plate wells are suitable for SL/
DT in setups allowing for higher throughput (Fig. 2b).

 6. The formalin solution should be prepared in a chemical fume 
hood and safety goggles and gloves should be worn. Shelf-life 
of this solution is approximately 3 months.

 7. The growth phase at which a SL/DT experiment is done is 
critical. Typically, cells which have reached confluency and are 
no longer actively dividing (“contact inhibition”) are the most 
suitable for the SL/DT assay. For new cells that have not been 
previously assessed for GJIC, the growth conditions, i.e., cell 
seeding density as well as culture time, must be optimized. In 
addition, the passage number must be noted during GJIC 
experiments because the passage number can play a significant 
role in functioning GJIC in a given cell type. Many cells have 
abundant PDGF (platelet-derived growth factor) receptors. 
PDGF inhibits GJIC in several cell lines [22], thus conducting 
GJIC experiments with cells grown in medium supplemented 
with fetal bovine serum (FBS) poses problem due to the high 
levels PDGF in FBS. Transferring the cells to FBS free for 
2–4 h can overcome this problem. Due to the unnatural two-
dimensional environments of the traditional in vitro assays, 
some cell types may not establish GJIC in the traditional 
medium or plastic. Some cell types need specific culture condi-
tions to express functional GJIC such as extracellular matrix-
coated plates (e.g., mammary CID-9 cell line [23]) or low or 
high calcium medium (e.g., mouse epidermal cell line [24]). 
Some cell types such as mouse testicular cell lines TM3 and 
TM4 can detach from the bottom of tissue culture plates dur-
ing the washing steps. Growing cells on gelatin-coated plates 
can overcome this problem.

 8. Culture medium containing hazardous waste must be properly 
disposed.

 9. This and the subsequent steps are usually done on the lab 
bench at room temperature.

 10. We typically use a 25 mL pipette, which is sufficient volume to 
rinse several 35 mm cell culture dishes or a 6- to 96-well mul-
tiwell plate.

Pavel Babica et al.
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 11. We typically use about 1 mL of solution per 35 mm cell culture 
dish or per well of 6- or 12-well plate, 0.5 mL per well of 
24-well plate, 0.25 mL per well of 48-well plate, 0.1 mL per 
well of 96-well plate.

 12. The key principle of proper loading technique is to put the tip 
or apex of the blade to the bottom of the dish or multiwell 
plate well and then roll the blade over its cutting edge against 
the cell monolayer or to gently prick the monolayer with the 
tip of a thin acupuncture needle. This action is minimally inva-
sive and  provides a very clean line or spot of loading. Do not 
slice or scratch the monolayer, but only apply gentle pressure 
to minimize physical effects of this step. A sharp blade or point 
is important to prevent a large separation or empty hole 
between the cells that were loaded resulting in high 
variability.

 13. This scrape loading step is done at the lab bench without use 
of a microscope. If you want to assess GJIC in any specific area 
of special interests that you found during microscopic exami-
nation, then use a marker to indicate where the scrape line 
needs to be placed, or use the microscope. The three cuts per 
dish or well should be aligned in parallel, and in the case of 
multiwell plates also geometrically parallel with the base of the 
well.

 14. The optimal incubation time varies between different cell 
types, depending on the level of communication and attach-
ment properties of the cells [8]. Incubation up to 10 min 
might be required for some cell cultures. For a set experiment 
duration, different rates of dye diffusion through homotypic 
channels is correlated to the number of gap junction channels 
[25]. If processing several dishes or multiwell plates in parallel, 
work in a timely manner to make sure that the incubation time 
after the dye loading step will be the same for all dishes or 
wells.

 15. LY-dye solution can be collected and reused. We reuse the dye 
solution for approximately 10 experiments, when stored in 
dark and refrigerated. We filter the solution through 0.22 μm 
syringe filter, if needed.

 16. The washing step is very important step because of the reduc-
tion of background fluorescence. Even in the absence of a 
scrape line, some LY can be incorporated into the cells as evi-
denced by nonspecific background fluorescence. It also binds 
to cell components after aldehyde fixation [10].

 17. The fixation of cells is optional and can be skipped. The cells in 
CaMg-PBS or medium can also be observed without fixation, 
but the dye will continue to travel through the cell layers and 
become overly diffuse to observe.

SL/DT Assay
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 18. The cells from experimental conditions where the highest and 
lowest level of GJIC are expected (e.g., negative and positive 
controls) should be used first to adjust or check the micro-
scope and image acquisition settings. The plates should be 
positioned so the line or spot of dye-loaded cells will be in 
the center of the microscope field of vision, and the line also 
parallel with the horizontal line of image field. Camera expo-
sure time and other image acquisition settings (e.g., excita-
tion source intensity or fluorescence attenuator, camera 
binning, image brightness, contrast and gamma correction) 
should be adjusted in a way that LY- or RhD-stained cells 
can be clearly discriminated from the background, i.e., from 
the cells whose fluorescence intensity is comparable to all the 
other cells in regions distant from the cut. However, the 
background cells should not turn out completely black in the 
image (too dim images), since such condition might lead to 
underestimation of GJIC. The used combination of the 
objective magnification (typically 5–20× objective), digital 
camera (e.g., C-Mount adapter magnification, size of the 
imaging sensor), and other image acquisition settings should 
allow to fit within one image (one field of view) not only all 
LY-stained cells in the direction perpendicular to the cut, 
but also part of the background, so to assure most accurate 
quantification GJIC and to prevent underestimation of com-
munication in the cells from the experimental conditions 
with the most intense GJIC.

 19. Bright field or phase contrast images from the same field of 
view as LY/RhD fluorescence images can offer additional 
visual information on the cells, such as the effects of experi-
mental treatments on cell morphology, growth, confluency, 
and attachment, and also provide additional information to 
discriminate between the reduction of LY-stained area due to 
inhibition of GJIC, as compared to reduced dye transfer as a 
function of subconfluency or cell detachment issues.

 20. An alternative method of quantitating GJIC is by counting the 
rows of fluorescent cells from the scrape line. This method is 
useful and more appropriate when comparing populations of 
different cell type, size, and growth state [26].

 21. The most frequent problem is the high intensity of back-
ground fluorescence, so the cells stained by LY due to the 
dye transfer cannot be discriminated from the cells in the 
background. The most common contributions to back-
ground fluorescence are as follows: (1) an insufficient rinse 
of the extracellular dye, (2) treating cells with cytotoxic con-
centrations of the chemical (an uptake of dye by cells that 
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were not scraped or near to scrape line indicating disrupted 
cell membranes or detachment of the cells from the plate 
during the rinse step), and (3) “overconfluent cells,” i.e., 
cells have been confluent for more than one day and have 
started to produce significant extracellular matrix (LY binds 
to extracellular matrix). Dim images are almost always prob-
lem related to the photobleaching of LY solution, especially 
if it is being recycled and reused. In the short term, this issue 
can be compensated for by increasing exposure time for fluo-
rescence image acquisition. Fresh LY solutions will usually 
alleviate this problem.

 22. A more simplified version of the SL/DT assay is to load cells 
with only LY and not the RhD. The results from these experi-
ments typically give FOC values very similar to those that 
include RhD. However, when measuring the dye fronts, the 
loaded cells cannot be identified, and thus cannot be sub-
tracted from the calculations resulting in values that are always 
above zero. This issue can be circumvented by introducing a 
positive control into the experimental design, i.e., treatment 
with a known inhibitor with GJIC (such as 12-O-tetradecanoyl-
13-phorphol acetate), which will induce complete inhibition 
of GJIC. The net LY dye transfer can be then calculated by 
subtracting the average area of LY- stained cells in the positive 
control from LY-stained areas of all images. Adjusted areas of 
the experimental treatments can be then compared to the aver-
aged adjusted area of the negative or solvent control:

GJIC FOC
Area Area

Treatment

LY
Positive control AveraTreatment =

– gged
LY

Negative control Averaged
LY

Positive contArea Area

( )

( )

( )
– rrol Averaged

LY
( )( )

 

This approach is suitable only for in vitro models with well 
characterized GJIC, where complete inhibition of GJIC can be 
reproducibly induced and reliably recognized. However, this 
greatly simplifies the assay, particularly at the microscopy step 
where only one dye needs to be assessed.
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Abstract

This protocol describes a scalpel loading-fluorescent dye transfer (SL-DT) technique that measures intercellular communication through gap
junction channels, which is a major intercellular process by which tissue homeostasis is maintained. Interruption of gap junctional intercellular
communication (GJIC) by toxicants, toxins, drugs, etc. has been linked to numerous adverse health effects. Many genetic-based human
diseases have been linked to mutations in gap junction genes. The SL-DT technique is a simple functional assay for the simultaneous
assessment of GJIC in a large population of cells. The assay involves pre-loading cells with a fluorescent dye by briefly perturbing the cell
membrane with a scalpel blade through a population of cells. The fluorescent dye is then allowed to traverse through gap junction channels to
neighboring cells for a designated time. The assay is then terminated by the addition of formalin to the cells. The spread of the fluorescent dye
through a population of cells is assessed with an epifluorescence microscope and the images are analyzed with any number of morphometric
software packages that are available, including free software packages found on the public domain. This assay has also been adapted for
in vivo studies using tissue slices from various organs from treated animals. Overall, the SL-DT assay can serve a broad range of in vitro
pharmacological and toxicological needs, and can be potentially adapted for high throughput set-up systems with automated fluorescence
microscopy imaging and analysis to elucidate more samples in a shorter time.

Video Link

The video component of this article can be found at http://www.jove.com/video/54281/

Introduction

The overall goal of this method is to provide a simple, comprehensive and relatively inexpensive technique to assess the potential toxicities
of compounds. This is an in vitro approach that can be used in multiple cell lines. Standard cell biology labs equipped with epifluorescence
microscopes can conduct research using this assay.

Our basic knowledge of cell functions has been highly dependent on in vitro bioassays, and has become an essential component in toxicological
assessments of pharmaceuticals, environmental pollutants, and food born contaminants. Unfortunately, there is no single in vitro bioassay
system that can comprehensively meet the demands for all toxicological assessments. Many in vitro assays are designed and optimized to
evaluate as well as assess a specific biochemical or molecular endpoint. These are quite often combined in a high throughput set up to reflect
a perturbation of a certain signal transduction pathway, such as estrogen-receptor signaling1. This strategy has been quite successful, but
the extensive number of signal transduction pathways involved in gene expression makes the task of choosing a specific signaling pathway
to assess quite complex. High through-put protocols are currently being developed and used to simultaneously measure numerous signaling
pathways, which has been one approach to overcome some of the limitations of single assays. However, not all signaling pathways have been
successfully incorporated into more comprehensive approaches, plus new signaling pathways are constantly being discovered that further
complicates this assessment process. Using extensive numbers of in vitro approaches, particularly high through-put systems, for comprehensive
toxicological assessments are also very expensive and are not conducive to most single investigator led research projects.

GJIC is a process tightly controlled by changes in voltage, calcium concentration, pH, redox balance, regulated by major intracellular signal
transduction pathways and interactions with membrane and cytoskeleton proteins2,3. Thus, inhibition of GJIC can reflect different types of cellular
stress, disruption of different cellular functions, or perturbations of different signal transduction pathways. Another approach to overcome the use
of limited signal transduction bioassays is to take advantage of the biological phenomena that many, if not most, signal transduction pathways
are further modulated by cooperative intercellular signaling systems through gap junction channels4-8. Although intercellular signaling systems
are also numerous and under multiple pathway control, the intercellular signaling through gap junction channels is ultimately a function of the
channels being opened, partially closed or completely closed. This provides an endpoint that can be easily measured using various in vitro

http://www.jove.com
http://www.jove.com
http://www.jove.com
mailto:Brad.Upham@hc.msu.edu
http://www.jove.com/video/54281
http://dx.doi.org/10.3791/54281
http://www.jove.com/video/54281/


Journal of Visualized Experiments www.jove.com

Copyright © 2016  Journal of Visualized Experiments December 2016 |  118  | e54281 | Page 2 of 9

bioassay systems7. Considering that the homeostatic set point of a tissue requires open channels, determining the effect of compounds on
gap junctional intercellular communication (GJIC) is a more comprehensive approach in determining potential toxic effects of compounds4,8.
In essence, this critical biological phenomenon that plays a central role in coordinating multiple signal transduction events controlling gene
expression allows for a broad assessment of toxic effects. Thus, bioassays that assess GJIC are an excellent starting point to evaluate the toxic
potential of compounds.

The most extensive techniques used to assess GJIC are based on preloading cells with a fluorescent probe and then monitoring the migration of
the dye from the loaded cell or cells to adjacent cells. Techniques to preload the dye have involved microinjection9, scrape loading10, and methyl
esters of the probes11. The scalpel loading-fluorescent dye transfer (SL-DT) method is a modification of the scrape load - dye transfer assay
developed by El Fouly10. Rather than the more invasive scrape, the scalpel loading method of this report involves a gentle roll of a scalpel with
a round blade through a monolayer of cells that minimize invasive damage (Figure 1). The advantages of this technique are the toxicological
assessment of a population of cells rather than single cells of the microinjection assay. Furthermore, the simplicity of this assay allows for
rapid detection of multiple plates in a short time whereas methods using microinjection techniques and techniques that use methyl esters of
fluorescent probes are significantly more time consuming and require considerably higher skill level.

Although there is no single method to meet all the needs of studying GJIC; the SL-DT assay is a simple, fairly inexpensive and versatile assay
that can meet many of the needs for initial assessments of toxicities of various compounds. Major advantages include: simplicity, no special need
for equipment or skills that are required for other methods such as microinjection, fluorescent recovery after photobleaching (FRAP) assay and
local activation of molecular fluorescent probe assays, a rapid and simultaneous assessment of GJIC in a large number of cells, conducive to a
high throughput set-up with automated fluorescence microscopy imaging and analysis, as well as its adaptability for in vivo studies.

Protocol

The protocol for this study was approved by the Animal Care and Utilization Committee of the National Institutes of Health Sciences of Japan, which
is where the in vivo experiments were done, to assure that the rats were treated humanely and with regard for alleviation of suffering.

1. SL-DT Bioassay

1. Seed 3 x 105 WB-F344 rat liver epithelial cells onto 35 mm diameter culture plates containing Eagles modified medium plus 5% fetal bovine
serum, and culture the cells in an incubator at 37 ºC, 100% relative humidity (RH), 5% CO2.

2. Culture the cells until they reach 100% confluence (typically, 2 days) and conduct the desired experimental treatment of the cells as described
below.

1. Conduct Dose Response Experiments
1. Add 10 µl and 20 µl of a 2 mM stock solution of phenanthrene in 100 % acetonitrile and 4 µl, 6 µl, and 8 µl of a 20 mM stock

solution of phenanthrene in 100 % acetonitrile to three plates of cells containing 2 ml of growth medium for each added volume
of stock solution.

2. Add 4 µl, 6 µl, 8 µl, 10 µl, and 20 µl of a 100% solution of acetonitrile to three plates of cells containing 2 ml of growth medium for
each added volume of acetonitrile solution to serve as the vehicle control.

3. Incubate plates for 15 min in an incubator set at 37 °C, 100% RH and 5% CO2.
4. Proceed to step 1.3.

2. Conduct Time Response Experiments
1. Add 7 µl of a 20 mM stock solution of phenanthrene in 100% acetonitrile to three plates of cells containing 2 ml of growth

medium for each time point (i.e., 0, 1, 2, 3, 4, 5, 10 min).
2. Add 7 µl of 100% acetonitrile to three plates of cells containing 2 ml of growth medium for each time point to serve as the vehicle

control.
3. Incubate plates for each designated time point in an incubator at 37 °C, 100% RH and 5% CO2.
4. Proceed to step 1.3.

3. Conduct Time Recovery Experiments
1. Add 7 µl of a 20 mM stock solution of phenanthrene in 100% acetonitrile to three plates of cells containing 2 ml of growth

medium for 15 min.
2. Add 7 µl of 100% acetonitrile to three plates of cells containing 2 ml of growth medium for 15 min to serve as the vehicle control.
3. Decant the medium containing either the phenanthrene or acetonitrile and rinse 3x each with 3 ml of phosphate buffered saline

(PBS).
4. Add 2 ml of fresh growth medium to each plate and incubate for the desired recovery times (i.e., 25, 35, 45, 60, 90, 120, 150,

180, 240, 360 min) in an incubator at 37 °C, 100% RH and 5% CO2.
5. Proceed to step 1.3.

4. Conduct Mechanism Experiments
1. Add the signal transduction inhibitor, i.e., 5 µl of a 20 mM stock solution of D609 in 100% acetonitrile to three plates of cells

containing 2 ml of growth medium for 15 min.
2. Add 5 µl of 100% acetonitrile to three plates of cells containing 2 ml of growth medium for 15 min to serve as the vehicle control.
3. Add 7 µl of a 20 mM stock solution of phenanthrene in 100% acetonitrile to three plates of cells containing 2 ml of growth

medium plus the D609 for an additional 15 min.
4. Add 7 µl of 100% acetonitrile to three plates of cells containing 2 ml of growth medium plus the 100% acetonitrile for an

additional 15 min to serve as the vehicle control.
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5. Proceed to step 1.3.

3. Discard the culture medium by either gently pouring off the medium or by vacuum suction.
 

Note: Dispose culture medium containing hazardous waste appropriately.
4. Rinse the cells three times each with 3 ml of PBS and either decant or aspirate between rinses.
5. Pipette 1 ml of 1 mg/ml Lucifer Yellow dye dissolved in PBS (LY) into each cell plate.
6. Preload the dye into the cells by gently rolling a #20 surgical steel blade with a rounded edge through a population of cells in three different

areas of the plate.
1. Begin by placing the scalpel perpendicular (90° angle) and 5 mm from the edge of the culture plate, and then roll the scalpel from this

perpendicular angle to about an angle of 15° (see Figure 1).
 

Note: This is achieved by pinching the scalpel between the index finger and thumb. Use gravity to allow the scalpel to gently go from
the 90° to 15° position (as the rounded blade simply rolls over the cells). This motion will leave a visually noticeable indentation line.

7. Incubate the cells with the LY solution for 3 min at room temperature.
8. Decant or aspirate the LY and rinse three times with 3 ml of PBS to remove all extracellular dye to eliminate extracellular background

fluorescence.
9. Add 0.5 ml of 10% phosphate buffered formalin solution to fix the cells.

 

Note: After fixing in formalin, air dry the cells and store in the dark for up to two years with minimum photobleaching of the LY dye. When
required, rehydrate with 10% formalin solution to visualize the fluorescent dye front.

10. View the fixed cells using an epifluorescence microscope equipped with a dichroic cube for excitation/emission peaks of 428/536 nm at a
magnification of 200X. Align all plates so that the indentation line is parallel to the horizontal field of vision.
 

Note: A FITC dichroic cube works well.
1. Capture the image with a CCD camera and supporting software.

1. Open the supporting software for the CCD camera and use the settings for auto exposure. Use the "capture" button to digitally
acquire the image. Save the image as .tif files using the "Save" button.

2. Adaptation of the SL-DT Assay to Liver Tissue

1. Remove approximately a 2 x 2 cm slice from the left lobe of a liver from a 5 week old, male Fischer 344 rat using dissection scissors and
place it on a plastic weigh plate covered with wet gauze12.

2. Pipette 0.5 ml of a PBS solution containing 1 mg/ml each of lucifer yellow and rhodamine-dextran (RD) onto the surface of the liver slice in
the plastic weigh plate.
 

Note: The RD is a dye that cannot traverse gap junction channels and will mark the cells that were loaded.
3. Make three to five incisions approximately 1 cm long on the surface of the liver slice that has the dye solution in the weigh plate with a sharp

blade and then add additional dye sufficient to fill the incisions.
4. Incubate the tissue for 3 min at room temperature on the plastic weigh plate.
5. Rinse three times with 5 ml of PBS.
6. Fix the tissue overnight in 30 ml of 10% phosphate buffered formalin in a 50 ml conical centrifuge tube in the dark at room temperature.
7. The following day, wash the slices with water, trim tissue around the incision with dissecting scissors into 1 x 1 x 0.5 cm3 strips and then use

standard techniques to embed the slices in paraffin13.
8. Section the slices perpendicular to the incision line to thickness of 5 µm and store the samples in the dark until ready to be imaged using

standard sectioning techniques with a microtome13.
9. Use an epifluorescence microscope equipped with a CCD digital camera to visualize and capture the images of the fluorescent dye fronts

according to section 1.107.

3. Quantifying GJIC

1. Measure the fluorescent dye spread using a morphometric software package (e.g., ImageJ).
1. Click the "File" tab and then click "open" to open the saved image.
2. Click on the "Free Hand Tool" in the Tool Bar Tab to trace the outline of the dye front.
3. Click the "Analyze" tab and then click "Measure".

 

Note: This will generate an area value in a spread sheet, which can be copied into other spread sheet programs if desired.

2. Using a spreadsheet program, compute the fraction of the control (FOC) by dividing the area of the dye spread in the experimental plate by
the area the dye travelled in the control plate using the following equation:
 

 

Ae = area of the dye spread in cells exposed to an experimental variable, such as cells treated with a chemical at a specific dose or time
 

Ac = area of the dye spread in the control, which are cells treated with the vehicle used to dissolve the chemical of interest
 

Note: To determine the effect of the vehicle, Ae would be the area of the dye spread in cells treated by the vehicle and Ac would be the area
of the dye spread in cells not treated by the vehicle. The effect of the vehicle should preferably be less than 10%.
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Representative Results

Interruption of GJIC has been extensively used as a biomarker for identifying toxic compounds at the nongenotoxic, epigenetic level of gene
control that induces adverse health effects14. For example, polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants of the
environment but vary in their epigenetic toxicities as a function of their molecular structures15. The lower molecular weight PAHs are typically
found at relatively higher concentrations than the higher molecular weight PAHs in many diverse environments such as contaminated river
sediments to that of cigarette smoke15,16. Phenanthrene is an example of a low molecular weight PAH that possess three benzene rings with an
angular pocket called the bay region. Figure 2 is a series of SL-DT images of WB-F344 rat liver epithelial cells treated with increasing doses of
phenanthrene. Note the decrease in the migration of the fluorescent dye, Lucifer Yellow, with increasing doses. The areas of the scanned images
can be determined as a fraction of the control (FOC). The control for Figure 2 are cells treated with the solvent that the PAH was dissolved in,
namely acetonitrile. Typically SL-DT experiments are done in duplicate or triplicate for each trial with a minimum of three independent trials for
each experimental parameter, which would be a dose in this experiment. The FOC values can then be averaged, statistically analyzed, and then
graphed (see Figure 3).

Similar experiments are also routinely conducted to establish the time for toxicant-induced inhibition of GJIC, and the time period needed
to recover from this toxicant-induced inhibition of GJIC after the cells are transferred to toxicant-free medium. Figure 4 shows both the time
response and recovery from inhibition by phenanthrene (Phe). The SL-DT assay can also be used to determine underlying mechanisms by
which toxicant and toxins dysregulate GJIC4,16. This is done by pre-incubating cells with a pharmaceutical inhibitor of a selected signaling
pathway before the addition of the toxicant or toxin that dysregulates GJIC. If the toxicant or toxin no longer dysregulates GJIC in the presence
of a selected pharmaceutical that blocks a signaling pathway, then this pathway is determined to be a regulatory pathway of GJIC, while such
pathways can be ruled out if the toxicant continues to dysregulate GJIC. Figure 5 demonstrates this principal in which 1-methylanthracene (1-
MeA), another three ringed PAH that inhibits GJIC, but not in the presence of D609, which is a fairly specific inhibitor of phosphatidylcholine
specific phospholipase C (PC-PLC). Thus, PC-PLC is ruled in as a candidate signaling enzyme involved in 1-MeA-induced inhibition of GJIC.
The role of PC-PLC has been validated with further experimentation4,16. Overall, the SL-DT assays are quite conducive to begin the process of
mapping signaling networks involved in the mechanisms of how toxicants and toxins inhibit (dysregulate) GJIC. This approach can also be used
to screen for natural products that can block a toxicant or toxin from dysregulating GJIC. For example, resveratrol, an antioxidant found in high
concentrations in red wine and peanut products can prevent 1-MeA from inhibiting GJIC (Figure 6).

The SL-DT assay has been adapted to tissue slices from animals, particularly in the liver17. Perfluorooctanoic acid (PFOA) is an 8-carbon
fluorinated fatty acid that is a persistent environmental pollutant known to induce liver cancers12,17. Using the SL-DT technique PFOA was shown
to inhibit GJIC in an in vitro WB-F344rat liver model system18. An in vivo follow-up study determined that PFOA also inhibited GJIC in the livers
of F344 rats treated with PFOA, thus validating the in vitro model system12,17. Figure 7 are fluorescent images from this follow-up experiment
showing the dye spread in liver tissues of rats treated with the vehicle and PFOA.
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Figure 1: Cartoon image of the scalpel dye loading step. An illustration showing that the scalpel loading process involves rolling the blade
rather than horizontally slicing through the cells as to minimize cell damage.

 

Figure 2: Representative fluorescent microscopic images of the dye spread through gap junctions. WB-F344 rat liver epithelial cells were
treated for 15 min with increasing doses of phenanthrene, a prevalent PAH found in the environment. Scale bar = 100 µm. Please click here to
view a larger version of this figure.
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Figure 3: Dose response curve of phenanthrene-treated WB-F344 rat liver epithelial cells. Areas of SL-DT images were computed
and then reported as a fraction of the control, which were cells treated with the vehicle (acetonitrile). Each data point is an average of three
independent experiments and the error bars are the standard deviations at the 95% confidence limit for each dose after a 15 min exposure time.
A four parameter logistic function was used to fit the line through the data points. Please click here to view a larger version of this figure.

 

Figure 4: Time and time recovery response curve of phenanthrene-treated WB-F344 rat liver epithelial cells. After complete inhibition of
GJIC after 10 min of exposure, the medium containing phenanthrene (Phe) was switched to Phe-Free medium and then the cells were monitored
for recovery from inhibition. Areas of SL-DT images were computed and then reported as a fraction of the control, which were cells treated with
the vehicle (acetonitrile). Each data point is an average of three independent experiments and the error bars are the standard deviations at the
95% confidence limit. Please click here to view a larger version of this figure.

 

Figure 5: Inhibition of GJIC by 1-methylanthracene is dependent on phosphatidylcholine specific phospholipase C. 1-methylanthracene
(1-MeA) is a prevalent PAH found in the environment. The left panel represent cells treated with the vehicle (acetonitrile, 0.35% v/v). The middle
panel represents WB-F344 rat liver epithelial cells treated for 15 min with 70 µM 1-MeA. The right panel represent cells pretreated first for 20 min
with 50 µM D609, a phosphatidylcholine specific phospholipase C inhibitor, followed by the addition of 70 µM 1-MeA for an additional 15 min.
Scale bar = 100 µm. Please click here to view a larger version of this figure.
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Figure 6: Resveratrol prevented the inhibition of GJIC by 1-methylanthracene. The left panel represent cells treated with the vehicle
(acetonitrile, 0.35% v/v). Resveratrol is an antioxidant found in red wine and peanut products. The middle panel represents cells treated for 15
min with 70 µM 1-MeA. The right panel represents cells first pretreated for 20 min with 50 µM resveratrol followed by the addition of 70 µM 1-
MeA for an additional 15 min. Scale bar = 100 µm. Please click here to view a larger version of this figure.

 

Figure 7: Ex vivo SL-DT assays of GJIC in liver slices from male F-344 rats. The left panel represents a slice of liver tissue from a rat
treated with the vehicle control, dimethyl sulfoxide, for 24 hr. The right panel represents a slice of liver tissue from a rat after intraperitoneal
administration of 100 mg/kg perfluorooctanoic acid (PFOA) after 24 hr. PFOA, a prevalent environmental contaminant, is a tumor promoting
peroxisome proliferator that induces hepatomegaly and demonstrated to block gap junctions using an in vitro model. The incision loaded dye was
done on liver slices from the vehicle and PFOA treated animals, which were then fixed, trimmed and sectioned. Reproduced from Environmental
Health Perspectives12. Scale bar = 20 µm. Please click here to view a larger version of this figure.

Discussion

The SL-DT assay is a simple and versatile technique in measuring GJIC, but there are several critical concerns that should be accounted for in
designing appropriate experimental protocols. For robust measurements of GJIC using the SL-DT assay there must be a good dye spread of the
LY through gap junctions of the cells. At minimum, an adequate time should be selected to assure that the dye spreads through eight or more
rows of cells from the scalpel loaded cells in both directions. Also, for the ease of measurement of the distance that the dye migrated from the
scalpel loaded cells, select a magnification factor that assures the dye spread of the control plates fills 70 to 90% of the field of vision. For the
WB-F344 rat liver epithelial cells, three minute incubation with the LY solution is sufficient for the dye front to move beyond four cell rows, and a
magnification of 200X is optimum. Cells are grown on 35 mm diameter plates, which is quite amendable to loading the dye into the cells with a
scalpel. However, cells can be grown in small wells, but the use of a scalpel is not possible, particularly in 96 well culture plates. For small wells,
use a small round-tipped cutting edge that can fit into the well, and again, use a rolling action. This rolling action is a critical step as it is minimally
invasive and provides a very clean line of loading that prevents the cells from being torn and creating a large cell-free gap typical of the original
scraping method. Alternatively, an acupuncture needle can be used in which a small twist of the needle does a nice job of loading dye into the
cells.

Other cell-types can be used in this assay. However, selection of cells and understanding the roles of GJIC in a particular cell type is important in
framing appropriate hypotheses and the design of the experiments. The first and most obvious step is to develop cell culture conditions in which
functional gap junctions are expressed. In well-differentiated cell types, which perform specific metabolic functions, gap junctions typically play a
role in coordinating metabolic pathways between contiguous cells. Well-differentiated cell types have limited, if any, proliferative capacities and
the channels probably play a tissue specific metabolic role that often depends on morphology and specific arrangement of cells. For example,
cardiac myocytes are elongated cells where gap junctions are predominantly aligned at the intercalated discs, thus using the SL-DT method
would require aligning the cells, which can be done in a grooved dish. Thus, careful considerations must be made for each cell type. Studies with
neuronal cell cultures typically are not confluent and also require specific contact points, which makes the use of the SL-DT inappropriate and
alternative GJIC assays must be used.

In proliferative cell types, such as stem and early progenitor cells, GJIC plays a more critical role in coordinating cell signaling events that control
gene expression regulating mitogenic events. The WB-F344 rat liver epithelial cells used in this protocol falls into this category. Gap junction
genes are critical during tissue development and maintenance19-21. Although gap junction channels are expressed and formed on all cell plasma
membrane surfaces, proliferative cells are very sensitive to growth factors, which inhibit GJIC. Critical considerations for proliferative cell-types
are usually oriented more to the composition of the media. Growth factors are often in excess, particularly in undefined medium containing fetal
bovine serum, and the cells' gap junctions may be in a closed state. The easiest way to establish GJIC in these cells is to reduce or remove the
serum levels for 4 to 24 hr before experimentation, although 24 hr would be too long for cells with no serum as they would apoptose. The WB-
F344 liver epithelial cells used for the experiments presented in this paper are not overly sensitive to serum with no need to reduce serum levels.
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In contrast, experiments using a C10 mouse cell line must be first serum deprived to establish GJIC22. Although serum levels vary between the
two cell types, interestingly, the C-10 cells responded very similarly to methyl isomers of anthracene22,23.

Other considerations for quality results include conducting the experiments at non-cytotoxic doses. Cells need to be checked with phase contrast
microscopy to determine healthy morphological features expected of the cell type before and after treatment. To assure that the effects of a
compound on gap junction function is not due to a general cytotoxic response, cytotoxicity assays for each compound should be done at the
same time and dose used in the SL-DT assay. Conducting experiments to determine if an inhibitory effect of a compound on GJIC is reversible
is also a good experiment for at least two reasons. Most compounds tested reversibly inhibit GJIC, but if there is no recovery of GJIC, then
cytotoxicity might be a factor and further testing would be required. However, if GJIC is restored then the dose and time tested were probably
not cytotoxic. There are biological implications for the reversible inhibition of GJIC. The adverse health effects of many environmental and food
borne toxicants and toxins is a reversible process. Therefore understanding this reversibility at the molecular level is important. If an unknown
compound does not reversibly inhibit GJIC, then the implications for the health of an organism could be quite different from most other agents
and needs to be part of the risk calculations.

Determining the dose and time involved in the inhibition of GJIC is an iterative process. To save time and money for the culture supplies, the
best approach is to begin at a high dose, which depends on solubility and time (typically an hour, as most inhibition occurs in less than 15 min),
and then reduce the time and dose by half in a step wise process until there is no effect. If there is no inhibition at a high dose at one hour, then
double the time period in a step wise process. Initial experiments can be done on a single plate. Once the general time estimates and doses
are established, then more thorough studies can be efficiently designed with appropriate sample sizes for statistical analyses. One experimental
design feature would be to use the dose and time that reach 75 to 100% inhibition. Obviously, the final interpretations of results will be a factor
of the above parameters. However, by first determining a biological effect, even if the dose and time may not be relevant in vivo, the established
doses can play a role in situations of occupational exposures, or to general populations exposed to other factors that also affect GJIC with
potential additive or synergistic effects.

The inhibition of GJIC by most compounds typically is not highly variable and two to three replicates (each replicate would be a culture plate
or well) is sufficient to generate dose and time response curves. However, if variability is high then more replicates would be needed to get an
accurate value for a given dependent variable of one independent trial. Of course, at least three independent trials need to be done for statistical
analyses.

The simplicity of this assay and the assessment of significant cell population sizes is an advantage for many applications. This is particularly
useful in many toxicological assessments. However, there are limitations of the SL-DT assays, which can depend on several factors. One is
whether this technique is appropriate to the cells being studied. This assay would not work well for cells that do not reach high confluency with
sporadic contacts throughout the culture plate or well. Alternative techniques, such as microinjection should be considered. Alternatively, the
SL-DT assay can be modified. Success in loading single cells has been achieved with an acupuncture needle, which requires a slight twisting
action when loading the dye7. The spread of dye would be radial in more confluent situations or amorphous through cell culture with sporadic cell
contacts. The addition of Rhodamine dextran (RD, 1 mg/ml) to the LY dye solution is recommended for experiments where identifying the loaded
cells would be difficult without a marker (such as RD). RD is too large to traverse gap junction channels, thus identifying which cells were loaded.
RD can also be used in all SL-DT assay, but the scalpel leaves an indentation on the bottom of the dish identifying where cells are loaded. The
SL-DT assay is also not conducive to measuring changes in GJIC between different types of cell as the dye loading would not discriminate
between cell types. Again microinjection is the method of choice, but the acupuncture needle method might also work if one can target a specific
cell using a microscope.

The metabolic cooperation assay is another method to measure GJIC. This method was one of the first standardized bioassay for GJIC24. In
this assay, wild-type Chinese hamster V79 cells (6-thioguanine-sensitive) and 6-thioguanine-resistant cells were co-cultured at high densities
in which 6-thioguanine (6-TG) resistant cells do not metabolize 6-TG to a toxic metabolite, thus conferring resistance. Co-culture with the 6-TG
sensitive cells results in the transfer of the toxic metabolite through gap junctions resulting in cell death where inhibition of GJIC results in the
rescue of 6-TG resistant cells by preventing the transfer of the toxic 6-TG metabolite from the 6-TG sensitive cells. Although an advantage of
this assay is that it is minimally invasive, a major disadvantage is that it requires one week for completion, which makes extensive dose and time
dependent assessments of toxicants as well as mechanistic studies, etc. impractical for assessing many chemicals.

The SL-DT assay is not conducive to mechanistic studies that need to trace the migration of dyes through different cell types, in which
microinjection is the preferred method. Alternatively, cells can be preloaded with the methyl ester of fluorescent dyes. The loading of the dye
is a function of intracellular methyl esterases that hydrolyze the lipophilic dye into its more hydrophilic form, thus trapping the dye in the cells.
This is a less invasive way to preload the fluorescent probe, but the most common way to measure intercellular communication where all cells
are preloaded by this method is the FRAP assay11. The advantage of FRAP is again the ability to assess gap junctions in single cells, which
is excellent for mechanistic studies. However the disadvantage of FRAP lies in: the inability to measure populations of cells for toxicological
assessments, the need for sophisticated and very expensive microscopes/laser cytometers, the need for highly skilled technical expertise, is
moderately invasive from the free radicals produced by the laser, and not conducive to high throughput.

More recently another technique has been developed; the local activation of molecular fluorescent probe (LAMP) method25, which is based upon
a new generation of caged coumarin-like fluorophores. Similar to the FRAP assay, all cells are preloaded with dyes containing a methyl ester,
however, these dyes become fluorescent upon subsequent localized illumination by lasers with a small dose of ultraviolet light, which probably
produces significantly lower ROS than FRAP. Again, this assay has the same limitations of the FRAP assay. Other recent advancements for
measuring GJIC are the preloading and parachute techniques, which also involve the use of methyl ester-fluorescent dyes. The preloading
technique involves suspending the cells preloaded with fluorescent probe together with the unloaded counterparts and are then plated and
allowed to form a confluent monolayer. The spread of the dye can then be observed with an epifluorescence microscope26. In the parachute
assay, the cells preloaded with the fluorescent probe are overlaid onto a monolayer of unloaded cells, and the spread of the dye is observed
with an epifluorescence microscope27. Again, the above techniques are technically more challenging for high throughput analyses, and must be
immediately plated at near confluence and requires a time lag for the reattachment of cells.
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Overall, the SL-DT assay is a relatively inexpensive, simple and versatile technique that uses equipment, such as CO2 cell culture incubators,
biosafety cabinets and epifluorescence microscope, typically found in most cell culture labs. With minimal experience many plates can be
processed in a day, which is conducive for screening compounds for toxicity as well as for natural products that prevent or reverse the effects of
toxicants and toxins. Also, adapting this assay for high throughput analyses using robotics, with automated fluorescence microscopy imaging and
analysis systems will have the potential to screen large numbers of toxicants and toxins.
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Inhibition of gap junctional intercellular communication (GJIC) and
the activation of intracellular mitogenic pathways are common hall-
marks of epithelial derived cancer cells. We previously determined
that the 1-methyl and not the 2-methyl isomer of anthracene, which
are prominent cigarette smoke components, activated extracellular
receptor kinase, and inhibited GJIC in WB-F344 rat liver epithelial
cells. Using these same cells, we show that an immediate upstream
response to 1-methylanthracene was a rapid (<1 min) release of
arachidonic acid. Inhibition of phosphatidylcholine-specific pho-
spholipase C prevented the inhibition of GJIC by 1-methylanthracene.
In contrast, inhibition of phosphatidylinositol specific phospholipase
C, phospholipase A2, diacylglycerol lipase, phospholipase D, pro-
tein kinase C, and tyrosine protein kinases had no effect on 1-
methylanthracene-induced inhibition of GJIC. Inhibition of protein
kinase A also prevented inhibition of GJIC by 1-methylanthracene.
Direct measurement of phosphatidylcholine-specific phospholipase
C and sphingomyelinase indicated that only phosphatidylcholine-
specific phospholipase C was activated in response to 1-methy-
lanthracene, while 2-methylanthracene had no effect. 1-methylanthracene
also activated p38-mitogen activated protein kinase; however,
like extracellular kinase, its activation was not involved in 1-
methylanthracene-induced regulation of GJIC, and this activation
was independent of phosphatidylcholine-specific phospholipase
C. Although mitogen activated protein kinases were activated,
Western blot analyzes indicated no change in connexin43 pho-
sphorylation status. Our results indicate that phosphatidylcholine-
specific phospholipase C is an important enzyme in the induction of
a tumorigenic phenotype, namely the inhibition of GJIC; whereas
mitogen activated protein kinases triggered in response to 1-
methylanthracene, were not involved in the deregulation of
GJIC. (Cancer Sci 2008; 99: 696–705)

C onsiderable toxicological and carcinogenic research on
polycyclic aromatic hydrocarbons (PAH) has focused on

the genotoxic attributes of these compounds.(1) However, many
human diseases, such as cancer, are not solely the consequence
of non-reversible mutagenic events, but also include reversible,
epigenetic events (altered expression of genes at transcriptional,
translational and post-translational levels) that alter the normal
phenotype of a cell.(2) Thus, there is a need to reassess the
toxicity and carcinogenicity of environmental toxicants,
including PAH, at the epigenetic level. Rosenkranz et al.(3)

showed that out of a group of 251 chemicals, there was actually

a much stronger correlation of tumorigenicity with the inhibition
of gap junctional intercellular communication (GJIC), an
epigenetic event, than with mutagenicity. Cell proliferative
diseases such as cancer include crucial epigenetic events that
ultimately remove quiescent initiated-cells from the growth
suppressive control of neighboring cells.(2,4) Intercellular
communication between contiguous cells via protein com-
plexes, known as gap junctions, also alters, epigenetically, the
expression of genes and strongly suggests that intercellular
signaling can further modulate the intracellular signal
transduction pathways.(5–7)

Cancer cells have been characterized as cells that lose their
ability to regulate growth through contact inhibition,(8) and that
lack the ability to terminally differentiate,(9) which implies a
breakdown in one of the communicating mechanisms.(2) Altera-
tion of cell-to-cell communication via gap junctions has been
implicated in the carcinogenic process and is supported by
considerable evidence.(7,10) Most cancer cells have defective
GJIC.(11) Chemical tumor promoters and oncogenes inhibit
GJIC, while tumor suppressor genes and chemopreventative
compounds enhance GJIC.(10,12) Inactivation of gap junction
genes in normal cells result in cancer-like cells,(13) and gap junc-
tion genes transfected into cancer cells restore their normal
growth regulation.(10) The knockout of the gap gene connexin
(Cx32), in mice that were administered with a single dose of the
tumor initiator, diethylnitrosamine (DEN) had a 3.3–12.8 times
increase of preneoplastic foci as compared to the DEN-treated
wild-type mice. These resultes indicate that the deletion of Cx32
promoted the carcinogenic effects of diethylnitrosamine.(14)

Cx32 knockout mice also exhibit increased levels of radiation
and chemical-induced liver and lung tumor formation.(15,16) Tumor
induction utilizing X-ray radiation resulted in a statistically
significant increase in overall tumor burden in Cx32-deficient
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(Cx43), mitogen activated protein kinase (MAPK), extracellular receptor kinase
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mice compared with wild-type mice due to tumorigenesis in
several tissues such as the lung, liver, adrenal, lymph and small
intestine.(16) Increased levels of activated mitogen-activated pro-
tein kinases (MAPK) were also observed in these Cx32-deficient
mouse model systems compared with wild-type counterparts
implicating that MAPK-related pathways may be preferentially
activated or conversely that tumors harboring activated MAPK
pathways may selectively progressed towards more advanced
tumor states in the absence of Cx32-mediated GJIC.(16) These
results collectively indicate that Cx32 potentially play a tumor
suppressive role.

Cell proliferative diseases such as cancer not only require the
release of a quiescent cell from growth suppression via down-
regulation of GJIC and/or changes in extracellular components
(i.e. integrins), but also need to activate mitogenic signaling
pathways. The MAPK pathways are the major intracellular
signaling mechanisms by which a cell activates, via pho-
sphorylation, transcription factors involved in mitogenesis.(17–19)

Four major mitogenic cascade pathways are the following:
extracellular receptor kinase (ERK), stress activated protein
kinase/Jun N-terminal kinase, p38,(19) and ERK5/big MAPK1.(20)

The ERK-pathway has been extensively characterized and is the
most understood of the MAPK pathways.(19) The relationship
between MAPK and GJIC has not been well characterized. The
disruption of GJIC by epidermal growth factor, a mitogen,
might be mediated in part by the phosphorylation of three
serine sites of connexin43 (Cx43) via MAPK.(21) However the
phosphorylation of Cx43 alone is insufficient in the closure
of gap junction channels,(22) but phosphorylation does play
multiple roles in gap junction function and expression.(23)

We have previously reported that PAH with strict structural
criteria, specifically the existence of a bay or bay-like region,
activate ERK-MAPK and inhibit GJIC.(24–27) PAH, like polychlo-
rinated biphenyls (PCB), do not regulate GJIC through a MEK-
dependent mechanism,(25,28) which is unlike growth factors and
protein kinase C (PKC)-dependent promoters, such as 12-O-tet-
radecanoylphorbol-13-acetate (TPA).(29) We previously reported
that phosphatidylcholine-specific phospholipase C (PC-PLC) is
involved in PCB-induced inhibition of GJIC.(28) Thus, we tested
the hypothesis that PC-PLC and not MAPK is directly involved
in the regulation of GJIC by PAH. We specifically chose 1-
methylanathracene (1-MeA) and 2-methylanthracene (2-MeA)
for this study for the following reasons. Our previous studies
indicated that the 1-methyl and not the 2-methyl isomer of
anthracene inhibit GJIC and activate ERK-MAPK,(24,26,27) which
gives us an excellent model system of comparing biological
effects of two similar compounds, yet one isomer (2-MeA), can
serve as a negative control. These compounds are also environ-
mentally relevant,(30) and in particular represent a major com-
ponent of the PAH fraction of cigarette smoke.(31) In this report,
we demonstrate that 1-MeA inhibited GJIC through a PC-PLC-
dependent mechanism, and released arachidonic acid. In
addition to activating ERK-MAPK,(25) 1-MeA also activated
p38-MAPK, yet the phosphorylation patterns of Cx43 were not
altered as determined by Western blot analyzes. In contrast, the
2-MeA, did not inhibit GJIC, and did not activate ERK, p38 and
PC-PLC, nor induced the release of arachidonic acid.

Methods and Materials

Chemicals. The following are the commercial sources for the
reagents used in this study: Lucifer Yellow (Molecular Probes,
Eugene, OR, USA), sodium dodecyl sulfate (SDS), Tween 20, TRIS,
glycine, acrylamide, and TEMED (Bio-Rad Laboratories, Hercules,
CA, USA); anthracene, 1-MeA, 2-MeA, 9-MeA, RHC80267,
1-butanol, ET-18-OCH3, 4′,6-diamidino-2-phenylindole (DAPI),
p-bromophenacy/bromide (BPB) and genistein (Sigma Chemical
Co., St. Louis, MO, USA); acetonitrile (EM Science, Gibstown,

NJ, USA); PP2 (Calbiochem, LA Jolla, CA, USA); D609 (Tocris
Bioscience, Ellisville, MO, USA); H-89, BEL (Biomol Inter-
national, Plymouth Meeting, PA, USA); AACOCF3 and MAFP
(Cayman Chemical, Ann Arbor, MI, USA), all electrophoresis
reagents and the DC protein kit (Bio-Rad laboratories); phospho-
specific polyclonal antibodies directed to ERK-1 phosphory-
lated at Thr 202/Tyr204, and ERK-2 directed to phosphorylated
Thr183/Tyr185 (New England Biolabs, Ipswich, MA, USA) and
to Cx43 (Zymed Laboratories Inc., San Francisco, CA, USA),
GADPH (Chemicon, Temecula, CA, USA), and to α-tubulin
(Abcam, Cambridge, MA, USA), phosphospecific polyclonal
antip38 antibody directed to phosphorylated Thr 180/Tyr 182
(Invitrogen/Zymed, Carlsbad, CA, USA). Secondary antibodies
used were antirabbit and antimouse Ig-G conjugated with horse
radish peroxidase (Amersham, Life Science, Denver CO, USA).
The final volume of the exposure medium for each independent
culture plate was 2 mL. The concentration of each chemical is
indicated in each figure or figure legend and the vehicle for each
experiment is equivalent to the volume added with the test
compounds.

Cell culture. The WB-F344 rat liver epithelial cell line was
obtained from Drs J. W. Grisham and M. S. Tsao of the
University of North Carolina (Chapel Hill, NC, USA),(32) and
cultured in D-medium (Formula no. 78–5470EF, Gibco Labora-
tories, Grand Island, NY, USA) on 35 mm tissue culture plates
(Corning Inc., Corning, NY, USA), supplemented with 5% fetal
bovine serum (Gibco Laboratories), and incubated at 37°C in
a humidified atmosphere containing 5% CO2 and 95% air.
Bioassays were conducted with confluent cultures that were
obtained after two to three days of growth.

This cell line expresses primarily Cx43 and serves as an in
vitro cell model system for regenerative epithelial cell types that
expresses Cx43. The following are some further attributes of
this cell line. They are diploid and non-tumorigenic,(32) and have
been extensively characterized for its expressed gap junction
genes and functional GJIC using all available techniques in the
absence and presence of well-known tumor promoters, growth
factors, tumor suppressor genes and oncogenes to modulate
GJIC.(10) Intrahepatic transplantation of WB-cells into adult
syngenic F344 rats results in the morphological differentiation
of these cells into hepatocytes and incorporation into hepatic
plates.(33) The pluripotency of these cells was further demon-
strated by their differentiation into functional-contracting
cardiomyocytes when transplanted into the heart tissue of
adult syngenic F344 rats.(34)

Bioassay of GJIC. The scrape loading-dye transfer (SL-DT)
technique was adapted after the method of El-Fouly et al.(35) The
test chemicals were added directly to the cell culture medium
from concentrated stock solutions and appropriate solvent
controls were run at all times, which did not differ from
untreated cells. After treatment, cells were washed with
phosphate buffered saline (PBS) followed by the addition of
1 mg/mL of Lucifer Yellow dissolved in PBS. The dye was
introduced into the cells with three different scrapes through the
monolayer of confluent cells using a surgical steel scalpel blade.
The transfer of dye through gap junctions was for three minutes,
followed by a thorough rinse with PBS to remove extracellular
dye, and then fixed with a 4% formalin solution in PBS.
Migration of the dye in the cells was observed at 200X using a
Nikon epifluorescence microscope equipped with a Nikon Cool
Snap EZ CCD camera and the images digitally acquired using a
Nikon NIS-Elements F2.2 imaging system. The fluorescence
area of the dye migration from the scrape line was quantified
using ‘Gel Expert’ image analysis program (NucleoTech Corp,
San Mateo, CA). The data was reported as a fraction of the dye
spread of the vehicle control.

Western blot analysis. Cells were grown in 35 mm diameter
tissue culture plates from Corning (Corning, NY) to the same
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confluency as the SL-DT assay. The cells treated by the test
chemicals were done under the same conditions as those used in
the SL-DT assay. The proteins were extracted with 20% SDS
solution containing 1 mM phenylmethylsulfonyl fluoride,
100 μM Na3VO4 to the PBS, and 100 nM aprotinin, 1.0 μM
leupeptin and 1.0 μM antipain, 100 μM Na3VO4, 5.0 mM NaF.
The protein content was determined with the Bio-Rad DC assay
kit. The proteins (15 μg) were separated on 12.5% SDS-PAGE
according to the method of Laemmli.(36) The proteins were
electrophoretically transferred from the gel to polyvinylidene
fluoride (PVDF) membranes (Millipore Corp, Bedford, MA,
USA). Detection of the Western Blot signals for Cx43, p38 and
ERK used enhanced chemiluminescent (ECL) detection kit and
HyperFilm™-MP (Amersham, Life Science, Denver, CO, USA),
except for p38, we used SuperSignal West Pico Stable Peroxide
Solution and Luminol/Enhancer Solution (Pierce, Rockford, IL,
USA), film HyBlot™-CL (Denville Scientific, Metuchen, NJ,
USA).

Assay of PC-PLC and sphingomyelinase (SMase) activity.
Confluent cells in 100 mm plates, serum-deprived for 4 h, were
exposed to 1-MeA and 2-MeA at the desired concentrations for
5 and 15 min at 37°C (solvent control did not exceed 0.5% v/v).
After exposure, cells were briefly washed with ice-cold PBS,
scraped and centrifuged. The pellets (about 2.5 × 106 cells) were
lyzed for 60 min on ice with 0.6 mL of an ice cold buffer
(pH 7.5) containing 50 mM TRIS, 150 mM sodium chloride,
2 mM ethylene diamine tetraacetic acid, 1 mM ethylene glycol
tetraacetic acid, 1% v/v, Triton-X, 1 μg/mL aprotinin and
100 μg/mL phenylmethylsulfonyl fluoride. We used about
200 μL of the lysis buffer per plate. The lyzed-suspension was
centrifuged at 17 000 × g for 10 min, and the supernatant
fraction was collected and stored at –80°C for SMase and PLC
activity assays.

SMase and PC-PLC activities were determined using Amplex
Red reaction kits (Molecular Probes, Invitrogen, Eugene, OR,
USA). The assay according to Zhou et al.(37) worked as follows.
SMase and PC-PLC hydrolytic activities were determined by
the exogenous addition of their respective substrates, sphingo-
myelin (SM) or phosphatidylcholine (PC), to the thawed super-
natant fraction. Phosphocholine, the hydrolysis product of either
SM/SMase or PC/PC-PLC, was dephosphorylated with alkaline
phosphatase to choline, which was further oxidized with choline
oxidase and ambient oxygen to betaine aldehyde and hydrogen
peroxide (H2O2). The H2O2, in the presence of horseradish per-
oxidase, oxidizes Amplex Red to the fluorescent resorufin.
Reaction mixtures contained the buffer, which for SMase deter-
mination was 100 mM TRIS HCl and 10 mM magnesium chlo-
ride, pH 7.4, and for PC-PLC activity was 50 mM TRIS HCl,
140 mM NaCl, 2 mM CaCl2, pH 7.4; plus the substrates
(0.5 mM SM or PC, respectively), 0.1 unit/mL choline oxidase,
5 μM Amplex Red, 4 units/mL alkaline phosphatase, 1 unit/mL
horseradish peroxidase. The kinetics of the fluorescence inten-
sity was recorded at 590 nm (excitation at 544 nm) using
Gemini microplate fluorescence reader (Molecular Devices,
Sunnyvale, CA, USA), at 37°C. The slopes were derived from
the initial 10 min of the kinetic reaction.

Assay of Arachidonic acid release. Arachidonic acid-release was
measured according to the method of Tithof et al.(38) Cells were
grown to 75% confluency in 35 mm culture dishes and then
treated for 24 h with 1.00 μCi 3[H]-arachidonic acid (specific
activity = 180–240 Ci/mM) at normal cell culture conditions. At
the end of the labeling period in which the cells have attained
95–100% confluency, the extracellular 3[H]-arachidonic acid
was removed with three washings of PBS and resuspended in
growth medium containing 0.1% bovine serum albumin (BSA)
that is arachidonic acid and phospholipid free. The BSA served
as a sink for the arachidonic acid released into the medium.(38)

The incorporation of 3[H]-arachidonic acids into the cells was

typically greater than 80%. These cells were treated with the
PAH and at the end of the treatment time the culture medium
was added to 14 mL of scintillation cocktail and counted for
radioactivity in a scintillation counter. The remaining cells were
trypsinized and solubilized in 14 mL of scintillation cocktail
and counted for radioactivity in a scintillation counter. The data
were expressed as a percentage of total cellular radioactivity
released into the medium.

Assay of immunostaining of Cx43. WB-F344 cells were cul-
tured to confluency in eight-well chamber slides (Fisher
Scientific, Pittsburgh, PA, USA). Subsequently, cells were
gently rinsed three times with PBS and fixed with 5% acetic
acid in methanol for 10 min. The non-specific binding sites were
blocked with 10% goat serum (Zymed, Carlsbad, CA, USA) for
2 h at room temperature (RT). Rabbit polyclonal Cx43 antibody
(Zymed, South San Francisco, CA, USA) was diluted 1:150 in
1% BSA +0.1% Tween-20 in PBS at 4°C for 2 h, washed three
times with 1% BSA +0.1% Tween-20 in PBS, then incubated
with Alexa Fluor 488 goat antirabbit secondary antibody
(Molecular Probes, Eugene, OR, USA) for 30 min at RT.
Negative controls were prepared by eliminating the primary/
secondary antibody. Slides were washed with PBS and counter-
stained with DAPI for 5 min before finally embedding with
Prolong Antifade kit (Molecular Probes). Fluorescent images
were obtained using a Nikon Epi-fluorescent microscope
equipped with a SPOTRT digital camera (Diagnostic Instru-
ments, Detroit, MI, USA) and analyzed with Spot Advanced
analysis software (Diagnostic Instruments).

Results

The structures of 1-MeA and 2-MeA are illustrated in Figure 1(a).
Inhibition of GJIC by 1-MeA was dose and time-dependent
(Fig. 1b). A shift of the methyl group from the 1 position, which
forms a bay-like region, to the 2 position on the anthracene ring,
which does not form a bay-like region, renders this isomer of
methylanthracene as fairly inactive relative to the inhibition
of GJIC up to 3 h, although slight inhibition was seen at 8 h.
A slight recovery was observed after a 4 h exposure time to
1-MeA, which was maintained up to 8 h. We previously
reported that 1-MeA and not 2-MeA activated ERK-MAPK,(25)

and the inhibition of GJIC was independent of this MAPK.
Similarly, 1-MeA activated p38-MAPK, while 2-MeA did not
activate p38 (Fig. 1c). Like the previous data on ERK-MAPK,(25)

activation occurred after the time period needed to inhibit GJIC,
5 min versus 10 min (Fig. 1b vs Fig. 1c). Figure 1(d) illustrates
the data for the densitometry analyzes of the p38 band. Although
there was a slight trend of 2-MeA induced phospho-p38, these
results were not significant, while the increase of the p38
bands in 1-MeA treated cells were significant (Fig. 1d).
Confirmation that the inhibition of GJIC by 1-MeA was p38-
independent is indicated in Figure 1(e) where the significant
inactivation of p38 with SB202190, a selective inhibitor of p38,
did not prevent 1-MeA from inhibiting GJIC.

Changes in the phosphorylation status of the connexin
proteins, which make up the gap junction channels, has been
implicated in the inhibition of GJIC. Our results indicate that
the various isomers of methylanthracene, including 1-, 2- and
9-methylanthracene, did not alter the phosphorylation status
of Cx43, the major connexin type in this cell line (Fig. 1f). TPA
was used as the positive control for altering the phosphorylation
status of Cx43, as indicated in a shift of the bands to higher
molecular weights and the disappearance of the P0 band. The P0
band is the unphosphorylated form of Cx43 as determined by all
bands collapsing to this position after treatment with alkaline
phosphatase.(39) This lack of an effect on the phosphorylation of
Cx43 continued even after the known activation of ERK,(25) and
p38 (Fig. 1c,d). The densitometry analysis of the three Cx43
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Fig. 1. The effects of 1-methylanthracene (1-MeA) versus 2-methylanthracene (2-MeA) on gap junction biology. (a) Structures of 1-MeA and
2-MeA; (b) Dose and time effect of 1-MeA versus 2-MeA on gap junctional intercellular communication (GJIC) activity. The data for the dose–
response were obtained from Rummel et al. in which WB-F344 rat liver epithelial cell line were treated with the indicated polycyclic aromatic
hydrocarbons (PAH) for 15 min. The dose for the time response data of each PAH was 75 μM, and the WB-F344 rat liver epithelial cell line was
used for this and all subsequent experiments. The scrape load-dye transfer assay was used to assess GJIC for both the time and dose–response
experiments. Average of the data (n = 3) ±standard deviation at the 95% confidence level. An ANOVA indicated significance at P < 0.001 for 1-
MeA dose (F = 29.1), 1-MeA time (F = 87.0), 2-MeA dose (F = 18.2), 2-MeA time (F = 15.9), and *indicated significance from the vehicle control using
a Holm Sidak posthoc T-test at the P = 0.05 level. (c) The effect of 1-MeA versus 2-MeA on the mitogen activated protein kinase, p38, as
determined by Western blot analysis of p38 using phospho-specific antibodies (top gel) and the house keeping protein α-tubulin (bottom gel).
The proteins were extracted from cells treated with 75 μM of the indicated polycyclic aromatic hydrocarbon. Anisomycin (A) at 0.5 μM and 30 min
was used as a positive control. (d) Densitometry analysis of Western blots of p38 from proteins extracted from three independently treated cell
culture plates, including the gel presented in (c). The values are the densitometry ratios of the p38 relative to α-tubulin. ANOVAs of the 10 min group
(F = 23.5, P < 0.001), 15 min group (F = 9.4, P = 0.014), 30 min group (F = 34.1, P < 0.001), 45 min group (F = 31.2, P < 0.001), indicated significance
between the vehicle, 2-MeA and 1-MeA. *Specifically indicates a difference as compared to the vehicle within each time group at P = 0.05 using
a Holm-Sidak post hoc test. (e) The effect of a p38 inhibitor on 1-MeA-induced inhibition of GJIC. The scrape loading-dye transfer assay was used
to measure GJIC. The dose and preincubation time for the p38 inhibitor, SB202190 (4-(4-Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)-1H-
imidazole), were 20 μM and 20 min. The GJIC data are an average of the data (n = 3) ±standard deviation at the 95% confidence level. An ANOVA

indicated significance at P < 0.001, F = 285, and the different letters indicated significance using an all pair multiple comparison-Holm Sidak
posthoc T-test at the P = 0.05 level. (f) The effect of methylanthracene isomers on the phosphorylation status of connexin43 (Cx43). A
Western blot analysis using antiCx43 antibodies was used to identify the phosphorylated states of Cx43. The duration of exposure times to the
various PAH and vehicle were 5, 10, 20, and 30 min as indicated in the four quadrants of the figure. The quadrants are separated by the 12-O-
tetradecanoylphorbol-13-acetate (TPA) data, in which these cells were treated with TPA for 10 min. Lanes TPA = 500 ng/mL, V = vehicle (0.3% v/v
acetonitrile), A = 60 μM anthracene, 1-MeA = 60 μM 1-methylanthracene, 2-MeA = 60 μM 2-methylanthracene, 9-MeA = 60 μM 9-methylanthracene,
Recovery for top gel = 6 h recovery from cells treated with 60 μM 1-MeA for 30 min, Recovery for bottom gel = 6 h recovery from cells treated with
60 μM 9-MeA for 30 min. The 1st (bottom), 2nd and 3rd bands are typically designated P0, P1 and P2 as indicated in the boxed inset, and the
addition of alkaline phosphatase to the protein samples results in only a P0 band, using this Western blot analysis protocol. The experiment was
done in triplicate and the densitometry analyzes of the data are presented in Table 1.
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bands of three independent experiments, including data from
Figure 1(f) is presented in Table 1. ANOVA analyzes indicated
that there were no significant changes in the ratios of the P1
and P2 bands relative to P0 of all cells treated by the methylated
anthracenes, while the TPA treated cells had a significant
decrease in the P0 band relative to P1 and P2.

Connexins are commonly internalized into the cytoplasm
in response to a tumor promoter such as TPA. Similar to TPA,
Cx43 was internalized in response to 1-MeA, but not in re-
sponse to 2-MeA (Fig. 1g). However, this trafficking event
of Cx43 does not occur within 10 min, which is after the
inhibition of GJIC by either 1-MeA or TPA. Thus, inhibition of
GJIC precedes the trafficking of Cx43. However, inhibition of
PC-PLC by D609, a selective inhibitor of PC-PLC, partially
prevented the internalization of Cx43.

Phospholipases have been implicated in the regulation of
GJIC,(28) thus we measured the release of arachidonic acid from
the membranes of the cells in response to exposure to the
methyl-isomers of anthracene as an indicator of phospholipase
activation (Fig. 2a and 2b). The 1-MeA isomer induced the
release of arachidonic acid in a time and dose dependent
manner, while the 2-MeA isomer had no effect (Fig. 2a and 2b).
Significant release of arachidonic acid began at 10 μM, which
is a dose significantly lower than the dose needed to inhibit
GJIC. This release of arachidonic acid began within one minute
of treatment. Although the dose–response data suggested that
the release of arachidonic acid might not be directly involved in
the inhibition of GJIC, these data indicated that phospholipases
are activated in the same isomer-specific mode and precedes the
inhibitory events of GJIC. We have also measured the release of
arachidonic acid from WB-F344 cells by a non-radioactive high
performance liquid chromatography-fluorescence detection method,
which does not require pretreatment with 3[H]-arachidonic acid.
Our aim was to confirm that this effect of 1-MeA was not
affected by increased levels of arachidonic acid incorporated in
the membrane. In this assay, only 1-MeA was active, thus con-
firming the results of the release of 3[H]-arachidonic acid (data not
shown). PLC, which hydrolyzes the polar group of phosphoglycerol
lipids, was one class of phospholipases that we investigated for

Fig. 1 (continued). (g) Cytological localization of Cx43 in cells treated
with 1-MeA, 2-MeA and TPA. The concentrations of 1-MeA and 2-MeA
were both 70 μM, and for TPA 50 ng/mL. The vehicle was 0.3% (v/v)
acetonitrile. An antiCx43 antibody was used to label this protein. The
magnification of the images was 1000×. Ab, antibody; w/o, without.

Table 1. Densitometry scans of the phosphorylated (P1 and P2) Cx43-
bands relative to the unphosphorylated (P0) band from Western blots
of proteins extracted from three different cell treatments in which one
blot is presented in Figure 1(f)

Treatment
Densitometry Ratios of P1 and P2 Relative to P0 (FOC)

5 min 10 min 20 min 30 min

P0/P1

V 1.00 ± 0.04 1.00 ± 0.18 1.00 ± 0.08 1.00 ± 0.08
A 0.90 ± 0.12 0.99 ± 0.28 0.94 ± 0.05 0.91 ± 0.23
1-MeA 1.01 ± 0.03 1.04 ± 0.12 1.05 ± 0.12 0.97 ± 0.15
2-MeA 0.93 ± 0.05 1.05 ± 0.25 0.62 ± 0.28 0.93 ± 0.02
9-MeA 1.00 ± 0.07 1.01 ± 0.12 0.91 ± 0.01 1.12 ± 0.05
TPA ND †0.34 ± 0.16 ND ND
ANOVA
(F, P-value)

(1.73, 0.218) (4.718, 0.013) (3.468, 0.05) (1.233, 0.357)

P0/P2

V 1.00 ± 0.04 1.00 ± 0.19 1.00 ± 0.14 1.00 ± 0.17
A 0.93 ± 0.13 0.94 ± 0.28 0.95 ± 0.13 0.86 ± 0.22
1-MeA 1.03 ± 0.06 1.00 ± 0.13 1.13 ± 0.07 1.16 ± 0.25
2-MeA 0.97 ± 0.16 1.01 ± 0.26 0.54 ± 0.25 1.00 ± 0.24
9-MeA 1.05 ± 0.09 0.94 ± 0.08 1.03 ± 0.15 1.26 ± 0.33
TPA ND †0.27 ± 0.07 ND ND
ANOVA
(F, P-value)

(0.613, 0.663) (6.584, 0.004) (2.642, 097) (1.484, 0.278)

†Significant from the vehicle as determined by a Holm-Sidak post hoc 
test. The ANOVA was conducted on the densitometry data, including 
the vehicle. The fraction of the control (FOC) is the densitometry value 
of each treatment divided by the densitometry value of the vehicle 
within each time group. 1-MeA, 1-methylanthracene; 2-MeA, 
2-methylanthracene; 9-MeA, 9-methylanthracene; A, anthracene; 
Cx43, connexin43; ND, not determined; TPA, 
12-O-tetradecanoylphorbol-13-acetate; V, vehicle.
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involvement in the control of GJIC. Inhibition of phosphatidyli-
nositol specific PLC (PI-PLC) by ET-18-OCH3, a selective
inhibitor of PI-PLC, did not prevent the inhibition of GJIC by 1-
MeA (Fig. 2c,d and Table 2), however, inhibition of PC-PLC by

D609, did prevent the inhibition of GJIC by 1-MeA (Fig. 2c,d
and Table 2). Similarly, inhibition of PC-PLC with D609 also
prevented the internalization of Cx43 in response to 1-MeA treat-
ment (Fig. 1g), a downstream event to the inhibition of GJIC.

Fig. 2. The role of phospholipid signaling in 1-methylanthracene (1-MeA) versus 2-methylanthracene (2-MeA) induced effects on gap junctional
intercellular communication (GJIC). (a) The effect of 1-MeA versus 2-MeA doses on the release of arachidonic acid. (b) The effect of 1-MeA versus
2-MeA exposure times on the release of arachidonic acid. (a,b) 0.1% albumin was added to the medium to inhibit reacylation and metabolism of
released 3[H]-arachidonic acid therefore the data reflected cumulative deacylation from membrane phospholipids. At the end of the incubation
period, the medium was collected into scintillation cocktail solution and radioactivity determined by scintillation counting of disintegrations per
minute (dpm). Radioactivity in the cellular fraction was also determined, and 3[H]-fatty acid release was expressed as a percentage of total cellular
radioactivity. The data are an average of at least four independent treatments, and *indicated significant differences paired between 1-MeA and
2-MeA for each dose and time as determined by a two-tailed paired t-test at the 95% confidence interval, P < 0.001. (c) The effects of
phospholipase C (PLC) inhibitors on 1-MeA-induced inhibition of GJIC. The scrape load-dye transfer (SL-DT) assay was used to assess GJIC at 200×.
(d) Presents a summary of the averaged data of n = 3, including those shown in (c). (c,d), Phosphatidylcholine(PC)- and phosphatidylinositol(PI)-
specific-PLC were inhibited by preincubating the cells for 15 min with either 50 μM D609 or 30 μM ET-18-OCH3, respectively. The inhibitors were
left on the cells for an additional 15 min, which was the exposure time of 1-MeA. The dose of 1-MeA was 70 μM. The data are an average of the
data (n = 3) ± standard deviation at the 95% confidence level. An ANOVA indicated significance at P < 0.001, F = 420.1, and the different letters  (A,
B, C and D) indicated significance using an all pair multiple comparison-Holm Sidak posthoc T-test at the P = 0.05 level. (e) The effect of a
sphingomyelinase inhibitor on 1-MeA-induced inhibition of GJIC. The SL-DT assay was used to determine GJIC. The incubation time of 1-MeA was
15 min, and the concentration and preincubation time of the sphingomyelinase inhibitor, GW4869 (N,N′-Bis[4-(4,5-dihydro-1H-imidazol-2-
yl)phenyl]-3,3′-p-phenylene-bis-acrylamide dihydrochloride) was 40 μM and 30 min. The results are an average of the data (n = 3) ±standard
deviation at the 95% confidence level. An ANOVA indicated significance at P < 0.001, F = 3743.6, and the different letters (A, B and C) indicated
significance using an all pair multiple comparison-Holm Sidak posthoc T-test at the P = 0.05 level. (f) The effects of 1-MeA versus 2-MeA on the
activation of either PC-PLC or sphingomyelinase (SMase). An AmplexRed assay system as described in the methods and material section was used
to measure the activities of the indicated lipases. The concentration and incubation times of the PAH were 100 μM and 15 min. The results are an
average of the data (n = 5) ±standard deviation at the 95% confidence level. An ANOVA indicated significance at P = 0.003, F = 5.153, and the
*indicated significance from all other groups using an all pair multiple comparison-Holm Sidak posthoc T-test at the P = 0.05 level. (g) Intracellular
release of 3[H]-arachidonic acid from cells treated with 1-MeA and a phosphatidylcholine-specific PLC inhibitor. The extracellular media was
decanted, cells rinsed with phosphate buffered saline and then 1 mL of 0.5% bovine serum albumin in water was added to the cells for 10 min
to extract the intracellular arachidonic acid and the radioactivity was determined by scintillation counting of counts per minute (CPM). The
results are an average of the data (n = 3) ± standard deviation at the 95% confidence level. An ANOVA indicated significance at P < 0.001, F = 25.2,
and the different letters indicated significance using an all pair multiple comparison-Holm Sidak posthoc T-test at the P = 0.05 level.
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The PC-PLC inhibitor used, D609, has also been implicated
in the inhibition of SMase. Thus, we inhibited SMase with an
inhibitor specific to this enzyme (GW4869), which did not
reverse the inhibition of GJIC (Fig. 2e). Further evidence of PC-
PLC involvement is indicated by the activation of this specific
phospholipase by 1-MeA, while 1-MeA did not increase the
activity of SMase (Fig. 2f). These results indicate that D609
probably reversed the 1-MeA-induced inhibition of GJIC by
acting upon PC-PLC and not SMase. However, D609 did not
reverse the effects of 1-MeA induced release of arachidonic acid
(Fig. 2g). This suggests that the release of arachidonic acid was
not dependent on PC-PLC but rather from another phospholi-
pase. Western blot analyzes of ERK and p38 (Fig. 3a,b) demon-
strated that D609 did not reverse the activation of these MAPKs
in response to 1-MeA. Densitometry analyzes of the bands were
normalized to the house keeping protein glyceraldehyde 3-phosphate
dehydrogenase and t-tests were conducted comparing (1-MeA)
versus (1-MeA + D609) for each of the MAPK bands.

Inhibitors of other signal transduction proteins were also
preincubated with the cells before the addition of 1-MeA
(Table 2). Most significant, was inhibition of protein kinase A
(PKA) where a 72–84% recovery was observed with the follow-
ing inhibitors H89 and PKI, respectively. Several inhibitors of
PLA2 were used against the various PLA2 isoforms; particularly
sPLA2 (p-bromophenacyl bromide), cPLA2 (AACOF3 and MAFP),
iPLA2 (bromoenol lactone [BEL] and MAFPP) and acidic
iPLA2 (MJ33). BEL was the only PLA2 inhibitor that partially
reversed (26%) 1-MeA-induced closure of gap junctions, while
all other PLA2 inhibitors had no significant effect, which sug-
gests that the small BEL effect was not specific to PLA2.
Inhibitors of diacylglycerol (DAG) lipases, PLA2, PI-PLC,
phospholipase D (PLD), sphingomyelinase, PKC, Src kinases,
and protein tyrosine kinases did not prevent the inhibition of
GJIC by 1-MeA (Table 2).

Discussion

The mechanisms by which exogenous and endogenous
chemicals modulate GJIC have only been recently explored.
There are examples of modulation of GJIC at all three levels of
control: transcriptional, translational and post-translational.(40)

Phosphorylation of gap junction proteins has been the most
extensively studied post-translational modification of gap
junctions.(40) Compounds, such as phorbol esters, which activate
PKC are also known to inhibit GJIC and cause a hyper-
phosphorylation of gap junction proteins via a Mek-dependent
mechanism.(40) The hyperphosphorylation of gap junction proteins
can be detected by Western blot analysis using 1-dimensional
gel systems in which shifts in the electrophoretic bands can be
readily observed.(41) However, phosphorylation alone has been
shown to be insufficient in the regulation of GJIC.(22) Apparently,
non-phosphorylating mechanisms are also involved in the
control of GJIC,(40) which is evidently how 1-MeA is regulating
gap junctions. Our Western blot results clearly indicated that
the activation of MAPKs, such as ERK and p38, does not
necessarily result in the hyperphosphorylation of Cx43, even
though Cx43 has known consensus sequences for ERK-
MAPK.(23) We previously demonstrated that the addition of a
Mek inhibitor does not prevent the closure of gap junction
channels,(25,28) and in this report, we similarly showed that
inhibition of p38 did not reverse the effects of 1-MeA on GJIC.
Thus, activation of MAPKs, although typically required in cell
proliferation and is always accompanied with inhibition of
GJIC, does not always result in their direct control of gap
junction function.

Lipid signaling has been implicated in the control of GJIC.(42)

Lipid metabolites, such as arachidonic acid, are known to
inhibit GJIC.(43,44) Therefore, we explored the potential role of
phospholipases. The release of arachidonic acid was significantly

Table 2. Modulation of 1-MeA-induced inhibition of GJIC by various inhibitors of phospholipases and protein kinase signaling proteins

†Inhibitor Target signaling protein ‡Effect §% inhibition of GJIC

None (+1-MeA) Gap Junction ↓↓↓ 100
+D609 (50 μM, 15 min) PC-PLC ↑↑↑ *10
+H-89 (40 μM, 30 min) PKA, GPCR ↑↑ ¶28
+PKI (50 μM, 2 h) PKA ↑↑↑ ¶16
+BEL (2.5 μM, 30 min) iPLA2 ↑ ¶74
+BPB (5.0 μM, 20 min) sPLA2 ↓↓↓ 97
+AACOF3 (10 μM, 30 min) cPLA2, iPLA2 ↓↓↓ 115
+MAFP (1.25 μM, 30 min) cPLA2, iPLA2 ↓↓↓ 101
+MJ33 (10 μM, 30 min) acidic iPLA2 ↓↓↓ 104
+ET-18-OCH3 (30 μM, 30 min) PI-PLC ↓↓↓ 90
+1-butanol (0.5% v/v, 15 min) PLD ↓↓↓ 101
+RHC80267 (50 μM, 20 min) DAG lipase ↓↓↓ 97
+GF109203X (20 μM) PKC (pan-specific) ↓↓↓ 100
+PP2 (40–100 μM) Src ↓↓↓ 102
+Genistein (100 μM) Protein Tyr kinases (pan-specific) ↓↓↓ 102

†Inhibitors were added before the addition of 1-MeA, which was incubated for 15 min at 70 μM, except for the BEL experiment where the time 
of 1-MeA treatment was 30 min. The inhibitors were added at concentrations and times indicated in the parentheses, and remained in the medium 
for the duration of the experiment. D609, tricyclodecan-9-yl-xanthate; H-89,  N-(2-(4-bromocinnamylamino)ethyl)-5-isoquinolinesulfonamide; 
BPB, p-bromophenacyl bromide; AACOCF3, arachidonyl trifluoromethylketone; PKI,  myristoylated PKI (14–22) amide; BEL, bromoenol lactone; 
MAFP, methyl arachidonyl fluorophosphates; MJ33, 1-hexadecyl-3-(trifluoroethyl)-sn-glycero-2-phosphomethanol; ET-18-OCH3, 1-O-Octadecyl-2-O-
methyl-sn-glycero-3-phosphorylcholine; RHC80267, 1,6-bis-(cyclohexyloximinocarbonylamino)hexane; GF109203X, bisindoylmaleimide I; PP2, 4-
amino-5-(4-chloro-phenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine). 
‡↓↓↓ – complete inhibition of GJIC; ↑, ↑↑ – partial reversal of 1-MeA-induced inhibition of GJIC; ↑↑↑ – complete reversal of 1-MeA-induced 
inhibition of GJIC.
§An average with n = 3, % Inhibition = [(1 – FOC of Inhibitor)/(1 – FOC of vehicle)] × 100.
¶Significant as determined by a two-tailed paired t-test at the 95% confidence interval, P < 0.001 between the (1-MeA) versus (1-MeA + inhibitor) 
treated cells.
1-MeA, 1-methylanthracene; DAG, diacylglycerol; GJIC, gap junctional intercellular communication; GPCR, G-protein coupled receptor; PC-PLC, 
phosphatidylcholine specific phospholipase C; PI-PLC, phosphatidylinositol specific phospholipase C; PKA, protein kinase A; PLD, phospholipase D.
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detected within 2 min indicating that phospholipases are imme-
diately activated in response to 1-MeA. The employment of a
consortium of phospholipase inhibitors indicated that PC-PLC
was involved in 1-MeA-induced inhibition of GJIC. Inhibition
of PC-PLC by the inhibitor, D609, has also been implicated in
the inhibition of sphingomyelinase SMase, but our results
showed that a more specific SMase inhibitor did not prevent
inhibition of GJIC by 1-MeA, and the activation of PC-PLC
and not SMase by 1-MeA strongly suggested that PC-PLC was
the key regulator of GJIC in response to 1-MeA. However, PC-
PLC was involved in neither the release of arachidonic acid nor
the activation of ERK and p38 MAPKs indicating that other
phospholipases are involved in these two important signaling
events. Apparently 1-MeA either initiated a general activator
or repressed a general inhibitor of phospholipases. In contrast
to PI-PLC, the function of PC-PLC in tumorigenesis has not
been extensively studied, yet there are reports indicating that

PC-PLC does play a very significant role in cancer.(45) Our
results implicate that one significant role PC-PLC in cancer
could be the potential regulation of GJIC by environmental
agents such as certain polycyclic aromatic hydrocarbons known
to be prevalent in cigarette smoke.

Although PC-PLC was an essential component of the signal-
ing pathway controlling GJIC, this phospholipase was not
involved in arachidonic acid release indicating that other
phospholipases were activated. However, inhibition of other
phospholipases such as PI-PLC, various PLA2 isozymes, PLD
and diacylglycerol lipase did not prevent the inhibition of GJIC
by 1-MeA indicating that these lipid signaling enzymes were
not regulating GJIC. In addition, inhibition of Src kinases and
PKC, both common signaling enzymes, also did not prevent the
inhibition of GJIC by 1-MeA. The concentrations and times
used for these inhibitors of signaling enzymes were similar to
those reported in literature where an inhibitor-induced effect
was observed, but there is always the possibility of a false
negative. However, the use of several PLA2 inhibitors strongly
suggested that this class of signal transduction enzymes were
not involved in the regulation of GJIC. When cells were pre-
incubated with a PKA inhibitor, H89, a 72% recovery from
1-MeA-induced inhibition of GJIC was seen, indicating a poten-
tial role of the cAMP dependent kinase, PKA, in the regulation
of GJIC. Although H89 is known to inhibit at least eight other
kinases such as MAPKAP-K1b, S6K1, MSK1, KBα, SGK,
ROCK II, AMPK and CHK 1,(46) further experiments with the
cell permeable specific inhibitor of PKA, myristoylated PKI
(14–22) amide, also indicated the role of PKA in the down-
regulation of GJIC after exposure to 1-MeA (84% recovery of
GJIC). Another class of compounds, PCB, also inhibit GJIC
through a PC-PLC dependent mechanism, but1-MeA, unlike the
PCB did not involve Src or DAG lipase.(28)

Most research on PAH toxicity has focused on the mutagenic
and DNA damaging properties of the higher molecular weight
compounds but clearly the lower molecular weight-PAH are
capable of inducing biological effects relevant to tumor pro-
motion. We previously reported the effects of 41 different PAH
on GJIC including 16 with five or more rings.(24,27,47,48) Most of
these PAH, including the high molecular weight PAH, inhibited
GJIC with varying potencies, but the potencies of the lower
molecular weight PAH (four rings or less) tended to be much
stronger if they contained a bay or bay-like region.(6,24,27) The
low molecular weight PAH also tend to be the most abundant
in the environment.

One example is cigarette smoke, where the low molecular weight
fractions, particularly the three- and four-ringed PAH predomi-
nate in which the methylated anthracenes and phenanthrenes are
62 times higher than benzo(a)pyrene and benzo(e)pyrene.(31)

Considering that the fraction of cigarette smoke containing the
three- and four-ringed-PAH is highly cocarcinogenic when
applied to the skin of mice treated with benzo(a)pyrene,(49) and
that cigarette smoke is a strong promoter and weak complete
carcinogen,(50–53) suggest that this fraction could significantly
contribute to cancer. Ten to 15 years after giving up smoking,
the ex-smoker faces the same low risk of developing cancer of
the upper digestive tract, the lung, the pancreas, and the urinary
tract as the non-smoker.(54) This fact strongly implicates that
cigarette smoke contributes to the non-genotoxic and reversible
phases of cancer. Contribution of cigarette smoke to the non-
genotoxic phase of cancer is particularly important. Early work
on the carcinogenicity of cigarette smoke condensates strongly
indicated that the neutral fractions, which contained primarily
PAHs were the most carcinogenic fractions, but that the con-
centrations of the most prominent complete carcinogens, that is
benzo(a)pyrene, was far too low to account, by themselves, for
the carcinogenic activity of the condensates.(50,55) In addition, we
have shown that the 1-MeA, but not the 2-MeA, inhibited GJIC

Fig. 3. The effect of a phosphatidyl choline specific phospholipase C
(PC-PLC) inhibitor on 1-methylanthracene (1-MeA)-induced activation
of extracellular receptor kinase (ERK) and p38. (a) The activation of
ERK and p38 was determined by Western blot analysis using pho-
sphospecific antibodies. (b) The densitometry analyzes of the three
independent Western blot experiments including those shown in (a) of
the mitogen activated protein kinase (MAPK) bands relative to the
house keeping protein, GAPDH. (a,b) The dose and time of 1-MeA was
75 μM and 30 min. The PC-PLC inhibitor, 50 μM of D609, was added
20 min prior to 1-MeA and remained on the cells for an additional
30 min after the 1-MeA was added. The D609 control was 50 min.
The first two lanes was the vehicle. Using a two-tailed t-test, the letter
A in (b) indicates no significant difference in the p42 band between the
1-MeA and 1-MeA + D609 treatment (t = –0.548, P = 0.613). Similarly, the
letter B indicated no difference in the p44 band (t = –0.000, P = 1.000)
and the letter C indicated no difference in the p38 band (t = –0.0418,
P = 0.969) between the 1-MeA and 1-MeA + D609 treatment.
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and prevented the induction of differentiation of normal human
pancreatic cells using an in vitro system at non-cytotoxic
doses.(56) Cigarette smoking has been one of the suspected risk
factors for pancreatic cancer. Furthermore, the much less
studied area of cocarcinogenesis is a closer fit to the extended
exposure of human smoking than the complete carcinogenic
nature of selected PAH from cigarette smoke condensates.(50)

Therefore, understanding the biological effects of these three-
and four-ringed PAH, which are very prevalent in cigarette
smoke and possess cocarcinogenic activity, on cell signaling
pathways relevant to the epigenetic, non-genotoxic phase of
cancer is important. In particular, functional GJIC offers a very
central signaling system to assess risk.

The homeostasis of a tissue requires functional GJIC.
Although, the transient closure of gap junction channels during
proliferation is a normal response to mitogens, the chronic inhi-
bition of GJIC by repeated exposures to toxicants, toxins, or
cytokines released during compensatory hyperplasia could
contribute to cancer. Chronic inhibition of GJIC has been cor-
related with enhanced proliferation, and inhibition of apoptosis
and differentiation. Determining the effect of PAH on key sign-
aling and gene expression events would provide invaluable
mechanistically based information on the epigenetic toxicity
of these compounds, thereby aiding in the development of
preventative strategies of controlling human diseases such as
cancer.

Conclusion

Inhibition of GJIC and the activation of intracellular mitogenic
pathways are characteristic of epithelial derived cancer cells.
Our results indicate that PC-PLC is an important signaling
enzyme needed for the inhibition of GJIC in response to a
cigarette smoke relevant polycyclic aromatic hydrocarbon. This
report clearly indicates that specific phospholipid signaling is
involved in the regulation of GJIC, and that, in addition to
reported Mek-dependent regulation of GJIC, the regulation of
GJIC can be Mek-independent even though this MAPK pathway
is activated. Thus, not all tumor promoters inhibit GJIC through
the same signaling pathway, and this implicates that chemo-
prevention strategies relative to up-regulating GJIC activity
probably can not be universally effective.
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Abstract
Dysregulation of gap junctional intercellular communication (GJIC) has been associated

with different pathologies, including cancer; however, molecular mechanisms regulating

GJIC are not fully understood. Mitogen Activated Protein Kinase (MAPK)-dependent mech-

anisms of GJIC-dysregulation have been well-established, however recent discoveries

have implicated phosphatidylcholine-specific phospholipase C (PC-PLC) in the regulation

of GJIC. What is not known is how prevalent these two signaling mechanisms are in toxi-

cant/toxin-induced dysregulation of GJIC, and do toxicants/toxins work through either

signaling mechanisms or both, or through alternative signaling mechanisms. Different

chemical toxicants were used to assess whether they dysregulate GJIC viaMEK or PC-

PLC, or both Mek and PC-PLC, or through other signaling pathways, using a pluripotent rat

liver epithelial oval-cell line, WB-F344. Epidermal growth factor, 12-O-tetradecanoylphor-

bol-13-acetate, thrombin receptor activating peptide-6 and lindane regulated GJIC through

a MEK1/2-dependent mechanism that was independent of PC-PLC; whereas PAHs, DDT,

PCB 153, dicumylperoxide and perfluorodecanoic acid inhibited GJIC through PC-PLC in-

dependent of Mek. Dysregulation of GJIC by perfluorooctanoic acid and R59022 required

both MEK1/2 and PC-PLC; while benzoylperoxide, arachidonic acid, 18β-glycyrrhetinic

acid, perfluorooctane sulfonic acid, 1-monolaurin, pentachlorophenol and alachlor required

neither MEK1/2 nor PC-PLC. Resveratrol prevented dysregulation of GJIC by toxicants that

acted either through MEK1/2 or PC-PLC. Except for alachlor, resveratrol did not prevent

dysregulation of GJIC by toxicants that worked through PC-PLC-independent and MEK1/2-

independent pathways, which indicated at least two other, yet unidentified, pathways that

are involved in the regulation of GJIC. In conclusion: the dysregulation of GJIC is a
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contributing factor to the cancer process; however the underlying mechanisms by which

gap junction channels are closed by toxicants vary. Thus, accurate assessments of risk

posed by toxic agents, and the role of dietary phytochemicals play in preventing or reversing

the effects of these agents must take into account the specific mechanisms involved in the

cancer process.

Introduction
Gap junctional intercellular communication (GJIC) represents a key regulatory mechanism for
the maintenance of tissue homeostasis, regulation of cell growth, differentiation and death
[1,2]. Gap junctional channels are formed between adjacent cells by proteins termed, connex-
ins, and allow direct cell-to-cell flux of small (<1–1.5 kDa) hydrophilic molecules, such as me-
tabolites, nutrients, ions or second messengers [3,4]. Chronic impairment of GJIC caused by
oncogene activation, endogenous cell-death-induced compensatory release of growth factors
or by exposure to tumorigenic xenobiotics is strongly linked to the promoting phase of cancer
[5,6]. Conversely, tumor suppressor genes and chemopreventive agents are known to reverse
the inhibitory effects of tumor promoters or oncogenes, and restore cell-cell communication
[7,8].

A number of chemicals are known to rapidly dysregulate GJIC, including a model tumor
promoter, 12-O-tetradecanoylphorbol-13-acetate (TPA), biological toxins, organic solvents,
environmental pollutants, pesticides, pharmaceuticals, peroxides, metals and others [9]. De-
spite numerous studies reporting modulation of GJIC by chemicals and endogenous or exoge-
nous ligands, the underlying intracellular mechanisms responsible for rapid inhibition of
connexin- based cell-cell communication have not been fully elucidated.

Regulation of GJIC through the phosphorylation of connexins has been the most extensively
studied mechanism of GJIC regulation. Connexin43, the most studied connexin in phosphory-
lation studies, was identified as a substrate for many kinases, including mitogen activated pro-
tein kinases (MAPKs), protein kinase A (PKA), protein kinase C (PKC), casein kinase 1, Src-
kinase or Akt [10–12]. Activation of MEK1/2, which is a MAPK-kinase, is considered to be a
mechanism by which TPA and epidermal growth factor (EGF) dysregulates GJIC [13,14].

Recently, phospholipase-dependent mechanisms have been reported in the control of con-
nexin43-based GJIC. Toxicants, such as PCB153 or dicumylperoxide (diCuOOH) or 1-methy-
lanthracene (1-MeA), dysregulated GJIC through a phosphatidylcholine-specific
phospholipase C (PC-PLC) mechanism [15–17]. Phosphatidylinositol-specific phospholipase
C (PI-PLC) does not play a role in either PCB153 or 1-MeA induced dysregulation of GJIC
[15,17], while the involvement of PI-PLC was not determined for diCuOOH. Unlike PI-PLC,
the function of PC-PLC in tumorigenesis has not been extensively studied, yet there are reports
indicating that PC-PLC plays a very significant role in cancer [18]. Questions that arise are:
What is the prevalence PC-PLC in toxicant-induced dysregulation of GJIC? Is PC-PLC in-
volved in the dysregulation of GJIC by toxicants known to inhibit GJIC through Mek, or are
Mek-dependent and PC-PLC-dependent inhibition of GJIC by toxicants unique mechanisms
that are always independent of each other? Are these two mechanisms prevalent in toxicant-in-
duced dysregulation of GJIC or do toxicants more commonly dysregulate GJIC through other,
yet to be determined mechanisms?

In this report, we addressed these questions by determining if the dysregulation of connex-
in43-based GJIC in Fischer F344 rat liver epithelial cells (WB-F344), exposed to a selected set
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(25 compounds) of growth-regulating compounds, signal pathway modulators, environmental
toxicants and potential tumor promoters (Fig 1), was mediated through either PC-PLC or
MEK1/2, or both of these signaling proteins, or through other unidentified mechanisms. Sever-
al of these toxicants are known to dysregulate GJIC through either Mek or PC-PLC, but no
study has yet to determine if these toxicants work through either one of both of these mecha-
nisms, while the role of Mek and PC-PLC for many of the other GJIC-dysregulating toxicants
are yet unknown.

The prevention of cancers through diet, and potentially by botanical supplements, is consid-
ered an important strategy in the control of this set of chronic diseases. Chemopreventive
agents are known to prevent tumor promoters from dysregulating GJIC. Thus, another ques-
tion that arises is: do anti-carcinogenic compounds prevent tumor promoters from dysregulat-
ing GJIC through Mek- and PC-PLC-dependent mechanisms or through general antioxidative
mechanisms. For these experiments, we chose resveratrol, which is an antioxidant found in red
wine and is associated with reduced rates of cardiovascular diseases and cancer [19]. Our re-
sults indicated that PC-PLC-dependent dysregulation of GJIC was a prevalent toxic mecha-
nism and that there were at least two other mechanisms in addition to Mek and PC-PLC.
Resveratrol prevented the dysregulation of GJIC by toxicants through Mek and PC-PLC but
not through a third mechanism.

Materials & Methods

Chemicals
The chemicals used in this study were obtained from the following sources: resveratrol from
CTMedChem (Bronx, NY); U0126 and D609 from Tocris Bioscience (Ellisville, MO); alachlor
and lindane from Chem Service (West Chester, PA); arachidonic acid from Cayman Chemical
(Ann Arbor, MI); 1-monolaurin (Lauricidin1) from Med-Chem Laboratories (Galena, IL);
TPA from Biomol International (Plymouth Meeting, PA); 1-methylanthracene, 1-methylfluor-
ene, benzoylperoxide (Luperox1 A98), 18-β-glycyrrhetinic acid, dicumylperoxide, EGF,
fluoranthene, fluorene, Lucifer Yellow CH dilithium salt(MW 457.25), pentachlorophenol, per-
fluorodecanoic acid (PFDA), perfluorooctane sulfonic acid (PFOSA), phenanthrene, pyrene
and thrombin receptor activator peptide 6 (TRAP-6) from Sigma-Aldrich (St. Louis, MO);
9,10-dimethylanthracene, 1-methylpyrene, PFOA and 2,2',4,4',5,5'-hexachlorobiphenyl
(PCB153) from Fluka (Buchs, Switzerland); 4,4'-(2,2,2-trichloroethane-1,1-diyl)bis(chloroben-
zene) (DDT) from Supelco (Bellefonte, PA); R59022 from Calbiochem (La Jolla, CA); acetoni-
trile, dimethylsulfoxide (DMSO), ethanol and formaldehyde from Mallinckrodt Baker
(Phillipsburg NJ).

Cell line/Cell culture
TheWB-F344 rat liver epithelial cell line was obtained from Drs. J. W. Grisham and M. S. Tsao
of the University of North Carolina (Chapel Hill, NC) [20]. Cells were grown in D-medium
formulated from commercially purchased modified Eagle's minimum essential medium (For-
mula No. 78–5470EF, Gibco Laboratories, Grand Island, NY) supplemented with 5% fetal bo-
vine serum (Gibco Laboratories) and 10 μg/ml gentamicin (Gibco Laboratories). Cells were
cultured on 35 mm diameter tissue culture plates (Corning Inc., Corning, NY) at 37°C in a hu-
midified atmosphere containing 5% CO2 and 95% air. Bioassays were conducted with conflu-
ent cultures that were obtained after two to three days of growth.

This cell line derived from F344 rats was used for the following reasons. These WB-cells are
diploid and non-tumorigenic [20] and have been extensively characterized for its expressed
gap junction genes, namely connexin43, and functional GJIC using all available techniques in
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the absence and presence of well-known tumor promoters, growth factors, tumor suppressor
genes and oncogenes to modulate GJIC [21]. WB-F344 cells are pluripotent, capable of differ-
entiation into hepatocytes [22] and functional-contracting cardiomyocytes [23] and represent
an ideal model for studying tumor promotion under the paradigm of stem-cell theory of cancer
[24,25].

Experimental design
Confluent WB-F344 cells grown on 35 mm dishes were first pretreated either with a PC-PLC
inhibitor, D609 (50 μM, 20 min), a MEK1/2 inhibitor, U0126 (20 μM, 30 min), or resveratrol
(100 μM, 15 min). After the pretreatment, the tested GJIC-dysregulator or vehicle was added to
the dish for a specific incubation time and followed by a scalpel loading-dye transfer assay
(note that the signal pathway inhibitor or resveratrol remained in the cell culture medium
during the incubation period with the GJIC-dysregulator). The exposure regimes necessary to
induce almost complete inhibition of GJIC (FOC<0.2–0.4) were determined in separate con-
centration- and time-response experiments (data not shown). The lowest concentration of
GJIC-dysregulator and the shortest exposure time sufficient to significantly dysregulate GJIC
were chosen and they are summarized in Fig 1. The tested chemicals at the applied doses were
not cytotoxic after 1 h exposure as evaluated by Neutral Red uptake assay (data not shown), ex-
cept the treatment with benzoylperoxide (200 μM) which induced about 50% decrease of Neu-
tral Red uptake after 15 min exposure. The cytotoxic effects of benzoylperoxide are prevented
by N-acetyl-L-(+)-cysteine (NAC) [16], therefore the experiments with benzoylperoxide were
carried out with or without a 15 min pretreatment with 1 mMNAC prior to the addition of a
toxicant to the cells.

To assure that the cells were responding to GJIC-dysregulators in a reproducible manner
and that the signal-pathway inhibitors and resveratrol were able to induce significant effects, a
system of positive controls (1-methylanthracene, D609 + 1-methylanthracene, resveratrol +
1-methylanthracene, EGF, and U0126 + EGF) was included in each experimental design be-
sides the negative controls (vehicle, signal-pathway inhibitors or resveratrol without the GJIC-
dysregulator). At least three independent experiments were conducted, each on a different day
and cell population.

Bioassay of GJIC
A scalpel loading-dye transfer (SL-DT) technique was adapted after the method of El-Fouly
et al. [26]. After treatment with the chemicals, cells were washed with phosphate buffered saline
containing 0.1 g/L calcium chloride and 0.1 g/L magnesium chloride (CaMgPBS) followed by
the addition of 1 mg/ml of Lucifer-Yellow dissolved in CaMgPBS. The dye was introduced into
the cells with three different lines of scalpel-based dye injection through the monolayer of con-
fluent cells using a surgical steel scalpel blade. The transfer of dye through gap junctions was
for three minutes, followed by a thorough rinse with CaMgPBS to remove extracellular dye,
and then fixed with a 4% formalin solution in PBS. Migration of the dye in the cells was ob-
served at 200X using a Nikon epifluorescence microscope equipped with a Nikon Cool Snap
EZ CCD camera and the images digitally acquired using a Nikon NIS-Elements F2.2 imaging
system. The fluorescence area of the dye migration from the scalpel line was quantified using

Fig 1. Structures, abbreviations, experimental doses and times of studied dysregulators of gap junctional intercellular communication. Superscript
numbers of the following: [14–16,30,37,41,45,47,55–58] identify the references reporting a dysregulation of GJIC by these chemical in WB-F344 cells, with
exception of Ref. 47, which used Rat-1 cells and Ref. 57, which used rat derived astrocytes.

doi:10.1371/journal.pone.0124454.g001
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‘ImageJ’ image analysis program (National Institute of Health, Bethesda, MD). The data were
reported as a fraction of the dye spread in the vehicle control (Fraction of the Control, FOC).

Data and statistical analysis
The values were reported as an average ± S.D. from at least three independent SL-DT experi-
ments. A one-way ANOVA and Dunnett’s post hoc test was computed using SigmaStat (SPSS
Inc., Chicago, IL) to determine significance of differences (P<0.05) between a given dysregula-
tor of GJIC and the following groups: (D609 + dysregulator), (U0126 + dysregulator), (resvera-
trol + dysregulator). The differences in the effects of D609, U0126 and resveratrol on the
collection of all GJIC-dysregulators were further summarized in a principal component analy-
sis (PCA) using Statistica for Windows 7.1 (StatSoft, Tulsa, OK, USA) and the results were pre-
sented in the component score plot of individual GJIC-dysregulators.

Results
Amechanistic survey was conducted on 25 chemicals dysregulating GJIC (Fig 1) to determine
if they interrupted gap junction function through MEK1/2, PC-PLC, and if the antioxidant,
resveratrol, protected gap junction function from the GJIC-dysregulating effects of the tested
toxicants. Structures of these toxicants are listed in Fig 1. GJIC was measured by SL-DT bioas-
say in a WB-F344 rat liver epithelial cells pre-incubated with an inhibitor of PC-PLC or
MEK1/2, or resveratrol, followed by the addition of a GJIC-dysregulating chemical.

All GJIC-dysregulators tested under the used exposure regimes induced statistically signifi-
cant inhibition of GJIC with FOC values varying between 0.2–0.40 (Figs 2–5) when compared
to the vehicle control (ANOVA, Dunnett’s post hoc test, P<0.05). The pretreatment of the
cells with NAC resulted in a slight increase (about 11%) of GJIC in cells treated with benzoyl-
peroxide (compare Figs 4 and 5). The levels of GJIC were measured in cells, first pretreated
with either a signal pathway inhibitors or resveratrol, and then treated with a GJIC-dysregula-
tor. These results were compared to the cells exposed only to the tested GJIC-dysregulator and
significance of differences was evaluated by ANOVA and Dunnett’s post hoc test at P<0.05.
Toxicants whose effects on GJIC were significantly attenuated by a PC-PLC inhibitor, D609,
but not by MEK1/2 inhibitor, were fluorene, 1-methylfluorene, fluoranthene, phenanthrene,
1-methylanthracene, 9,10-dimethylanthracene, pyrene, 1-methylpyrene, PFDA, dicumylperox-
ide, PCB-153 and DDT (Fig 2A and 2B). With the exception of PFDA, D609 resulted in restor-
ing GJIC to 0.70–0.96 FOC. D609 restored PFDA-induced dysregulation of GJIC only
partially, by 24% (from 0.22 to 0.46 FOC).

Chemicals that were significantly prevented from GJIC-dysregulation by a MEK1/2 inhibi-
tor, U0126, but not by a PC-PLC inhibitor, were TPA, EGF and lindane (Fig 3). The GJIC was
restored to 0.70–0.98 FOC by pretreatment with U0126. The GJIC-dysregulating effects of
PFOA, (NAC + benzoylperoxide), diacylglycerol kinase inhibitor I (R59022), and TRAP-6
were attenuated to a different extent (0.44–1.05 FOC) by both, PC-PLC and MEK1/2 inhibi-
tors, D609 and U0126, respectively (Fig 4). Neither PC-PLC nor MEK1/2 inhibitor altered
dysregulation of GJIC induced by PFOSA, BzOOH, arachidonic acid, 1-monolaurin, 18-β-gly-
cyrrhetinic acid, pentachlorophenol, and alachlor (Fig 5), and the level of GJIC remained be-
tween 0.23–0.37 FOC.

Resveratrol effectively prevented the dysregulation of GJIC by all toxicants that worked
through either a PC-PLC- (Fig 2A and 2B), MEK1/2- (Fig 3), or both PC-PLC and MEK1/
2-dependent pathway (Fig 4), except for PFDA (Fig 2B) and benzoylperoxide in the cells pre-
treated with NAC (Fig 4). Resveratrol also prevented the dysregulation of GJIC by alachlor,
but all other compounds that dysregulated GJIC through a PC-PLC-independent and
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MEK1/2-independent mechanism were unaffected by resveratrol (Fig 5). Resveratrol alone had
no affect on GJIC nor did it reverse the inhibitory effects of GJIC if added after the addition of
the dysregulator (data not shown).

A principal component analysis (PCA) was conducted on all data using four variables of
FOC values from experiments with (1) dysregulator, (2) D609 + dysregulator, (3) U0126 + dys-
regulator or (4) resveratrol + dysregulator). The first two principal components in the compo-
nent score plot of individual dysregulators of GJIC explained 74% of the variance (Fig 6). The

Fig 2. Dysregulation of GJIC through PC-PLC. The following compounds inhibited GJIC through PC-PLC:
(a) Through the following PAHs: Flu (100 μM, 10 min), 1-MeFlu (70 μM, 10 min), Phe (70 μM, 10 min), 1-MeA
(70 μM, 10 min), 9,10-DiMeA (100 μM, 10 min), Fla (70 μM, 10 min), Pyr (70 μM, 10 min) and 1-MePyr
(70 μM, 10 min); (b)Other toxicants: PFDA (50 μM, 20 min), DiCuOOH (50 μM, 15 min), PCB 153 (50 μM,
30 min), and DDT (30 μM, 20 min). The cells were treated with inhibitors of PC-PLC (D609, 50 μM, 20 min) or
MEK1/2 (U0126, 20 μM, 30 min), or resveratrol (100 μM, 15 min) before addition of GJIC-dysregulator. At
least three independent experiments were averaged ± SD. An ANOVA was conducted for each GJIC-
dysregulator followed by a Dunnett’s post-hoc test to determine significance (at P<0.05 as indicated by an *)
from cells treated with only the GJIC-dysregulator. The F-values for Flu, 1-MeFlu, Phe, 1-MeA, 9,10-DiMeA,
Fla, Pyr and 1-MeP were 71.8 (P<0.001), 75.6 (P<0.001), 57.7 (P<0.001), 737.3 (P<0.001), 74.2 (P<0.001),
58.4 (P<0.001), 67.4 (P<0.001) and 50.5 (P<0.001), respectively. The F-values for PFDA, DiCuOOH, PCB
153, and DDT were 13.1 (P = 0.002), 51.2 (P<0.001), 38.3 (P<0.001) and 87.5 (P<0.001), respectively.

doi:10.1371/journal.pone.0124454.g002
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four different symbols represent GJIC-dysregulators as grouped in the Figs 1–4 based on the ef-
fects of D609 and U0126 (PC-PLC-dependent chemicals, MEK1/2- dependent chemicals, both
PC-PLC and MEK1/2-dependent chemicals, PC-PLC- and MEK1/2-independent chemicals).
The PCA plot indicated a cluster of all PC-PLC-dependent GJIC-dysregulators except PFDA,
and also for PC-PLC- and MEK1/2-independent GJIC-dysregulators except for alachlor.
MEK1/2-dependent GJIC-dysregulators, TPA and EGF clustered together, but another MEK1/
2-dependent chemical, lindane, showed to be an outlier from this cluster. PC-PLC and MEK1/
2-dependent chemicals were both scattered in the plot, with PFOA and R59022 closer to the
PC-PLC-dependent group, but TRAP-6 was in proximity to the MEK1/2 dependent group.

Discussion
Intercellular communication via opened-gap junction channels is critical in maintaining the
homeostasis of a tissue. Although transient closure of gap junctions in response to a growth
factor or cytokine is normal, chronic closure of the channels by persistent exposure to xenobi-
otics, cytokines and growth factors interrupts tissue homeostasis and is characteristic of the
hyperproliferative states of growth and development diseases, such as cancer [6,9,27]. The
mechanisms involved in the regulation of gap junction channels are not fully understood, but
MEK1/2 and PC-PLC are key signal transduction proteins known to be involved. The role of
PC-PLC in the regulation of GJIC has only been recently determined [15–17] for a very limited
number of compounds, namely 1-methylanthracene, dicumylperoxide and PCB-153. Thus, the
prominence of PC-PLC in toxicant-induced inhibition of GJIC is not known. Our results indi-
cated that the dysregulation of GJIC through a PC-PLC-dependent mechanism is a robust re-
sponse of an oval-like rat liver epithelial cell line to many toxicants. Of the 25 compounds

Fig 3. Dysregulation of GJIC throughMEK1/2. The following compounds inhibited GJIC through MEK1/2:
TPA (10 nM, 30 min), EGF (5 ng/ml, 30 min), TRAP-6 (50 μM, 30 min) and lindane (60 μM, 25 min). The cells
were treated with inhibitors of MEK1/2 (U0126, 20 μM, 30 min) or PC-PLC (D609, 50 μM, 20 min), or
resveratrol (100 μM, 15 min) before addition of GJIC-dysregulator. At least three independent experiments
were averaged ± SD. An ANOVA was conducted for each GJIC-dysregulator followed by a Dunnett’s post-
hoc test to determine significance (at P<0.05 as indicated by an *) from cells treated with only the GJIC-
dysregulator. The F-values for TPA, EGF, TRAP-6 and lindane were 156.563 (P<0.001), 750.742 (P<0.001),
135.648 (P<0.001) and 36.717 (P<0.001), respectively.

doi:10.1371/journal.pone.0124454.g003
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tested, 15 of them likely required PC-PLC in the dysregulation of GJIC, and three of these com-
pounds also required MEK1/2.

Eight of these 25 compounds were low molecular weight polycyclic aromatic hydrocarbons
(PAHs). Although the lower molecular weight PAHs are the most prominent PAHs found in
the environment, these PAHs, which have two to four aromatic rings, have been largely ignored
by the research community in assessing adverse health effects due to their lack of genotoxicity
[8,17,27]. However, lower molecular weight-PAHs are biologically active and known to induce
signaling pathways that control gene expression. Thus, these low molecular weight PAH-com-
pounds must be considered as “epigenetic toxicants” [27]. In particular, low molecular weight-
PAHs were shown to be effective inhibitors of GJIC, and the GJIC-inhibitory properties were
strongly linked to the existence of a bay or bay-like regions on the PAH [27–30], which also
correlated with the induction of arachidonic acid release and activation of MAPKs [17,31].
Mixtures of PAHs exhibit an additive effect on the inhibition of GJIC suggesting a common
mechanism of action [32]. The PAHs tested in this study (9,10-dimethylanthracene, fluorene,
1-methylfluorene, fluoranthene, phenanthrene, pyrene, 1-methylpyrene) all inhibited GJIC
through a resveratrol sensitive, PC-PLC-dependent mechanism that was independent of
MEK1/2 activation, which is consistent with a common-mechanism hypothesis.

Dysregulation of GJIC through a PC-PLC-dependent mechanism was not unique to the
PAHs, but also to several other very prominent environmental toxicants (PCB153 and PFDA),
pesticide (DDT) and the oxidant (dicumylperoxide). Similar to lower molecular weight PAHs,
the effects of these toxicants on GJIC were also prevented by pretreatment with resveratrol.
With the exception of PFDA, inhibition of PC-PLC by D609 almost completely prevented

Fig 4. Dysregulation of GJIC through both MEK1/2 and PC-PLC. The following compounds inhibited
GJIC through both MEK1/2 and PC-PLC: PFOA (80 μM, 10 min), NAC+BzOOH (cells were treated with 1 mM
NAC for 15 min prior the addition of 200 μMBzOOH for 15 min), and R59022 (30–50 μM, 10 min). The cells
were treated with inhibitors of PC-PLC (D609, 50 μM, 20 min) or MEK1/2 (U0126, 20 μM, 30 min), or
resveratrol (100 μM, 15 min) before addition of GJIC-dysregulator. At least three independent experiments
were averaged ± SD. An ANOVA was conducted for each GJIC-dysregulator followed by a Dunnett’s post-
hoc test to determine significance (at P<0.05 as indicated by an *) from cells treated with only the GJIC-
dysregulator. The F-values for PFOA and R59022 were 27.0 (P<0.001), 28.2 (P<0.001) and 20.9
(P<0.001), respectively.

doi:10.1371/journal.pone.0124454.g004
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toxicant-induced dysregulation of GJIC (0.78–0.88 FOC), but PFDA-induced dysregulation of
GJIC was only partially prevented by D609 (0.46 FOC). Correspondingly, the PCA analysis
placed PFDA out of the cluster of PC-PLC-dependent chemicals and close to the cluster of tox-
icants that were dependent on neither PC-PLC- nor MEK1/2.

Ligands of the receptor tyrosine kinase-Raf-pathway, such as EGF, or PKC-activators, such
as TPA, result in MEK1/2-dependent inhibition of GJIC [14,33,34], and is the most studied
mechanism of GJIC-dysregulation. EGF and TPA also induce the phosphorylation of con-
nexin43 [10,13,35,36]. Our results confirm published data indicating that EGF and TPA dysre-
gulate GJIC through MEK1/2, but our current results indicated that PC-PLC was not involved.
Although lindane is known to dysregulate GJIC [37], this is the first time implicating MEK1/2
as the underlying mechanism of lindane inhibition of GJIC. The importance of these findings
is that these compounds dysregulated GJIC specifically through MEK1/2 and not through
PC-PLC. Thus, PC-PLC and MEK1/2 regulation of GJIC are two separate intracellular signal-
ing mechanisms regulating GJIC.

Although MEK1/2 appears to be a GJIC-regulatory pathway, the activation of MEK1/2
alone is not necessarily sufficient for the dysregulation of GJIC [38]. Most of the chemicals in-
vestigated in this study are also reported to activate the MAPK/ERK pathway in different cell
types, including WB-F344 cells: TRAP-6 [39], arachidonic acid [40], PFOA, [41], 1-methylan-
thracene [17,31], pentachlorophenol [42], lindane [43], DDT [44], PCB153 [15], benzoylperox-
ide and dicumylperoxide [16]; yet, not all of these compounds dysregulate GJIC through a
MEK1/2-ERK-dependent pathway (See Figs 2 and 5). As noted above, connexin43 has known
phosphorylation sites specific to MAPKs, but the activation of MEK1/2, ERK1/2 and p38 by
1-MeA did not alter the phosphorylation status of Connexin43 as detected by Western blots

Fig 5. Dysregulation of GJIC through signaling pathways other than MEK1/2 or PC-PLC. The following
compounds inhibited GJIC neither through MEK1/2 nor PC-PLC: PFOSA (40 μM, 20 min), BzOOH (200 μM,
15 min), AA (70–100 μM, 15 min), Lau (150 μM, 10 min), BGA (30 μμM, 15 min), PCP (50 μM, 10 min) and
Alachlor (185 μM, 25 min). The cells were treated with inhibitors of PC-PLC (D609, 50 μM, 20 min) or MEK1/2
(U0126, 20 μM, 30 min), or resveratrol (100 μM, 15 min) before addition of GJIC-dysregulator. At least three
independent experiments were averaged ± SD. An ANOVA was conducted for each GJIC-dysregulator
followed by a Dunnett’s post-hoc test to determine significance (at P<0.05 as indicated by an *) from cells
treated with only the GJIC-dysregulator. The F-values for PFOSA, BzOOH, AA, Lau, BGA, PCP and alachlor
were 1.0 (P = 0.426), 0.6 (P = 0.628), 0.7 (P = 0.565), 0.6 (P = 0.617), 2.1 (P = 0.131), 1.9 (P = 0.162) and
58.6 (P<0.001), respectively.

doi:10.1371/journal.pone.0124454.g005
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[17,31]. Collectively, these results indicate that the dysregulation of GJIC by MEK1/2-depen-
dent pathway requires another essential cell signaling protein.

Two compounds, PFOA and the diacylglycerol kinase inhibitor I, R59022, inhibited GJIC
that depended, in part on both PC-PLC and MEK1/2. PFOA has been shown to activate
MAPK/ERK [41] and inhibit GJIC [45]. Additionally, the inhibition of diacylglycerol kinase by
R59022 results in an accumulation of diacylglycerol and activation of PKC [46], and we may
speculate that possible PKC-dependent activation of MAPK/ERK pathway could explain the
effects of MEK1/2 inhibitor on GJIC-dysregulation induced by R59022. However, these two
chemicals were also PC-PLC- and resveratrol-dependent, which indicates that these toxicants
can dysregulate gap junction function through multiple pathways. TRAP-6 clearly dysregulated
GJIC through a MEK1/2 mechanism, but was partially dependent on PC-PLC-inhibitor as in-
dicated by a 19% increase in GJIC by pretreatment with D609, however this small D609 effect
did not remove this toxicant from the cluster of MEK-dependent compounds in the PCA plot.
Interestingly, TRAP-6 was previously reported to dysregulate connexin43-mediated GJIC in
Rat-1 fibroblasts through a PI-PLC-induced decrease of membrane phosphatidylinositol
4,5-bisphosphate, a mechanism most likely not-involving MAPK pathway [47].

Another significant result was that 7 of the 25 compounds tested inhibited GJIC through
mechanisms independent of either PC-PLC or MEK1/2. These compounds included PFOSA,
benzoylperoxide, arachidonic acid, 1-monolaurin, 18β-glycyrrhetinic acid, pentachlorophenol,
and alachlor. Except for alachlor, resveratrol did not prevent the dysregulation of GJIC. These
results clearly indicate at least two other mechanism are involved in the closure of gap junction

Fig 6. Component score plot from principal component analysis showing distribution of different
GJIC-dysregulators based on their effects on GJIC and alteration of these effects by D609, U0126 or
resveratrol. Symbols represent different groups of GJIC-dysregulators: (triangles = PC-PLC-dependent
compound, (circles = MEK1/2-dependent compounds), (diamonds = both PC-PLC- and MEK1/2-dependent
compounds), (squares = neither PC-PLC- nor MEK1/2-dependent compounds).

doi:10.1371/journal.pone.0124454.g006
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channels in that one of these mechanisms was independent of MEK1/2, PC-PLC and resvera-
trol, and the other dependent on resveratrol. Possible candidates might include PKA, PKC, Akt
or p38 [10–12,48], phospholipases [47] and redox-dependent regulatory mechanisms [49].

The identification of underlying mechanisms regulating GJIC is important in determining
more accurate assessments on adverse health effects of environmental toxicants, as well as de-
veloping potential preventive health strategies. Ingestion of natural compounds found in die-
tary food or supplements is one major approach in developing more effective prevention
strategies to the adverse health effects of exposures to environmental toxicants. Due to numer-
ous reports in the prevention of cardiovascular diseases, cancer, and the aging processes in sev-
eral organisms, resveratrol is one compound that has received considerable attention in the
research field [19]. Several reports have demonstrated resveratrol can modulate toxic effects of
epigenetic compounds on GJIC [50,51]. Our results indicated that resveratrol prevented com-
pounds from inhibiting GJIC through PC-PLC and MEK1/2. Possibly these two pathways are
redox sensitive, which are specific to resveratrol. NAC, also an antioxidant, did not prevent
BzOOH-induced dysregulation of GJIC [16]. NAC also did not prevent 1-MeA-induced dysre-
gulation of GJIC (data not shown). Although we used higher concentrations of resveratrol for
our mechanistic studies, we previously showed that in vitro concentrations of resveratrol as
low as 25 μM significantly prevented inhibition of GJIC by dicumylperoxide indicating physio-
logic significance [16], particularly if other food- or supplement-based antioxidative com-
pounds can exhibit similar activities. These results suggest that populations exposed to
toxicants that dysregulate GJIC through PC-PLC- and MEK-dependent mechanisms could po-
tentially benefit from dietary intake of resveratrol and similar compounds in the prevention of
diseases that depend on the dysregulation of GJIC.

Conclusions
The disruption of tissue homeostasis by compounds through the dysregulation of intercellular
communication through gap junctions poses potential health risks. The dysregulation of
GJIC occurs through multiple pathways (Fig 7), and the identification of these pathways
within tissue types will be useful in the assessment of risks and benefits of toxicants and

Fig 7. Summary of toxicant-dependent regulatory pathways of GJIC. Each of the four pathways are
designated as A.Mek-dependent and resveratrol sensitive,B. Phosphatidylcholine-specific phospholipase C
(PC-PLC) and resveratrol sensitive,C.Mek and PC-PLC independent and resveratrol sensitive, andD.Mek
and PC-PLC independent and resveratrol insensitive.

doi:10.1371/journal.pone.0124454.g007
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chemopreventive compounds. Considering that the liver is a major target for environmental
toxicants, the use of the rat liver oval cell type is a good in vitro model system to begin an as-
sessment of the underlying mechanisms involved in regulating GJIC. These cells are bipotent
in hepatic tissue, capable of differentiation into hepatocytes and biliary duct cells [22], and rep-
resent an ideal in vitromodel for studying tumor promotion in liver under the paradigm of
stem-cell theory of cancer [24,25]. Our results indicate at least four different pathways are regu-
lating GJIC (Fig 7), two of which depend on either PC-PLC or MEK1/2. The recently discov-
ered PC-PLC-dependent mechanism was a robust and prevalent response of epithelial cells to
environmental toxicants. Of the 25 compounds tested, 15 of them required PC-PLC in the dys-
regulation of GJIC, while three of these compounds also required MEK1/2. The function of
PC-PLC in tumorigenesis has not been extensively studied, yet, there are reports indicating
that PC-PLC plays a very significant role in cancer [18,52]. PC-PLC has also been specifically
linked to the regulation of cellular differentiation [53] and apoptosis [54], which are processes
strongly associated with tumor promotion. Furthermore, resveratrol effectively prevented the
dysregulation of GJIC that worked through either MEK1/2 or PC-PLC indicating the potential
to prevent an adverse effect of a toxicant through compounds that can be attained through
diet. However, preventive effects by such compounds are apparently not universal considering
that not all GJIC-regulatory mechanisms are equally affected by a chemopreventive agent, such
as resveratrol (Fig 7). These results, which are relevant to liver tissue, also demonstrate an im-
portant conceptual way of integrating extra- intra- and gap junctional inter-cellular communi-
cation mechanisms to maintain tissue homeostasis.
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ABSTRACT

Methoxychlor (MXC) and vinclozolin (VIN) are well-recognized endocrine disrupting chemicals known to alter epigenetic
regulations and transgenerational inheritance; however, non-endocrine disruption endpoints are also important. Thus,
we determined the effects of MXC and VIN on the dysregulation of gap junctional intercellular communication (GJIC) and
activation of mitogen-activated protein kinases (MAPKs) in WB-F344 rat liver epithelial cells. Both chemicals induced a rapid
dysregulation of GJIC at non-cytotoxic doses, with 30min EC50 values for GJIC inhibition being 10 mM for MXC and 126 mM for VIN.
MXC inhibited GJIC for at least 24 h, while VIN effects were transient and GJIC recovered after 4 h. VIN induced rapid
hyperphosphorylation and internalization of gap junction protein connexin43, and both chemicals also activated MAPK ERK1/2
and p38. Effects on GJIC were not prevented by MEK1/2 inhibitor, but by an inhibitor of phosphatidylcholine-specific phospholipase
C (PC-PLC), resveratrol, and in the case of VIN, also, by a p38 inhibitor. Estrogen (ER) and androgen receptor (AR) modulators
(estradiol, ICI 182,780, HPTE, testosterone, flutamide, VIN M2) did not attenuate MXC or VIN effects on GJIC. Our data also indicate
that the effects were elicited by the parental compounds of MXC and VIN. Our study provides new evidence that MXC and VIN
dysregulate GJIC via mechanisms involving rapid activation of PC-PLC occurring independently of ER- or AR-dependent genomic
signaling. Such alterations of rapid intercellular and intracellular signaling events involved in regulations of gene expression, tissue
development, function and homeostasis, could also contribute to transgenerational epigenetic effects of endocrine disruptors.

Key words: gap junctional intercellular communication; endocrine disruptors; mitogen-activated protein kinases;
phosphatidylcholine-specific phospholipase C; epigenetic toxicity; non-genomic signaling.

Methoxychlor (MXC) and vinclozolin (VIN) represent well-
recognized environmental endocrine disrupting compounds
(EDCs). Xenoestrogenic MXC and antiandrogenic VIN have been
demonstrated to induce adverse effects on development and

function of both male and female reproductive system, neuro-
endocrine, and immune system, and to alter reproductive and
social behavior (Manikkam et al., 2014; van Ravenzwaay et al.,
2013). These chemicals affect not only prenatally or postnatally
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exposed organisms, but also alter epigenetic programming of
germ cells and transmit their adverse effects from the exposed
(grand)parental generations to unexposed offspring (Anway
et al., 2005; Skinner, 2014).

As for many other EDCs, interactions with nuclear sex hor-
mone receptors and their ligand-dependent transcription factor
activity (so-called genomic signaling mechanism) have been
implicated as the principal molecular mechanism responsible
for endocrine disrupting activity of MXC and VIN (Manikkam
et al., 2014; Ozgyin et al., 2015; van Ravenzwaay et al., 2013).
Although MXC is a weak estrogen receptor (ER) agonist, its
hydroxylated metabolites, such as HPTE (2,2-bis-(p-hydroxy-
phenyl)-1,1,1-trichloroethane), are potent ERa agonists and
weak antagonists to both ERß and androgen receptor (AR)
(Gaido et al., 2000). VIN and its major metabolites, M1 and M2,
are potent antagonists of AR, and moderate agonists to proges-
terone and ERs (Molina-Molina et al., 2006). However, there is
increasing evidence that endogenous hormones, as well as en-
vironmental EDCs, can also act via mechanisms of non-genomic
signaling, which are independent of ligand-dependent transac-
tivation function of nuclear receptors (Trevino et al., 2015;
Watson et al., 2014; Wong and Walker, 2013). Non-genomic sig-
naling mechanisms altered by EDCs include rapid modulations
of ion levels or activities of ion channels, protein kinases,
phospholipases, or adenylate cyclase. Coincidentally, alterna-
tions of these signaling events and pathways have been also
implicated in dysregulation of gap junctional intercellular com-
munication (GJIC) between coupled cells, which was a phenom-
enon initially recognized as an important mechanism in the
concept of ‘epigenetic toxicology’ (Trosko et al., 1993, 1998).
Exchange of various ions, nutrients, secondary messengers or
microRNAs through gap junctional connexin channels repre-
sents a key mechanism required for coordination of signal
transduction pathways and control of gene expression within a
tissue, which is essential for proper tissue development, func-
tion and regeneration (Trosko, 2011). GJIC is a process strictly
regulated via transcriptional, translational, post-translational
and epigenetic mechanisms (Axelsen et al., 2013; Vinken et al.,
2009a,b). These non-endocrine dependent mechanisms might
be involved in VIN and MXC induced increases in liver hypertro-
phy and hepatocellular carcinomas in various rodent model
systems (HSDB, 2010; Reuber, 1980).

Many EDCs, such as bisphenol A, DDT, lindane or phthalates,
were found to induce rapid dysregulation of GJIC, with their effects
shown to be structure-dependent and mediated via mechanisms
including activation of specific kinases or phospholipases
(Sovadinova et al., 2015; Vinken et al., 2009b). These data indicate
that dysregulation of GJIC could be the key cellular process altered
by EDCs via mechanisms independent on genomic signaling,
which might contribute to their disruptive effects on epigenetic
regulations, developmental programming, tissue development,
and homeostasis.

Although MXC and VIN are being intensively investigated as
prototypical EDCs in order to understand their mechanisms of
endocrine disruption, epigenetic regulation and transgenera-
tional inheritance (Manikkam et al., 2014; Ozgyin et al., 2015;
Skinner, 2014), and even though rapid alterations of cellular sig-
naling are being increasingly recognized as an important mech-
anism contributing to the adverse effects of EDCs (Trevino et al.,
2015; Watson et al., 2014; Wong and Walker, 2013), there is only
limited information about effects of MXC and VIN on rapid
intercellular and intracellular signaling events, such as GJIC or
mitogen-activated protein kinases (MAPKs).

Thus, we used MXC and VIN as model EDCs to investigate
their rapid effects on GJIC and related signal transduction path-
ways. These effects, which are relevant for transcriptional and
epigenetic control of gene expression and normal cell behavior
(Trosko, 2011), were studied in a rat liver epithelial cell line
WB-F344. This cell line is a well-established in vitro model for as-
sessment of GJIC and mechanistic studies in responses to envir-
onmental contaminants (Sovadinova et al., 2015; Upham et al.,
2007, 2008), which has been validated by in vivo studies (Sai
et al., 2000; Upham et al., 2009) and matches the most exten-
sively used rodent model system, F344 rats, in the National
Toxicology Program. Both of these EDCs exhibited dose, time
and mechanistic differences on GJIC, MAPKs, and phospholip-
ase C, which were elicited by the parental compounds and
occurred independently of ER- or AR-mediated genomic mech-
anisms. We also determined that resveratrol, a natural chemo-
preventive and phytoestrogenic agent, prevented MXC - and
VIN -induced dysregulation of GJIC.

MATERIALS AND METHODS

Chemicals. 1,1,1-Trichloro-2,2-bis(4-hydroxyphenyl)ethane (HPTE),
1-methylanthracene (1-MeA), 12-O-tetradecanoylphorbol-13-acetate
(TPA), 17b-estradiol (E2), anisomycin, epidermal growth factor
(EGF), flutamide, ICI 182 780, MXC, SB202190, resveratrol, testoster-
one and VIN were purchased from Sigma-Aldrich Chemical (St
Louis, Missouri). D609 and U0126 were obtained from Tocris
Bioscience (Ellisville, Missouri), and 30,50-dichloro-2-hydroxy-2-
methylbut-3-enanilide (VIN M2) from Cayman Chemical (Ann
Arbor, Michigan). Acetonitrile and acetic acid were provided by
EMD Chemicals (Gibbstown, New Jersey), acetic acid, ammonium
fluoride, ethanol, dimethyl sulfoxide (DMSO) and methanol were
purchased from Sigma-Aldrich. Milli-Q water was produced using
Milli-Q Synthesis device (EMD Millipore, Billerica, Massachusetts).
Anisomycin, E2, flutamide, ICI 182,780, MXC, HPTE, resveratrol, tes-
tosterone, U0126, VIN and VIN M2 were dissolved in acetonitrile,
SB202190 in DMSO, TPA in ethanol, EGF in phosphate buffered sal-
ine (PBS), and D609 in Milli-Q water.

Cell culture. The normal, non-tumorigenic, diploid WB-F344 rat
liver epithelial cell line was obtained from Drs. Grisham and
Tsao, University of North Carolina (Tsao et al., 1984). These
stem-like cells share many characteristics with oval cells and
hepatocyte progenitor cells present in the normal adult rat liver
(Coleman et al., 1997; Tsao et al., 1984). The cells were grown in a
modified Eagle’s Minimum Essential Medium prepared accord-
ing to (Kao et al., 1997) from powdered formula (Gibco 78-5470EF,
Life Technologies, Grand Island, New York), and supplemented
with 1 g/l sodium bicarbonate, 7.635 g/l sodium chloride, 1 mM
sodium pyruvate (Sigma-Aldrich), 5% (v/v) fetal bovine serum
and 10 mg/ml of gentamicin (Life Technologies). Cells were rou-
tinely cultured in 75 cm2 tissue culture flasks (Costar,
Cambridge, Massachusetts) in humidified 5% CO2 atmosphere
at 37 �C, and routinely passaged every other day.

Experimental setup. All experiments were done with confluent
cultures obtained after seeding the cells at the density of 20–40
� 103 cell/cm2 and 48 or 72 h of growth. For immunostaining,
WB-F344 cells were seeded onto sterile round glass cover slips
(Fisher Scientific, Vernon Hills, Illinois) placed into 12-well
plates (Costar). For other bioassays, the cells were grown on
35 mm-diameter tissue culture Petri dishes (Costar). The tested
chemicals were pipetted from the stock solution and added
directly to the cell cultures and then incubated for desired
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exposure time. In experiments with signaling enzyme inhibi-
tors, resveratrol, and ER or AR modulators, the cells were first
pretreated with the chemical of interest, and then exposed to a
GJIC-inhibitor or vehicle. Concentrations and incubation times
of signaling enzyme inhibitors were based on previous publica-
tions (Ogawa et al., 2004; Sovadinova et al., 2015) and efficiency
of these pretreatments was verified by positive controls with
model chemicals known to dysregulate GJIC by a mechanism
dependent on a given pathway: EGF was used as a positive con-
trol for U0126 (MEK1/2 inhibitor), anisomycin for SB202190 (p38
inhibitor), 1-MeA for D609 (PC-PLC inhibitor) and resveratrol.
Pretreatments with ER agonist (E2, HPTE), ER antagonists (ICI
182 780), AR agonist (testosterone) and AR antagonists (fluta-
mide, VIN M2) were done using concentrations ranging from 1
to 250 mM and 30 or 120 min incubation time.

In all experiments, the concentration of organic solvents did
not exceed 1% (v/v) and corresponding vehicle controls were
included in each experiment.

Cell viability assay. Exposed cells were washed with PBS and
incubated for 1 h with 150 mg/ml neutral red. After incubation,
the cells were rinsed with PBS and neutral red was extracted by
1% glacial acetic acid in 50% ethanol. Neutral red uptake was
quantified by absorbance measurement at 540 nm (reference
wavelength¼ 690 nm) using a Beckman DU 7400 spectropho-
tometer (Beckman Instruments, Schaumburg, Illinois). Each
experiment was carried out in duplicates and repeated at least 3
times independently.

Bioassay of GJIC. The scalpel loading-dye transfer (SL-DT) techni-
que was adapted after the method of (El Fouly et al., 1987) and
done according to previously published protocol (Upham, 2011).
Briefly, the exposed cells were washed with calcium- and
magnesium-supplemented PBS (CaMg-PBS). Lucifer yellow CH
dilithium salt (Sigma-Aldrich, 1 mg/ml in CaMg-PBS) was added
to the cells and the dye introduced to the monolayer by 3 paral-
lel cuts with a surgical scalpel blade. After 3 min, the cells were
rinsed with CaMg-PBS and fixed with a 4% formaldehyde solu-
tion in PBS. Microscopic images were taken with 20� objective
using a Nikon microscope equipped with Nikon Cool Snap EZ
CCD camera (Nikon Instruments, Melville, New York). The
extent of GJIC was evaluated using ImageJ as a function of the
area of the cells stained with lucifer yellow dye. The fluores-
cence area from the positive control treated with 1-MeA (70 mM,
10 min) inducing complete inhibition of GJIC (Upham et al., 2008)
was subtracted from each treatment. Each experiment was
repeated at least 3 times independently.

Western blot analysis. Western blots were done according to previ-
ously published protocol (Trosko et al., 2000). All chemicals (eg,
ammonium persulfate, sodium dodecyl sulfate, Tween 20, Tris,
glycine, acrylamide, and tetramethylethylenediamine, 2� SDS
loading buffer) were purchased from Bio-Rad Laboratories
(Hercules, California), unless otherwise specified. As optimized
and used previously (Upham et al., 2009), the cells were placed in
a serum-free cell culture medium for 4 h prior the addition of the
tested chemicals to minimize basal activity of MAPKs (Pirkmajer
and Chibalin, 2011). TPA (50 nM, 30 min) was used as a positive
control to induce MAPK ERK1/2 and Cx43 phosphorylation, 1-
MeA (70 mM, 30 min) was used as a positive control for MAPK
ERK1/2 and p38 activation (Upham et al., 2008). After exposure,
the cells were rinsed with PBS and the proteins extracted with
20% SDS (v/v) containing protease and phosphatase inhibitors
(Trosko et al., 2000). Cell lysates were homogenized using an

ultrasonic probe (BioLogics, Manassas, Virginia), and protein con-
centrations were determined using the DC protein kit (Bio-Rad).
Proteins (15 mg) were separated using SDS-PAGE on 12.5% polya-
crylamide gels and then electrophoretically-transferred onto
Immobilon-P membrane (EMD Millipore) using Mini Protean
apparatus (Bio-Rad). Membranes were blocked with 5% non-fat
dry milk (w/v) in Tris-buffered saline with 0.1% Tween 20 (v/v),
and then incubated overnight at 4 �C with a primary antibody
diluted with the blocking solution.

Following antibodies and dilutions were used: 1:2000 diluted
rabbit polyclonal antibodies against phosphorylated p38 (Life
Technologies, Cat. No. 36-8500), phosphorylated ERK1/2 (Cell
Signaling Technology, Danver, Massachusetts, Cat. No. 9101S),
total p38 (Cell Signaling Technology, Cat. No. 9212) and total
ERK1/2 (Cell Signaling Technology, Cat. No. 9102), 1:1000 diluted
rabbit polyclonal antibodies against ERa (Santa Cruz
Biotechnology, Dallas, Texas, Cat. No. sc-542) and AR (Santa
Cruz Biotechnology, Cat. No. sc-816), 1:1000 diluted mouse
monoclonal antibody against Cx43 (BD Transduction Lab,
Franklin Lakes, New Jersey, Cat. No. C13720), 1:5000 diluted
mouse monoclonal antibody against GAPDH (EMD Millipore,
Cat. No. MAB374) and rabbit polyclonal antibody against a-tubu-
lin (Abcam, Cambridge, UK, Cat. No. AB15246). After the wash-
ing step, membranes were incubated with 1:1000 diluted
secondary antibodies for 2 h at room temperature: horse radish
peroxidase–conjugated anti-rabbit (Cat. No. NA934) or anti-
mouse (Cat. No. NA931) IgG antibodies obtained from GE Life
Sciences (Arlington Heights, Illinois). Western blot signals were
detected using HyGLO Chemiluminescent HRP reagents and
HyBlot CL film (Denville Scientific, South Plainfield, New Jersey).
All MXC and VIN treatments for MAPK and Cx43 detection were
done in duplicate, and the time-response experiment was
repeated 2 times independently. Cell lysates from mouse Leydig
TM3 cell line, mouse Sertoli TM4 cell line, hER-transfected
human cervical adenocarcinoma cell line HeLa-9903, and AIZ-
AR cell line (derived from AR-expressing human prostate carci-
noma epithelial cell line 22Rv1) were used as positive controls
for ERa or AR detection.

Immunocytochemistry. The cells were rinsed with ice cold PBS and
fixed with 5% acetic acid in methanol (v/v) at �20 �C for 20 min.
The non-specific binding sites were blocked with 10% normal
goat serum (Life Technologies) for 1 h at room temperature. The
cells were incubated overnight at 4 �C with mouse monoclonal
anti-Cx43 antibody (BD Transduction Lab, Cat. No. C13720)
diluted 1:200 with 1% bovine serum albumin (w/v, BSA, Sigma-
Aldrich) in PBS-0.1% Tween 20 (v/v, PBST). After wash with
PBST, the cells were incubated for 1 h at room temperature
with secondary Cy3-conjugated monoclonal anti-mouse IgG
antibody (Jackson Immunoresearch Lab., West Grove, PA, Cat.
No. 115-165-100) diluted 1:1000 in 1% BSA-PBST. After wash
with PBST and nuclear counterstaining (5 min with 0.1 mg/ml
DAPI, Sigma-Aldrich), the cover slips were mounted using
ProLong Antifade reagent (Life Technologies). TPA (50 nM) was
used as a positive control inducing Cx43 translocation and
internalization (Upham et al., 2008). Negative controls for non-
specific antibody binding were prepared using non-treated cells
subjected to the same staining procedure without either the pri-
mary or the secondary antibody incubation. Fluorescent images
were obtained with a Nikon Epi-fluorescent microscope using
an 100� oil immersion objective and a SPOT RT digital camera
(Diagnostic Instruments, Sterling Heights, Michigan).
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LC-MS/MS analysis of HPTE and VIN M2. Volume of cell culture
media in 35 mm dishes containing confluent cultures of WB-
F344 cells was adjusted to 1 ml and then 25 mM of MXC or 250
mM of VIN was added. The dishes were incubated for 10 min up
to 24 h in the CO2 incubator. Method recovery was determined
in experiments with the addition of 25 mM of HPTE or 250 mM of
VIN M2 followed by brief incubation (<1 min). After incubation,
250 ml of acetonitrile was added to each dish, the cells were
extracted using ultrasonic probe for 1 min, and the extracts
were collected and filtered through 0.45 mm PVDF syringe filter.
HPTE and VIN M2 were analyzed with Agilent 1260 Infinity
(Agilent Technologies Inc.) using Agilent Poroshell 120 EC-C18
(2.1 � 10 mm, 2.7 mm) column and Guard column (2.1 � 5 mm,
2.7 mm). The injection volume was 5 ml and the flow rate was set
to 0.3 ml/min. The mobile phase (A) was 0.2 mM ammonium
fluoride in water, and the mobile phase (B) was acetonitrile.
Gradient conditions were 90% of (A), ramped using a linear gra-
dient to 33.5% (A) over 5 min, then ramped to 0% of (A) from
5 to 6 min and held until 11 min. Under these conditions, the
retention time was 6.5 and 7.1 min for HPTE and VIN M2,
respectively.

An Agilent 6406 triple quadrupole mass spectrometer with
an electrospray ionization source was used in a negative mode:
a nitrogen gas at temperature 150 �C and flow 5 l/min, nebulizer
pressure 45 psi, a sheath nitrogen gas at temperature 250 �C and
flow 11 l/min, capillary voltage 3500 V and nozzle voltage 500 V.
The dwelling time of each compound was 200 ms. The HPTE
(precursor at m/z 314.9) was fragmented using collision energies
of 1 V to produce characteristic fragment ions at m/z 279.1 and
243.2. The VIN M2 (precursor at m/z 258) was fragmented using
collision energies of 9 and 33 V to produce characteristic frag-
ment ions at m/z 160 and 35. Recovery of the method from the
cell culture was 72% for HPTE and 74% for M2, method limit of
detection was 1.6 nM for HPTE and 1 nM for VIN M2.

Statistical analyses. Quantitative data from all bioassays (SLDT,
neutral red uptake, Western blot densitometry) were compared
with the vehicle or negative control from the corresponding
experiment and reported as the fraction of the control (FOC).
Data from independently repeated experiments were combined
and used for all statistical analyses and comparisons. One-way
ANOVA followed by Dunnett’s post-hoc test was used for com-
paring data passing normality (Shapiro-Wilk’s test) and equal
variance tests, whereas Kruskal-Wallis ANOVA on ranks fol-
lowed by Dunn’s test was used for comparing data with unequal
variances and/or non-normal distribution. P-values lower than
.05 were considered as statistically significant. Curve-fitting
was done using non-linear, 4-parameter sigmoidal regression
model (f ¼ y0þ a/(1þ exp(�(x�x0)/b)). All calculations were
done in SigmaPlot (Systat Software, San Jose, California).

RESULTS

Effects of MXC and VIN on GJIC
Effects of MXC and VIN on GJIC were first investigated after a
30 min exposure of WB-F344 cells to varying concentrations of
the chemicals. Statistically significant inhibition of GJIC was
observed at concentrations of MXC �5 mM, with concentrations
above 20 mM causing almost complete inhibition of GJIC (Figure
1A). The effective concentration that caused 50% inhibition of
GJIC (EC50) for MXC-induced inhibition of GJIC was estimated
using nonlinear regression to be 9.5 mM. VIN induced slight, but
statistically significant, inhibition of GJIC at 50 mM, with the

effects becoming more pronounced with increasing concentra-
tion of VIN and resulting into nearly complete inhibition of GJIC
after exposure to concentrations�200 mM (Figure 1A). Estimated
EC50 value for GJIC inhibition by 30 min treatment with VIN was
126 mM.

Concentrations of MXC and VIN shown to induce complete
inhibition of GJIC (100%, EC100) after 30 min exposure, ie, 25 mM
methoxychlor and 250 mM VIN, were then used to investigate
time-dependent effects on GJIC during 1 min-24 h interval
(Figure 1B). An observable reduction of GJIC by both chemicals
was seen within a 1 min exposure, which was most apparent in
the case of VIN, where the GJIC level decreased by approxi-
mately 40%. Time required for 50% inhibition of GJIC was esti-
mated using nonlinear regression to be 4.2 min for 25 mM MXC,
and 1.4 min for 250 mM VIN. For both chemicals, complete inhib-
ition of GJIC was observed after 10 min (Figures 1B and 5A).
However, GJIC remained inhibited up to 24 h of exposure to
MXC, whereas the inhibitory effects of VIN on GJIC were only
transient. After VIN treatment, the inhibition of GJIC was
observed during the initial 120 min incubation with the chemi-
cal, then followed by restoration of cell-to-cell communication
during 4–24 h even in the continuous presence of the chemical
in the medium (Figure 1B). GJIC was restored to 50% of the con-
trol approximately after 3 h of VIN treatment.

The ability of cells to recover from the inhibition GJIC by
MXC or VIN was determined by measuring GJIC after a 30 min
pulsed-treatment with either MXC (25 mM) or VIN (250 mM), fol-
lowed by the cell transfer into toxicant-free medium. Treatment
with toxicants resulted in complete inhibition of GJIC, as appa-
rent from the 0 min time point in the Figure 1C, where no time
for recovery was allowed. For MXC, significant recovery of com-
munication began after 120 min in toxicant-free medium. The
recovery half-time for MXC was estimated to be 168 min. Near
normal levels of GJIC (75%) began after 5 h and remained at this
level up to 24 h of recovery time (Figure 1C). Recovery from VIN -
induced inhibition of GJIC was observed within 5 min after the
transfer to toxicant-free medium with a recovery half-time esti-
mated to be 8.1 min. After 60 min, recovery from VIN -induced
inhibition of GJIC was 100% and was not significantly different
from the control, untreated cells (Figure 1C).

Effects of MXC and VIN on Cell Viability
The concentrations of MXC and VIN needed to induce inhibition
of GJIC were not lethally cytotoxic nor did they reduce cell via-
bility, as evaluated using the neutral red uptake assay
(Supplementary Figure S1). Statistically significant reduction of
the cell viability was observed only after prolonged incubations
with 50 mM MXC or 400–500 mM VIN, which represent concentra-
tions 8–10 times higher than concentrations causing significant
reduction of GJIC levels, and 2 times higher than concentrations
required to induce complete inhibition of GJIC (Figure 1A).
Furthermore, the ability to recover from inhibition of GJIC after
a pulsed treatment also indicates these compounds are not
lethal to the cells.

Transformation of MXC and VIN in the Cell Cultures
Concentrations of HPTE and VIN M2, the major metabolites of
MXC and VIN, were analyzed in the cultures of WB-F344 cells
exposed to 25 mM MXC or 250 mM VIN for 10 min to 24 h.
Throughout the experiment, HPTE was not detected using a sen-
sitive LC-MS/MS method (Figure 1D). A gradual increase of con-
centrations of VIN metabolite M2 was observed. Within the first
10 min of exposure, concentrations of M2 increased from non-
detectable levels to 4 mM (1.5% of the nominal concentration of
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the parental compound). The concentrations of VIN M2 contin-
ued to further increase to 14 mM (5.6%) after 60 min, 27 mM (11%)
after 240 min, and reach 75 mM (30% of the nominal) after 24 h
incubation (Figure 1D). Although concentrations of VIN M2 seems
to represent only a small fraction of the nominal concentration
of VIN, the real extent of VIN transformation was probably much
greater, as concentrations of VIN M1 were reported to be even 5–6
times higher than concentrations of M2 formed by spontaneous
VIN hydrolysis during incubation in a culture medium without
cells (Bursztyka et al., 2008).

Role of ERs and ARs in GJIC Inhibition Induced by MXC and VIN
Results of Western blotting indicated an expression of ERa or its
isoforms in WB-F344 cell line (Supplementary Figure S2).
However, effects of ER agonist E2 and ER antagonist ICI 182 780
were not found to dramatically reduce GJIC within 30 min to 24 h
exposures to concentrations between 1 and 250 mM (Figs. 2A and
B). HPTE, a MXC metabolite and also ERa agonist and ERb antago-
nist, reduced GJIC communication (Figure 2C), but its effects were
less pronounced and manifested after longer exposure times (6 h)
than comparable or even lower concentrations of MXC (Figs. 1A

and B). Higher concentrations of HPTE (>100 mM) were associated
with cytotoxic effects and thus not evaluated. Pretreatment with
these modulators of ER (1–100 or 250 mM for 30–120 min) did not
attenuate rapid inhibition of GJIC induced by 10 min treatment
with MXC (Supplementary Figure S3).

In WB-F344 cells, there was no detectable expression of AR
(Supplementary Figure S2). Testosterone, a natural AR ligand,
did not significantly reduce GJIC (1–250 mM, 30 min-24 h, Figure
2D). Similar treatments with flutamide, an AR antagonist,
resulted in a partial inhibition of GJIC after 120 min–6 h treat-
ment with a concentration of 250 mM, which was associated
with a cytotoxic effect occurring after 24 h exposure (Figure 2E).
VIN metabolite M2, a potent antagonist of AR was capable to
inhibit GJIC, although its effects appeared to be less potent and
manifested more slowly than in the case of VIN (Figure 2F).
Similarly to VIN, the inhibitory effects observed after 30 min
with 100 mM M2 seemed to be only transient, whereas the
effects of 250 mM treatment rather progressed over the time
(Figure 2F). Pretreatments of WB-F344 cells with 1–250 mM
testosterone, flutamide or M2 for 30–120 min did not prevent
VIN -induced dysregulation of GJIC (Supplementary Figure S4).

FIG. 1. Effects of MXC and VIN on GJIC in WB-F344 cells and transformation of the toxicants in the cell culture system. A, Concentration-dependent effects of MXC

(1–50 mM) and VIN (25–250 mM) after 30 min of exposure, B, Time-dependent effects of MXC (25 mM) and VIN (250 mM) after 1 min-24 h exposure, C, Recovery of GJIC from

inhibition induced by 30 min treatment with MXC (25 mM) or VIN (250 mM) followed by removal of the exposure medium and incubation (0 min-24 h) in MXC-free or VIN-

free cell culture medium prior the evaluation of GJIC. GJIC was evaluated using SL-DT assay, the effects of the chemicals were compared with the dye transfer in the

negative control and expressed as FOC. Data represent means 6 SD from at least 3 independent experiments. Data points below the dash line were significantly differ-

ent from the vehicle (Veh) control (Pc< .05), whereas data points above the dotted line in the recovery experiment were significantly different from GJIC level in the cells

exposed for 30 min to MXC or VIN with no recovery time (P0min< .05). ANOVA followed by Dunnett’s post hoc test was used for statistical comparisons. D, Analysis of

MXC metabolite HPTE and VIN metabolite M2 (VM2) in WB-F344 cultures exposed to MXC (25 mM) or VIN (250 mM). Data represent means 6 SD from measurements in

duplicate. MLoD indicates the method limit of detection.
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Effects of MXC and VIN on the Gap Junction Protein Cx43
Because of the observed inhibition of GJIC by MXC and VIN, the
effects of the chemicals on phosphorylation and cellular localiza-
tion of gap junctional protein Cx43 were also examined. Western
blots images showed that MXC (25 mM) did not alter ratio of the 3
major Cx43 bands, P0, P1, P2, during the first 60 min of the expo-
sure (Figs. 3A and B). Only after 120 min, MXC decreased the
intensity of P2-band, i.e. the band corresponding to the hyper-
phosphorylated Cx43. Exposure to 25 mM MXC for 10–30 min,
which was shown to completely inhibit GJIC (Figure 1) did not
affect intracellular localization of Cx43, since there were no appa-
rent changes of immunostained Cx43 plaques in plasma mem-
branes of exposed WB-F344 cells (Figure 3D). Cx43-band pattern
was not altered after a 5 min exposure to 250 mM VIN, but
10–30 min incubation with VIN resulted into hyperphosphoryla-
tion of Cx43, as indicated by simultaneous decrease in the inten-
sity of nonphosphorylated Cx43 P0-band and increase in the
intensity of hyperphosphorylated P2-band (Figs. 3A and C). These
effects were similar to the effects of tumor promoting phorbol
ester, TPA, which was used as a positive control. After 60 min
exposure to VIN, Cx43 bands were restored to the pattern resem-
bling the vehicle control, and then followed by a disappearance
of the P2-band after 120 min. Unlike MXC, VIN caused a decrease
of the number and intensity of membrane-associated Cx43
immunostained plaques which was similar to the effects of TPA
(Figure 3D).

Effects of MXC and VIN on MAPK ERK1/2 and p38
Since MAPKs were implicated in the control of GJIC level and
phosphorylation of Cx43, changes in activity of MAPK ERK1/2 and
p38 were also investigated in response to MXC and VIN in WB-
F344 cells. In concentration-response experiment, both MXC and
VIN were found to increase the amount of phosphorylated ERK1/2
and p38 after a 30 min exposure time, with the most pronounced
effects observed at concentrations corresponding to those
required for complete inhibition of GJIC, ie, 25 mM MXC and 250
mM VIN (Supplementary Figure S5). Time-course experiments

revealed that ERK1/2 and p38 phosphorylation gradually
increased during the exposure to 25 mM MXC, becoming signifi-
cantly activated after�10–15 min and peaking between 30 and
60 min, but remaining significantly upregulated after 120 min
(Figs. 4A and B). In contrast, VIN induced significant activation of
both ERK1/2 and p38 within 5 min (Figs. 4C and D), which is the
same time interval for the inhibition of GJIC (Figure 1B). The VIN-
induced activation of ERK1/2 and p38 was sustained up to 60 min
and then decreased close to the control level at 120 min (Figs. 4C
and D). The levels of total (phosphorylated plus nonphosphory-
lated) ERK1/2 and p38, as well as a-tubulin, did not change signifi-
cantly during the investigated exposure periods, indicating that
the observed changes in the amount of phosphorylated MAPKs
were caused by increased activation/phosphorylation, and not by
an increase in MAPK gene expression via genomic mechanisms.

Mechanisms of GJIC Inhibition Induced by MXC and VIN
Finally, it was examined whether the effects of MXC and VIN on
GJIC were mediated through the activation of ERK1/2, p38 or
phosphatidylcholine-specific phospholipase C (PC-PLC), and
also whether the inhibition of GJIC induced by a 10 min expo-
sure to MXC (20–25 mM) or VIN (200–250 mM) can be prevented by
resveratrol. Pretreatment of WB-F344 cells with MEK1/2 inhibi-
tor, U0126, had no apparent effect on the downregulation of
GJIC induced by either MXC or VIN (Figure 5), although U0126
effectively prevented ERK1/2-dependent inhibition of GJIC by
the EGF, which was used as a positive control (Supplementary
Figure S6).

Pretreatment with SB202190, an inhibitor of p38, partially
attenuated the inhibition of GJIC elicited by 20 mM MXC, but
these effects diminished at 25 mM (Figs. 5A and B). The effects of
VIN on GJIC were completely prevented by pretreatment with
SB202190, (Figs. 5A and C). Experiments with p38-dependent
inhibitor of GJIC, anisomycin, confirmed that effective doses of
SB202190 were achieved (Supplementary Figure S6).

For both MXC and VIN, inhibition of GJIC was prevented by
pretreatment with PC-PLC inhibitor, D609, which maintained

FIG. 2. Effects of ER and AR modulators on GJIC in WB-F344 cells. The cells were treated with (A) an ER agonist 17b-estradiol (E2), (B) an ER antagonist ICI 182 780 (ICI), (C)

an ERa/ERb agonist/antagonist HPTE (a MXC metabolite), (D) an AR agonist testosterone (T), and AR antagonists (E) Flutamide (Flut) and (F) VIN M2 (VM2, a VIN metabolite)

for 30 min-24 h and GJIC was evaluated using SL-DT assay. The effects of the chemicals were compared with the dye transfer in the negative control and expressed as

FOC. Time course of MXC (25 mM) or VIN (250 mM) induced inhibition of GJIC is shown for comparison. Data represent means 6 SD from at least 3 independent experiments.

Asterisks indicate FOC values significantly different from the vehicle control (Kruskal-Wallis ANOVA on Ranks followed by Dunn’s comparison method, P< .05).
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GJIC at levels not significantly different from the control after
the addition of the studied chemicals (Figure 5). The effects of
MXC and VIN on GJIC were also blocked by 15 min pretreatment
of WB-F344 cells with resveratrol (Figure 5), which was similar
to the effects of resveratrol on another PC-PLC-dependent inhib-
itor of GJIC, 1-MeA (Supplementary Figure S6).

DISCUSSION

The rapid inhibition of GJIC in response to MXC or VIN is compa-
rable with the effects reported for several other EDCs. In fact, rec-
ognized EDCs, such as lindane, chlordane, and DDT, represent
the environmental toxicants which were for the first time identi-
fied to inhibit GJIC (Tsushimoto et al., 1983). MXC was initially
reported to inhibit GJIC in primary bovine oviductal cells after 1–
5 h exposure to concentrations�16–32 mM (Tiemann and

Pohland, 1999). Even more rapid and pronounced inhibition of
GJIC by MXC (30-min EC50¼9.5 mM, 50% inhibition achieved
within 5 min) was observed in this study, which is comparable to
several other chlorinated compounds known to inhibit GJIC in
WB-F344 cells within 5–60 min exposures to concentrations
between 10 and 100 mM (Guan et al., 1995; Machala et al., 2003;
Matesic et al., 1994; Ruch et al., 1994). GJIC dysregulation by VIN
has not been previously reported. Effective concentrations of
VIN for inhibition of GJIC (30-min EC50¼126 mM) are comparable
with the chemicals like alachlor, perfluoroheptanoic acid, ben-
zoylperoxide, or lipidic compounds, which required higher con-
centrations (>100 mM) to rapidly induce>50% inhibitory effect
(Sovadinova et al., 2015; Upham et al., 1998, 2007). Also, endoge-
nous or synthetic estrogens and androgens were found to affect
GJIC and connexins not only via classical genomic mechanism
(Ren et al., 2013), but also via rapid actions of non-genomic

FIG. 3. Effects of MXC and VIN on gap junctional protein connexin43 (Cx43) in WB-F344 cells. A, Effects of MXC (25 mM) or VIN (250 mM) on phosphorylation status of

Cx43 were detected after 5–120 min using Western blot analysis, where differences in Cx43 phosphorylation lead to differences in the protein electrophoretic mobility

and to appearance of 3 major Cx43 bands labeled as P0, P1 and P2. TPA treatment (50 nM, 30 min) known to induce hyperphosphorylation of Cx43 characterized by

increase of P2 band intensity was used as a positive control. Effects of MXC (B) and VIN (C) on changes in proportion of 3 Cx43 bands (P0, P1, P2) relative (%) to total Cx43

intensity in Western blot analysis. Data represent means 6 SD (n¼4). Asterisks indicate values significantly different from the vehicle (Veh) control (ANOVA followed

by Dunnett’s post hoc test, P< .05).
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signaling (Iwase et al., 2006; Lyng et al., 2000; Pluciennik et al.,
1996). GJIC thus represents a cellular event possibly altered by
hormones and EDCs via different mechanisms, which might be
chemical-, as well as cell type-specific (Osgood et al., 2013;
Sovadinova et al., 2015). The immediate cell responses to MXC
and VIN observed in this study, such as inhibition of GJIC and
phosphorylation of MAPKs and Cx43, were most likely mediated
by rapid mechanisms independent of ER or AR genomic signal-
ing. WB-F344 cells have been reported to express weakly ERa but
not ERb (Tanabe et al., 2012), which corresponds to the results of
our Western blot analysis. These cells could therefore be suscep-
tible to ERa-agonistic actions of MXC or its major metabolite
HPTE (Gaido et al., 2000). HPTE indeed reduced GJIC, however,

only after prolonged exposures, which indicates possibly slower
nuclear receptor-dependent genomic action different from the
rapid inhibitory mechanism of MXC. Moreover, transformation of
MXC to HPTE was not observed in our study, most likely due to
progenitor characteristics of the cell line associated with their
low biotransformation capacity. Finally, neither ER agonists (E2,
HPTE) nor ER antagonist (ICI 182,780) induced rapid dysregulation
of GJIC or attenuated effects of MXC. Taken together, these find-
ings strongly suggest that the rapid effects of MXC on cell signal-
ing were mediated by the parental compound and independent
of HPTE- and ERa-dependent signaling.

Antagonistic interactions of VIN and its metabolites with AR
are crucial for their mode of action (van Ravenzwaay et al.,
2013). However, we did not detect expression of AR in WB-F344
cells, thus the rapid effects of VIN were probably induced by a
mechanisms independent of AR. This is also supported by the
observation that a pretreatment of WB-F344 cells with modula-
tors of AR (testosterone, flutamide, and VIN M2) did not prevent
dysregulation of GJIC by VIN.

The effects of VIN on GJIC and phosphorylation of MAPKs
and Cx43 occurred more rapidly (�10 min) than the gradual
transformation of VIN in the cell culture, as indicated by forma-
tion of M2 suggesting that the initial VIN effects were induced
by the parental compound rather than its metabolites.

VIN effects had a transient character, which is similar to the
transient inhibition of GJIC induced by TPA, EGF (Rivedal and
Opsahl, 2001), lindane (Caruso et al., 2005), phenobarbital (Ruch
and Klaunig, 1988) and other hepatic peroxisome proliferators
(Cruciani et al., 1997). Restoration of GJIC, decrease in MAPK
activity and Cx43 phosphorylation in this study coincided with
the steady increase of M2 concentrations in the cell culture
medium during the experiment, indicating an ongoing transfor-
mation of VIN into possibly less active products. In addition to
M2, even greater amounts of M1 can be expected to form, as it
was reported that after 120 min incubation of VIN in the cell cul-
ture medium, about 20% of total VIN hydrolyzes into M2 while
80% is converted into M1 (Bursztyka et al., 2008). Interestingly,
M2 metabolite was found in our study to induce an inhibition of
GJIC, which did not seem to have a transient character. It is pos-
sible that, while conversion to presumably M1 or some other
metabolite(s) reduced VIN effects, M2 might retain similar
effects as the parental chemical but was not formed in a quan-
tity sufficient to sustain GJIC inhibition.

Rapid inhibition of GJIC by MXC and VIN in WB-F344 cells
was apparently elicited by the parental chemicals and via mech-
anisms independent of ER or AR signaling. Since the parental
compounds of MXC and VIN can be found in the blood and tis-
sues of human populations (Freire et al., 2013; Wickerham et al.,
2012), their effects and underlying mechanisms might be toxi-
cologically relevant. These mechanisms probably include rapid
activation of MAPK ERK1/2 or p38 observed in our study after 5–
10 min exposure. Our findings on activation of MAPKs by VIN
are supported by a recent study, which reported rapid and tran-
sient (1-15 min) activation of ERK1/2 and Akt kinases in VIN-
treated porcine granulosa cells (Wartalski et al., 2016). For MXC,
MAPKs activation was implicated in the responses of macro-
phages exposed for 18–24 h (Kim et al., 2005), whereas rapid
(10 min) activation of ERK1/2 and p38 was observed in MCF-7
cells exposed to HPTE (Li et al., 2006). Our study thus provides
one of the first observations that MAPKs can be activated also
by the parental chemicals via rapid signaling mechanisms.
Although MAPKs have been implicated in the regulation of GJIC
via Cx43 phosphorylation (Axelsen et al., 2013), Cx43 phosphory-
lation followed by its internalization was observed only for VIN

FIG. 3. continued

D, Immunocytochemistry of Cx43 in the cells treated for 10 or 30 min with MXC

(25 mM) or VIN (250 mM). TPA treatment (50 nM, 30 min) known to induce inter-

nalization of Cx34 was used as a positive control. Images were acquired using

100� oil immersion objective. Controls for non-specific antibody binding were

also done using control cells incubated either without primary (w/o 1st Ab) or

secondary (w/o second Ab) antibody. The images are representative of 2 inde-

pendent experiments with the treatments done in duplicates.
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but not MXC. Moreover, neither MXC - nor VIN -induced inhibi-
tion of GJIC was prevented by a MEK1/2 inhibitor, which indi-
cates that dysregulation of GJIC by these 2 chemicals did not
occur via classical ERK1/2-dependent mechanism reported for
TPA, EGF, or lindane (Sovadinova et al., 2015).

The dysregulation of GJIC by VIN was attenuated by an
inhibitor of p38, which is mechanistically similar to effects
induced by 1-MeA in lung but not liver epithelial cells (Osgood
et al., 2013; Upham et al., 2008), or by anisomycin in WB-F344
cells (Ogawa et al., 2004). Interestingly, the effects of MXC and
VIN on GJIC were prevented by an inhibitor of PC-PLC. This sig-
nal transduction enzyme was implicated in downregulation of
GJIC in response to various toxicants, including DDT, PCB153,
dicumylperoxide, perfluorooctanoic acid, or polycyclic aromatic
hydrocarbons (Sovadinova et al., 2015). However, our study
might be one of the rare reports suggesting activation of phos-
pholipases in response to MXC (Cheng et al., 2012; Tseng et al.,
2011), and possibly the first one demonstrating the key role of
rapid phospholipase activation in cell responses to VIN expo-
sure. Future studies should address the signaling events
upstream and downstream of PC-PLC activation and their role
in the mechanisms of GJIC inhibition and MAPK activation.

Similar to the other PC-PLC-dependent inhibitors of GJIC
(Sovadinova et al., 2015), MXC and VIN actions were effectively
prevented by a dietary phytoalexin, resveratrol. Preventive
effects were induced by a short pretreatment with resveratrol,
which suggests that this phytoestrogen can also rapidly modu-
late signal transductions interfering with signaling pathways
responsible for dysregulation of GJIC in response to MXC or VIN.
Since PC-PLC represents a shared mechanism among a large
group of resveratrol-sensitive inhibitors of GJIC, these data indi-
cate that PC-PLC might be a possible novel target of rapid non-
genomic actions of resveratrol as well as EDCs.

SUMMARY

In this study, we provide the first report that the parental com-
pounds of prototypical EDCs, MXC, and VIN, can rapidly inhibit
GJIC and activate ERK1/2, p38 and PC-PLC independently of ER or
AR signaling. Alterations of these cellular events known to be
critically important for control of gene expression and epigenetic
regulations were manifested in a model epithelial cell line
expressing Cx43, which represents the major connexin protein
responsible for the maintenance of GJIC and tissue homeostasis

FIG. 4. Effects of MXC and VIN on activity of MAPK- ERK1/2 and MAPK-p38 in WB-F344 cells. The cells were treated with 25 mM MXC or 250 mM VIN and activity of

MAPKs was determined using Western blotting and antibodies directed against phosphorylated (activated) ERK1/2 (p-ERK1/2) or p38 (p-p38). TPA (50 nM, 30 min) and 1-

methylathracene (1-MeA, 70 mM, 10 min) treatments were used as positive controls for MAPK activation. The blot images (A, C) are representative of 2 independent

experiments with the treatments done in duplicates. Densitometric analysis (B, D) presents intensities of p-MAPKs bands adjusted according the intensity of the corre-

sponding non-phosphorylated MAPK band and then related to the vehicle control (Veh) to calculate FOC. Data represent means 6 SD (n¼4). Asterisks indicate values

significantly different from the vehicle control (Kruskal-Wallis ANOVA on Ranks followed by Dunn’s comparison method, P< .05).
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in many different cell types, tissues and organs. Cx43 expressing
cells include, for example, cells from male and female reproduc-
tive organs, such as cumulus and granulosa cells of ovarian fol-
licles or somatic testicular Leydig or Sertoli cells, which are
known to be critical for gametogenesis, sex hormone production
and reproduction (Kidder and Cyr, 2016; Winterhager and Kidder,
2015). Future in vitro and in vivo studies should therefore address
the possible roles of these rapid intercellular and intracellular sig-
naling events in the mechanisms of endocrine disruption, epige-
netic dysregulations and transgenerational epigenetic
inheritance induced by MXC, VIN, or other EDCs. Epigenetic
effects elicited in the key cell populations, such as organ-specific
(somatic, adult) stem cells, during the critical developmental
phases could also represent the mechanism responsible for the
developmental origin of adult chronic diseases (Barker, 2004),
and further studies should consider testing this hypothesis
(Trosko, 2011).

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.oxford
journals.org/.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental and occupational toxicants, which are a major
human health concern in the U.S. and abroad. Previous research has focused on the genotoxic events caused by high
molecular weight PAHs, but not on non-genotoxic events elicited by low molecular weight PAHs. We used an isomeric pair
of low molecular weight PAHs, namely 1-Methylanthracene (1-MeA) and 2-Methylanthracene (2-MeA), in which only 1-MeA
possessed a bay-like region, and hypothesized that 1-MeA, but not 2-MeA, would affect non-genotoxic endpoints relevant
to tumor promotion in murine C10 lung cells, a non-tumorigenic type II alveolar pneumocyte and progenitor cell type of
lung adenocarcinoma. The non-genotoxic endpoints assessed were dysregulation of gap junction intercellular
communication function and changes in the major pulmonary connexin protein, connexin 43, using fluorescent
redistribution and immunoblots, activation of mitogen activated protein kinases (MAPK) using phosphospecific MAPK
antibodies for immunoblots, and induction of inflammatory genes using quantitative RT-PCR. 2-MeA had no effect on any of
the endpoints, but 1-MeA dysregulated gap junctional communication in a dose and time dependent manner, reduced
connexin 43 protein expression, and altered membrane localization. 1-MeA also activated ERK1/2 and p38 MAP kinases.
Inflammatory genes, such as cyclooxygenase 2, and chemokine ligand 2 (macrophage chemoattractant 2), were also
upregulated in response to 1-MeA only. These results indicate a possible structure-activity relationship of these low
molecular weight PAHs relevant to non-genotoxic endpoints of the promoting aspects of cancer. Therefore, our novel
findings may improve the ability to predict outcomes for future studies with additional toxicants and mixtures, identify
novel targets for biomarkers and chemotherapeutics, and have possible implications for future risk assessment for these
PAHs.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous

environmental toxicants found in air, water, plants, soil, and

sediment in many countries. Occupational exposures to PAH are

due to diesel exhaust, mining activities, and oil production. While

genotoxic effects of PAHs have been extensively studied, diseases

such as cancer are the consequence of reversible, non-genotoxic

events, ie. tumor promotion as well as irreversible mutagenic

events [1–3]. High molecular weight (HMW) PAHs, such as

benzo[a]pyrene (BaP), tend to elicit genotoxic effects while the

lower molecular weight (LMW) PAHs have little to no observed

carcinogenic initiation or genotoxic activity [4–6]. The two-four

ring LMW PAHs are the most abundant PAHs in sidestream

smoke or environmental tobacco smoke (ETS), reaching levels

.5,500 ng/cigarette, however, little is known about these PAHs

and their potential as cancer promoters. While secondhand smoke

exposure has greatly decreased in the U.S., except in apartment

dwellings [7], other countries, such as China, Korea, Japan, India,

Russia, Poland, and Egypt are still dealing with the effects of ETS,

including childhood and adult asthma, chronic obstructive

pulmonary disease (COPD), and cancer, as well as other associated

etiologies such as reproductive health issues [8–10]. Both in vivo

and in vitro evidence in several cell types suggests that these non-

genotoxic PAHs can modulate mechanisms involved in pulmonary

diseases, such as MAP kinases (MAPK), inflammatory signaling,

and influence understudied signaling events such as gap junctional

intercellular communication (GJIC) [11,12].

Alveolar type II pneumocyte is an epithelial cell type involved in

many pulmonary diseases, such as asthma [13] and COPD [14],

and is a progenitor cell for lung adenocarcinoma (AC) in humans

and mice, which is the most common type of lung cancer in both

smokers and non-smokers [15,16]. Non-tumorigenic C10 cells

used in these studies were derived from type II cells in a BALB/c
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mouse and have been well characterized for basal and stimulated

phenotypes [17–20], including contact growth inhibition.

Some of the mechanisms involved in pulmonary diseases, such

as idiopathic pulmonary fibrosis (IPF) and cancer, include

activation of mitogenic signal transduction pathways, dyregulation

of GJIC [21], and induction of inflammation pathways [1–3,22–

24], which likely interact to elicit the observed effects (eg.

promotion of initiated cells during carcinogenesis). Gap junctions,

composed of connexins, are intercellular channels that allow for

molecular communication between neighboring cells that are

often inhibited by tumor promoters [3], however very little is

known about their function in other pulmonary diseases. In a

study that evaluated 251 chemicals, a stronger significant

correlation was observed between tumorigenicity and GJIC than

with that observed with mutagenicity, suggesting that GJIC is a

valid marker for promotion [24]. Tobacco smoke condensates and

specific LMW PAHs in cigarettes, such as 1-Methylanthracene (1-

MeA), as well as 12-O-tetradecanoylphorbol-13-acetate (TPA), a

classic tumor promoter in several organs, have induced significant

GJIC dysregulation in a liver cell line (WB-F44) [25–27].

Connexin 43 (Cx43) is the primary connexin expressed in alveolar

type II and bronchiolar Clara cells [28,29], and its expression is

significantly reduced in mouse C10 cells treated with the lung

tumor promoter, butylated hydroxytoluene (BHT) [28]. Cx432/+

mice also have significantly increased urethane-induced lung

tumor susceptibility [30], further suggesting a role for gap

junctions in pulmonary carcinogenesis and other pulmonary

diseases.

MAPK pathways are also activated in response to PAHs in liver

and smooth muscle cells [11,31]. In mouse alveolar type II cell

lines (C10 and E10), ERK1/2 MAPK inhibition lead to decreased

cell proliferation and in mouse lung, tumor regression and restored

apoptosis [19,32]. In addition, multiple in vivo and in vitro studies

have linked inflammatory pathways upstream and downstream of

MAPK with lung disease mechanisms for fibrosis [33], COPD

[34], and cancer (ie. tumor promotion) [3,23,35–40]. For example,

Mcp-1(Ccl2), a known macrophage chemoattractant secreted in

lungs by pulmonary epithelial cells, has been reported to affect

MAPK activation [39].

The PAH isomers herein, 1- and 2-MeA, have been shown to

have disparate effects on the dysregulation of GJIC, activation of

MAPK and induction of arachidonic acid release in WB-F44 rat

liver cells [25]. The active GJIC inhibitor, 1-MeA, contains a bay-

like structural region while the inactive isomer 2-MeA, does not

(Fig. 1) [25,41,42]. These structural differences exist among other

isomeric PAHs [43] and produced similar isomeric disparities in

gap junction dysregulation as well as induction of apoptosis in a

human monocyte cell line [44]. We hypothesized that the active

PAH (1-MeA) would also inhibit GJIC, activate MAPKs, and

induce inflammatory cytokines and chemokines, in a mouse type II

cell line in contrast to its isomer (2-MeA).

Materials and Methods

Materials and Reagents
Reagents were purchased from Crescent Chemical (1-MeA;

purity 99.5%) and Sigma Aldrich (St. Louis, MO; 2-MeA, purity

97%; acetonitrile, lucifer yellow, 12-O-tetradecanoylphorbol-13-

acetate (TPA)). Stock solutions for PAHs and TPA were prepared

by dissolving the compounds in acetonitrile or DMSO, respec-

tively, which were also used as the vehicle controls. TEMED

(USA) and acrylamide (China) were both purchased from BioRad

(Hercules, CA). The p38 inhibitors (SB203580 and SB202190),

ERK1/2 inhibitor (FR180204) and the MEK inhibitor (U0126)

were purchased from Tocris Bioscience (Bristol, UK). All other

reagents were purchased from Sigma Aldrich.

Cell Line Maintenance and Treatment with PAHs
The C10 mouse cell line was obtained from Dr. Lori Dwyer

Nield (University of Colorado, Aurora, CO) [18]. C10 cells are

cultured in CMRL 1066 (Gibco, Invitrogen, Grand Island, NY)

with 10% FBS and 1% glutamate. Cells where grown in 35 mm

tissue culture dishes for the scrape load-dye transfer (SL/DT)

assays and 60 mm plates for the protein and RNA extractions in a

humidified atmosphere at 37uC with 5% CO2 and 95% air. At

confluence (2–3 days), serum deprivation was initiated for 24 h

prior to experimental treatments. After serum deprivation, PAHs

or vehicle (CH3CN) were applied directly to the plates without

media change from a concentrated stock solution for all

experiments.

Scrape-load/dye-transfer (SL/DT) Assay
The SL/DT assay was conducted following the method of

Upham [45]. Three cuts in the monolayer of cells were made with

a steel scalpel in the presence of lucifer yellow (1 mg/ml of PBS)

and allowed to transfer through the cells for three minutes. The

cells were then fixed with 4% formalin and the dye spread was

visualized with an Eclipse Ti-S microscope. Images were collected

with a DS-QiMc camera (Nikon; Melville, NY) at a magnification

of 100X. The images were quantified using ImageJ software

(http://imagej.nih.gov/ij/) by measuring the area of dye spread of

the PAH treated plates relative to the CH3CN vehicle. TPA was

used as a positive control for all studies; the dose was determined

in previous studies (50 nM, 60 min) [46]. For the MAPK-inhibitor

studies, U0126, SB203580, and SB202190 were applied separately

1 h prior to treatment with 1-MeA; doses used were previously

published [19,25,47]. Cytotoxicity assays were performed on

confluent cells after 24 h serum deprivation followed by treatment

with vehicle control or PAHs for 30 min, 1.5 h, and 6 h time

points. The CellTiter 96 AQueous One Solution Cell Viability

assay was then performed as described by the manufacturer and

measured at 490 nm (MTS assay, Promega, Madison, WI).

Protein Extraction and Immunoblots
Cells were exposed to PAH at set intervals of 15 min to 4 h, and

then extracted with 20% SDS containing protease inhibitor

(Protease Inhibitor Cocktail 100X, Sigma) and phosphatase

inhibitor (Halt Phosphatase Inhibitor Cocktail 100X, Thermo

Figure 1. Structures of 1- and 2-methylanthracene. An arrow
indicates the bay-like region of 1-MeA.
doi:10.1371/journal.pone.0065150.g001
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Scientific). The BioRad DC protein assay was used to quantify

protein. 15 mg of protein were separated on a 12.5% SDS page gel

and transferred to polyvinylidene fluoride (PVDF) membrane

(Millipore, Billerica, MA). Primary antibodies were incubated with

the membranes overnight at 4uC, similar to Rondini et al. (2010)

[39] : anti-mouse Cx43 from Millipore (monoclonal, 1:7,500

dilution) and anti-rabbit from Cell Signaling for pP38, ERK1/2

and MAPKAPK-2 (1:500 dilution, Cat# 9215S), total P38

(1:1,000 dilution, Cat# 9212), pERK1/2 (1:1,000, Cat#
4370S), and total ERK1/2 (1:1,000, Cat#4695) pMAPKAPK-2

(1:1,000, Cat# 3007) and total MAPKAPK-2 (1:1,000. Cat#
3042). Secondary antibody conjugated with HRP was used (Pierce

Goat anti-Rabbit for pP38, total P38, pERK1/2, and total

ERK1/2 all at a dilution of 1:7500 and for Cx43 goat anti mouse

IgG-HRP from Santa Cruz at 1:1000) and a tertiary antibody for

pP38 with Streptavidin-HRP from ThermoScientific at 1:25,000.

Supersignal West Dura chemiluminescent detection was used for

all proteins of interest. All immunoblots were quantified by

densitometry using the BioRad Quantity One Software.

Immunostaining
Cells were grown on cover slips in a 12 well plate for 2 days and

serum deprived for 24 hours before treatment. Following

treatment, the cells were washed three times with PBS and fixed

with warm 4% paraformaldehyde for 30 minutes. The cells were

then washed again three times with PBS, permeabilized, and

blocked with 5% BSA with 0.2% Triton X-100 in PBS for 90

minutes. After 90 minutes, primary antibody for Cx43 (Trans-

duction Laboratories, monoclonal 1:200, Cat# C13720) was

applied and incubated at 4u overnight. The following day the cells

were washed with PBS and secondary antibody was applied for 90

minutes (Alexa Fluor 488 goat anti-mouse, monoclonal 1:250,

Invitrogen). The plate was again washed, coated with Prolong

Gold antifade reagent containing DAPI (Invitrogen), allowed to

dry overnight before it was sealed, and viewed on a confocal

microscope (Nikon D-Eclipse C1, 1000X).

RNA Isolation and Quantitative Reverse Transcriptase-
polymerase Chain Reaction (qRT-PCR)

RNA isolation was performed following the manufacturer’s

instructions using the Nucleospin RNA II kit (Macherey-Nagel,

Duren, Germany). An aliquot (1 mg) of total lung RNA was reverse

transcribed as previously published [48,49]. The cDNA was

amplified in a 20 ml volume containing gene-specific primers

labeled with SYBR Green master mix (Kappa Biosystems;

Woburn, MA) using an Eppendorf Mastercycler ep Realplex

(Eppendorf, Hauppauge, NY). Ccl2 (Mcp-1) (For) 59-GTCAC-

CAAGCTCAAGAGAGA-39, (Rev) 59-GTCACTCCTACAG

AAGTGCT-3; Ptgs2 (Cox-2), (For) 59-ATTGGTGGAGAGGTG-

TATCC-39, (Rev) 59-ACACTCTGTTGTGC TCCCGAA-39;

Tnf (For) 59-ACGGCATGGATCTCAAAGAC-39, Tnf (Rev) 59-

AGATAGCAAATCGGCTGACG-39. The relative quantification

of gene expression was calculated from the threshold cycle (CT)

values for each sample and normalized in relation to the

expression of 18S rRNA [50] using the comparative CT method.

Statistical Analysis
Data were expressed as the group mean 6 standard error of the

mean (SEM). Two-way ANOVA was used to evaluate the effects

of treatment (vehicle, 1-MeA, 2-MeA) and concentration or time.

The Student-Newman-Keuls test was used for a posteriori compar-

isons of means (p,0.05). All of the statistical analyses were

performed using SigmaStat 3.0 software program (SPSS Science

Inc., Chicago, IL).

Results

GJIC in Response to LMW PAHs
Little cytotoxicity was observed in the C10 cells in response to

either vehicle, 1- or 2-MeA treatments (Fig. 2) at doses between

25–150 mM for several time points (30 min, 1.5 and 6 h), thus all

subsequent experiments on cell signaling were conducted at these

non-cytotoxic doses and times. The CH3CN vehicle had no effect

on GJIC and the positive control (TPA) demonstrated dysregu-

lation of GJIC in C10 cells (Fig. 3C). 1-MeA was shown to inhibit

GJIC in a concentration dependent manner in which the most

significant change in the dysregulation of GJIC occurred between

10 and 25 mM with a maximum inhibition observed between 50–

100 mM. Exposure to 2-MeA did not dysregulate GJIC, even at

high concentrations (Fig. 3A). To assure robust responses for the

other experiments, we chose a mid-value of 75 mM for maximum

inhibition. Significant dose and treatment effects were observed for

1-MeA compared to the control or 2-MeA treatment (p,0.05). A

time course experiment indicated that 1-MeA significantly and

rapidly inhibited GJIC, by 15 to 30 minutes, and continued to

inhibit through the 6 h time point; while 2-MeA (200 mM) did not

inhibit GJIC at any of the time points (Fig. 3B). Figure 3D depicts

examples of the fluorescent images of the SL-DT assay lucifer

yellow dye spread following treatment of the C10 cells with 1-

MeA, 2-MeA, and TPA. Since 1-MeA was shown to inhibit GJIC

quickly and effectively at a concentration of 75 mM, we

investigated whether this effect was reversible after removal of 1-

MeA and replacement with serum free media. Significant recovery

of GJIC began after 30 min, however was not completely restored

4 h later (Fig. 3E).

MAP Kinase (MAPK) Activation
The activity of MAP kinase was assessed over a time course of

15 min to 4 h using immunoblotting techniques of the phosphor-

ylated (activated) forms of ERK and p38 (Fig. 4 and 5).

Phosphorylated ERK1/2 (pERK1/2) was significantly increased

at 1–4 h by 1-MeA while 2-MeA and the vehicle control (Cntl)

had no effect on the activation of pERK1/2 (Fig. 4). Phosphor-

ylated P38 (pP38) also rapidly increased following exposure to 1-

MeA, but not to exposure with 2-MeA or the vehicle (Fig. 5). The

Figure 2. Cytotoxicity is not observed in response to 1 or 2-
MeA in the C10 cells. The MTS assay observed no toxic levels of
either PAH between 25–150 mM for 30 min, 1.5, or 6 h time points in
the C10 cells. Mean 6 SEM presented with n = 3 per study, replicated
twice.
doi:10.1371/journal.pone.0065150.g002
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phosphorylation of P38 occurred within 15 min of exposure to 1-

MeA, peaked at 1 h, and persisted through 4 h. Significant

differences were observed for both pERK1/2 and pP38 after

normalization to total ERK and total P38 in response to 1-MeA

for both treatment and time, but not to 2-MeA or control

treatments (Fig. 4B and 5B). TPA was used as a positive control for

pERK1/2 and pP38 in these studies, as observed in part C of

Figures 4 and 5. Twenty-five and 50 mM doses of 1-MeA were also

used to demonstrate increased activation of ERK1/2 at lower

doses (Fig. S1).

Figure 3. Dose response, time course, and recovery studies following treatment with 1-and 2-MeA. (A) Dose response for 1 and 2-MeA
from 0–200 mM. Acetonitrile (CH3CN) is the vehicle control for the PAHs for all studies. (B) Time course following treatment with 1 and 2-MeA from 0–
4 h. 1-MeA (75 mM) and 2-MeA (200 mM). (C) TPA positive control (50 nM, 60 min) for GJIC dysregulation in C10 cells. DMSO is the vehicle control for
the TPA. Mean 6 SEM presented in A–C with n = 3 per study, replicated 3 times. 1-MeA, 1-methylanthracene; 2-MeA, 2-methylanthracene. *p,0.05
compared to control; +p,0.05 compared to 2-MeA treated cells at the same concentration or time point. (D) Depiction of SL/DT assay after 30 min
incubation with vehicle control (CH3CN), TPA (50 nM), 1-MeA, and 2-MeA treatment both at 75 mM demonstrating the lucifer yellow dye
incorporation into the C10 cells that are communicating via gap junctions. DAPI was used for nuclear staining. Magnification at 100X. (E) Time to
recovery for reversal of GJIC dysregulation in C10 cells following a 30 min treatment with 1-MeA. Black arrow indicates the removal of 1-MeA and
replacement with serum-free media. Some recovery was observed approximately 1 h following removal of 1-MeA and continued through 4 h,
although complete recovery was not seen. Mean 6 SEM presented with n = 3 per study, replicated 3 times. *p,0.05 compared to C10 cells at 0 time
point which is 30 min following 1-MeA treatment.
doi:10.1371/journal.pone.0065150.g003
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Cx43 Expression
Immunoblot analyses were used to assess the relative protein

levels and phosphorylation status of Cx43, the major gap junction

protein of these pulmonary cells. The same time course was used

for Cx43 as the MAPK (15 min–4 h). As observed with previous

endpoints, CH3CN control had no effect on Cx43 protein

expression levels, similar to the lack of effect on GJIC or MAPK

activation (Fig. 6). There were no significant changes in the ratios

of the three forms of Cx43 at 15 and 30 min, which indicate no

change in phosphorylation of the connexins and are within the

time period of 1-MeA-induced dysregulation of GJIC. However,

1-MeA did significantly reduce total Cx43 expression at the 2 and

4 h time points as compared to either the vehicle or 2-MeA

exposure (Fig. 6). In contrast, TPA induced a hyperphosphoryla-

tion of the connexins as indicated by a mobility shift to higher

molecular weights (Fig. 6C). This latter result indicated that Cx43

in lung cells are capable of phosphorylation changes, yet the 1-

MeA had no effect on the phosphorylation status as determined by

the lack of mobility shifts in immunoblots.

Cx43 immunostaining demonstrated punctate staining on the

cell membrane in the vehicle or 2-MeA treated C10 cells at both

30 min and 4 h time points, however, in the 1-MeA exposed cells,

the punctate staining decreased in the plasma membranes, became

more apparent in the cytoplasm after 30 min, and almost

completely disappeared by 4 h (Fig. 7). These events occurred

after the dysregulation of GJIC and are similar to that observed

with TPA in which dysfunctional GJIC lead to the connexins

being retrafficked to the cytosolic cell compartments (Fig. 7).

Role of MAPK in the Dysregulation of GJIC
Because the activation of P38 and ERK1/2 in response to 1-

MeA occurred at time points when GJIC was also inhibited, we

determined the effects of ERK1/2 and P38 dysregulation on GJIC

activity. We pre-incubated the cells with either a MEK-inhibitor

(U0126; inhibits upstream of ERK1/2), a specific ERK1/2

inhibitor (FR180204; inhibits ERK1 and 2) or a specific inhibitor

of p38 (SB203580) and then assessed the effects of 1-MeA on

GJIC. Inhibition of P38 prevented the dysregulation of GJIC by 1-

MeA, while inhibition of the MEK pathway using U0126 and

ERK1/2 using FR180204, had no effect on the dysregulation of

GJIC elicited by 1-MeA (Fig. 8). An additional P38 inhibitor

(SB202190, 20 mM, [25]) was also used to reverse 1-MeA-induced

dysregulation of GJIC and confirmed the SB203580 results (data

not shown). Immunoblots of MAPKAPK-2, a known substrate for

P38 [51] were done to demonstrate inhibition of P38, since

SB203580 inhibits p38 activity, but not necessarily phosphoryla-

tion [47] (see Fig. S2A). pERK1/2 immunoblots also demonstrat-

ed inhibition of pERK with both U0126 and FR180204, although,

FR180204 only partially inhibited ERK (Fig. S2B). These results

indicate 1-MeA-induced dysregulation of GJIC depended, in part,

on the p38, but not the ERK1/2 MAPK pathway. TPA-induced

dysregulation of GJIC was prevented by U0126, the MEK

Figure 4. Phospho-ERK1/2 MAPK activation following treat-
ment with 1- but not 2- MeA. (A) Immunoblot for pERK1/2 and total
ERK for 15 min to 4 h of treatment. (B) Densitometric analysis of pERK1/
2 normalized to total ERK, represented as percent control. Concentra-
tions used: 75 mM 1-MeA and 75 mM 2-MeA. Mean 6 SEM presented
with n = 3 per study, replicated 3 times. 1-MeA, 1-methylanthracene; 2-
MeA, 2-methylanthracene; Cntl, CH3CN vehicle control. *p,0.05
compared to control; +p,0.05 compared to 2-MeA treated cells at
the same time point. (C) Positive control using T, TPA (50 nM, 60 min)
or D, DMSO (negative control) for activation of ERK1/2.
doi:10.1371/journal.pone.0065150.g004

Figure 5. PhosphopP38 (pP38) MAPK activation following
treatment with 1- but not 2- MeA. (A) Immunoblot for pP38 and
total p38 for 15 min to 4 h of treatment. (B) Densitometric analysis of
pP38 normalized to total P38, represented as percent control.
Concentrations used: 75 mM 1-MeA and 75 mM 2-MeA. Mean 6 SEM
presented with n = 3 per study, replicated 3 times. 1-MeA, 1-
methylanthracene; 2-MeA, 2-methylanthracene; Cntl, CH3CN vehicle
control. *p,0.05 compared to control; +p,0.05 compared to 2-MeA
treated cells at the same time point. (C) Positive control using T, TPA
(50 nM, 60 min) or D, DMSO (negative control) for activation of P38.
doi:10.1371/journal.pone.0065150.g005
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inhibitor, which supports previous findings on the involvement of

ERK1/2 MAPK in gap junction regulation with TPA [52].

Inflammatory Pathways Downstream of MAPK
RNA expression for several pathways downstream of the

MAPKs, among other pathways, was analyzed via qPCR for 2–

6 h following 1- or 2-MeA treatments compared to vehicle treated

cells at each time point (Fig. 9). Ccl2 (Mcp-1; Fig. 9A) gene

expression significantly increased at 4 h and was increased at 6 h

following 1-MeA treatment, but was not observed in 2-MeA or

vehicle treatments. Cox2 (Ptgs2; Fig. 9B) expression was also highly

elevated (between 18–80-fold; P,0.05) at 2, 4 and 6 h time points

compared to either 2-MeA or control treatments. Cox-2 expression

was slightly elevated at 2 h in the 2-MeA treatment group. Tnf

(Fig. 9 C) was also significantly elevated at 2 h in both 1- and 2-

MeA compared to the vehicle treatment and remained signifi-

cantly elevated only in the 1-MeA treatment at 4 h. However, by

6 h, repression of Tnf was observed in the 1- and 2-MeA treatment

groups, suggesting feedback regulation of Tnf after the initial

increase.

Discussion

These novel studies address the effects of low molecular weight

PAHs (1 and 2-MeA) on alveolar type II cells and identified several

markers of downstream signaling pathways that were modulated in

response to 1-MeA, but not 2-MeA. GJIC was dysregulated and

MAPKs were activated (P38, pERK1/2) as an early response to

the active PAH (1-MeA), but not to 2-MeA, suggesting a structure-

activity relationship underlies the efficacy of responses. Longer-

term effects included a decrease in the protein levels of Cx43,

relocalization of Cx43 from the plasma membrane to the

cytoplasm, and the induction of specific inflammatory mediators

(Mcp-1, Cox-2, and Tnf). The rapid onset of GJIC dysregulation in

our model at time points that coincide with observed increases in

pP38 suggests an interaction between the MAPK pathways and

regulation of gap junctions. Our finding that inhibition of P38

almost completely blocked the 1-MeA-induced dysregulation of

gap junctions, indicates that the regulation of GJIC was, in fact,

P38-dependent. In response to 1-MeA, the activation of pERK1/2

was subsequent (30 min) to the dysregulation of GJIC (,15 min),

and the inhibition of MEK or ERK1/2 with U0126 or FR180204,

respectively, did not prevent the dysregulation of GJIC, which

indicates that the ERK1/2 pathway was not involved in 1-MeA-

induced dysregulation of GJIC. Cx43 protein levels decreased

several hours after the dysregulation of GJIC, although the Cx43

staining at 30 min (Fig. 7) indicated early removal of Cx43 from

the plasma membrane of treated cells, consistent with Cx43

trafficking. However, we cannot rule out the possibility that other

connexins are involved in this 1-MeA-induced response. Alveolar

type II cells can also express Cx26, Cx32, Cx37, and Cx46 and

some can heterodimerize, although the concept of mixed gap

junction channels remains controversial [29].

Gap Junctions and the Lung
Gap junctions have important roles in many normal physio-

logical processes in the CNS, kidney, liver, heart, and lung,

[29,53,54], and when channel resistance increases, impairment of

function can lead to pathological states. In some lung diseases,

such as acute lung injury, deficient communication between cells

could be a causal mechanism. In lung fibroblasts isolated from

idiopathic pulmonary fibrosis patients (IPF), gap junction activity

and Cx43 expression was significantly decreased compared to

controls [21], however the importance of decreased fibroblast

communication in fibrosis is not clear.

Changes in the phosphorylation status of the connexin proteins

have been implicated in the dysregulation of GJIC [55–58]. Our

results indicate that 1-MeA did not alter the phosphorylation

status of Cx43. TPA was used as the positive control for

hyperphosphorylation of Cx43, as indicated in a shift of the bands

to higher molecular weights and the disappearance of the bottom

band (unphosphorylated Cx43) (Fig. 6C). The lack of an effect on

the phosphorylation of Cx43 by 1-MeA persisted after the

activation of ERK1/2 and p38, similar to findings for 1-MeA

treated rat liver cells [25,43] and p38 [25]. Although Cx43 has

consensus sequences for MAPKs [59,60], these results indicate

that other signaling factors, which were not activated in response

to 1-MeA, are also required to phosphorylate Cx43. The

phosphorylation of Cx43 by TPA is known to be dependent on

protein kinase C and ERK1/2 [61]. Alternatively, our results did

show a decrease in all Cx43 bands that was consistent with our

immunostaining experiments in which Cx43 localized to the

cytoplasm, and displayed an overall decrease to near disappear-

ance over our time course (Fig. 7).

PAHs
The structural differences between 1- and 2-MeA while minor

in appearance, elicit completely different responses in the C10 cells

due to the lack of a bay-like region in the 2-MeA structure

compared to the 1-MeA structure. Similar differences were

Figure 6. Decreases in Cx43 protein expression following 1-
MeA treatment but not 2-MeA treatment. (A) Immunoblot of Cx43
for 15 min to 4 h after treatment. (B) Densitometric analysis of Cx43
normalized to b-actin, represented as percent control. Concentrations
used: 75 mM 1-MeA and 75 mM 2-MeA. Mean 6 SEM presented with
n = 3 per study, replicated 3 times. 1-MeA, 1-methylanthracene; 2-MeA,
2-methylanthracene; Cntl, CH3CN vehicle control. *p,0.05 compared to
control; +p,0.05 compared to 2-MeA treated cells at the same time
point. (C) Positive control using T (TPA; 50 nM, 60 min) or D (DMSO;
negative control) for activation of Cx43.
doi:10.1371/journal.pone.0065150.g006
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observed in other cell types, such as liver and pancreas [25,62],

thus these structural differences are not unique to lung.

Doses for these studies were chosen based on several studies

demonstrating levels of LMW PAHs in sidestream smoke (ETS)

were.mainstream smoke (3186–5695 ng/cigarette) [63,64]. At

the low end of the range, 20 cigarettes/pack63186 ng/cigar-

Figure 7. Reduced C10 cell Cx43 immunostaining in response to 1-MeA, but not 2-MeA treatment. Cells were treated with acetonitrile
vehicle (CH3CN), 1-MeA (75 mM), 2-MeA (75 mM), TPA (50 nM, 60 min) as a positive control, and two negative controls, one without (w/o) primary
antibody and one without (w/o) secondary antibody. Two time points were assessed, 30 min and 4 h to observe changes at several time points
known to inhibit gap junctions. Magnification was at 1000X using a Nikon D-Eclipse C1 confocal microscope. Experiments were repeated twice.
doi:10.1371/journal.pone.0065150.g007

Figure 8. Reversal of 1-MeA-induced GJIC dysregulation using
a p38 MAPK inhibitor. (A) U0126 (20 mM) and FR180204 (5 mM) were
used to inhibit MEK or ERK1/2, respectively, prior to exposure to 1-MeA
for 30 min. SL/DT assays were then done following 1-MeA treatment.
TPA was also used as a positive control. Cntl, acetonitrile control; 1-
MeA, 1-methylanthracene (75 mM, 30 min); U0126 alone (20 mM, 1 h
prior); U0126+1-MeA, U0126 prior to incubation with 1-MeA; TPA
(50 nM, 1 h), TPA alone; U0126+ TPA, U0126 prior to incubation with
TPA; FR, FR180204 alone (5 mM, 1 h prior); FR +1-MeA, FR180204 prior
to incubation with 1-MeA. Mean 6 SEM presented with n = 3 per study,
replicated 3 times. *p,0.05 compared to control;+p,0.05 compared to
TPA treated cells. (B) SB203580 (2.5, 5 mM) was used to inhibit p38 1 h
prior to exposure to 1-MeA for 30 min. SL/DT assays were then done
following 1-MeA treatment. SB, SB203580 (2.5 or 5 mM, 1 h); SB +1-MeA,
SB203580 prior to incubation with 1-MeA. *p,0.05 compared to
control; +p,0.05 compared to 1-MeA treated cells.
doi:10.1371/journal.pone.0065150.g008

Figure 9. Inflammatory pathways downstream of MAPKs and
dysregulation of GJIC are influenced by 1-MeA. (A) Ccl2, or Mcp-
1, mRNA expression in response to 1-MeA, 2-MeA, or control treated
cells. (B) Ptgs2, or Cox2, mRNA expression in response to 1-MeA, 2-MeA,
or control treated cells. (C) Tnf mRNA expression in response to 1-MeA,
2-MeA, or control treated cells. Concentrations used: 1-MeA, (75 mM)
and 2-MeA (75 mM). For each gene, mean and SEM are presented; n = 3
per treatment, repeated twice. Genes are first normalized to 18S
followed by normalization to acetonitrile control per time point.
Cntl = control acetonitrile; 1-MeA, 1-methylanthracene; 2-MeA, 2-meth-
lyanthracene; Ccl2, chemokine (CC-motif) ligand 2; Mcp-1, monocyte
chemoattractant 2; Cox-2, cyclooxygenase 1; Ptgs2, prostaglandin-
endoperoxide synthase 2; Tnf, tumor necrosis factor a.
doi:10.1371/journal.pone.0065150.g009
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ette67d/wk = , 0.45 mg/wk for the PAH mixture released as

ETS. Our dose range is 0.03–0.04 mg/study per individual PAH,

however, doses for future studies in mixtures will likely be lower,

due to contributing effects [65]. These doses and PAHs were

chosen to identify any differences in the phenotypes assessed

between an active and inactive isomer, however, we are typically

exposed to mixtures of multiple PAHs and not single PAHs. For

example, coal tar pitch contains many PAHs [66], both LWM,

such as methylanthracenes, and high MW PAHs, and recently was

shown to induce promoting characteristics in lung cells [67].

Furthermore, a mixture of PAHs commonly found in coal tar and

creosote products demonstrated that dysregulation of GJIC by

these PAHs were additive [65], thus there is a definite cumulative

effect by many of the PAHs indicating that doses should be based

on total PAH content.

MAPK Activation and Gap Junctions
TPA, a classic tumor promoter in most cell types, dysregulates

gap junctions through several mechanisms, including MAPKs (P38

and ERK1/2) via the activation of PKC [61,68,69]. Thus, some

MAPK pathways are known to mediate the regulation of GJIC in

several cell types [61,70]. ERK1/2 also dysregulates gap junctions

in other classic non-genotoxic carcinogen models, such as

perfluoroalkanoates [71]. However, the activation of ERK1/2

by 1-MeA was not involved in 1-MeA-induced dysregulation of

GJIC in the lung cells used in this study, while P38 was involved.

This suggests that ERK1/2 is independent of GJIC dysregulation,

but is still activated by treatment with 1-MeA, while P38 is linked

to GJIC shown by return of normal GJIC by inhibition of P38.

Activation of P38 and ERK1/2 by 1-MeA is most likely through

an indirect mechanism, eg. activation of receptors or G-proteins.

Gap Junction and MAPK Involvement in Regulating the
Pulmonary Microenvironment

In most lung diseases, the pulmonary microenvironment is

critical in regulating the inflammation and adverse effects that

occur, such as fibrosis and carcinogenesis. Inflammation is an

important element of tumorigenesis, at all stages, and is typically

considered downstream of earlier triggering events, such as

dysregulation of gap junctions and activation of MAPKs

[23,72,73].

P38 can induce Mcp-1 (Ccl2) in endothelial cells [74,75], and

induce other chemokines, such as IL-8, in lung epithelial cells [76].

Cx43 decreased Mcp-1 expression in glioblastoma cells which lead

to decreased proliferation, suggesting that a reduction in gap

junction function lead to increased Mcp-1 [77]. Ccl2 (Mcp-1) is

routinely used as a marker in our in vivo promotion models, such as

BHT and vanadium pentoxide (V2O5) [39,50], because it is

secreted by the pulmonary epithelial cells as a chemoattractant for

both macrophages and lymphoctyes into the lung. Macrophage

infiltration plays a pivotal role during promotion in these in vivo

models and an in vivo pilot study using fluoranthene, another

LMW PAH, demonstrated increased numbers of bronchoalveolar

lavage macrophages in the lungs compared to controls (unpub-

lished data, A.K. Bauer). V2O5-induced promotion also leads to

increases in both ERK1/2 and P38 MAPK activation [39]. Thus,

in our in vitro model, we show that Mcp-1 is increased following

MAPK activation (P38 and ERK1/2), and gap junction dysreg-

ulation, all evidence for 1-MeA’s potential to contribute to the

early signaling events involved in promoting lung cancer.

P38 is also considered the major MAPK involved in TNF-

induction [78,79]. Interestingly, TNF can also induce MAPK [80],

particularly P38, thus, a positive feed-forward mechanism may be

involved in regulating this pathway. In addition, TNF can inhibit

gap junctions in fibroblasts [81] and repress Cx43 expression in

keratinocytes [82], thus supporting a possible link between pro-

inflammatory cytokine expression and regulation of gap junctions.

In rat liver cells (WB F344) and human coronary artery

endothelial cells, arachidonic acid (AA) is released in response to 1-

MeA, but not 2-MeA [25,83]. Since Cox-2 is downstream of AA

and cytosolic phospholipase A2 (cPLA2) [23], we determined the

possible involvement of the Cox-2 pathway in our model.

Prostaglandin E2 (PGE2) and prostaglandin I2 (PGI2) production,

both downstream of Cox-2, are ERK1/2-dependent in response to

TNF and interferon (IFN)c stimulation in C10 cells as well as nitric

oxide production and inducible nitric oxide synthase (iNOS)

expression [17,19]. Preliminary data from our lab demonstrated

that both p38 and ERK1/2 regulate Cox-2 gene expression in 1-

MeA treated C10 cells (data not shown).

Conclusion
Although the most abundant PAHs in the environment are the

LMW PAHs, research on PAHs has focused primarily on the

mutagenic and DNA damaging properties of the higher molecular

weight compounds, however, evidence supports the LMW PAHs

ability to induce molecular events relevant to lung injury,

inflammation, and tumor promotion. We previously reported the

effects of 41 different PAHs on GJIC in rat liver cell lines

[41,42,65,84] where most of these PAHs, including the high

molecular weight PAHs, dysregulated GJIC with varying potencies

[41,42]. However, the potencies of the LMW PAHs (4 rings or

less) tended to be much stronger if they contained a bay or bay-like

region [11,41,42].

Our results extend this research into a lung derived cell model

system in which the PAH containing a bay-like structure was

biologically active and the PAH lacking these structures was

inactive, consistent with the liver model cell systems. Considering

that the lung is the major organ of exposure to PAHs in the

environment, these novel results suggest that the LMW, non-

genotoxic PAHs could contribute to the lung injury and

promotion process, thus posing a potential human health risk as

well as linking LMW PAH-induced effects with proinflammatory

responses, which was also dependent on the PAH possessing a bay-

like structure. The role of inflammation in all stages of cancer,

fibrosis, COPD, and many other pulmonary diseases further

demonstrates the importance of this link between PAH exposure,

early signaling and inflammatory mediator involvement [85–88].

Collectively, this study provides the first assessment of the effects

of these LMW PAHs on pulmonary cells that may lead to

predictive outcomes for future identification of complex mixture

effects, as well as identify novel targets for potential biomarkers,

develop innovative chemopreventive strategies, and impact future

risk assessment for these PAHs in lung and other cancers, such as

liver, pancreas, and breast.

Supporting Information

Figure S1 pERK1/2 at several doses of 1-MeA demon-
strating increased ERK1/2 activation. C10 cells were

exposed to 25 and 50 mM 1-MeA for 2 h and compared to

DMSO vehicle control treated cells (0 mM). Densitometry of the

immunoblot is presented with mean 6 SEM. *P,0.05 for 1-MeA

treated cells compared to DMSO alone.

(TIF)

Figure S2 Confirmation of inhibition of p38 and ERK1/
2 activity following inhibitor incubation using immuno-
blots. (A) A MAPKAPK-2 immunoblot in C10 cells demonstrat-

ing inhibition of phosphorylation of MAPKAPK-2, a known
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substrate of p38, compare lane 3 to lane 5 and 6. Lane 1, control,

acetonitrile; lane 2, control+DMSO; lane 3, 1-MeA (75 mM); lane

4, control+SB203580 inhibitor (5 mM); lane 5, SB203580 (5 mM)

inhibitor +1-MeA; lane 6, SB203580 (2.5 mM) inhibitor +1-MeA.

Total MAPKAPK-2 is seen below the phosphorylated immuno-

blot demonstrating equal amounts of total in each sample. (B)

pERK1/2 immunoblot following treatment with FR180204

(5 mM) or U0126 (20 mM) prior to treatment with 75 mM 1-

MeA demonstrating inhibition of ERK phosphorylation in lanes 5

and 6 compared to 3. Lane 1, control, acetonitrile; lane 2,

control+DMSO; lane 3, 1-MeA (75 mM); lane 4, con-

trol+FR180204 (5 mM); lane 5 FR180204 (5 mM) +1-MeA; lane

6, U0126 (20 mM) +1-MeA.

(TIF)
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Research

Research on the environmental fate and toxi-
cology of halogenated compounds has focused 
primarily on brominated and chlorinated 
organics, whereas fluorinated organics received 
less attention, partly because of the percep-
tion that these compounds, which are quite 
chemically inert, were also biologically inert 
(Key et al. 1997). However, perfluorinated 
fatty acids (PFFAs), such as perfluorooctano-
ate (PFOA) and perfluoro octane sulfonate 
(PFOS), are found in the environment and 
have been detected in the blood of animals 
throughout the world, including the seals of 
remote arctic regions, indicating widespread 
distribution (Kannan 2001; Tao 2006; Van 
de Vijver 2005). Significant levels of PFOA 
and PFOS have also been detected in the 
serum of humans, but there is evidence of 
a significant decline in body burdens of 
PFOS and PFOA over the last 5–10 years 
(Calafat et al. 2007). The values from the first 
National Health and Nutrition Examination 
Survey (NHANES) conducted from 1999 to 
2000 reported geometric means of 30.4 µg 
PFOS/L and 5.4 µg PFOA/L, and the sec-
ond NHANES conducted between 2003 and 
2004 reported geometric means of 20.7 µg 
PFOS/L and 3.9 µg PFOA/L (Calafat et al. 
2007). Contamination of the environment 
is not limited to PFOA and PFOS but also 

includes short-chain perfluorinated alkano-
ates, such as perfluorobutyrate, perfluoro-
pentanoate (PFPeA), perfluorohexanoate, and 
perfluoroheptanoate (Skutlarek et al. 2006).

The acute toxicities of PFOA and 
PFOS in rodent systems are low (Hekster 
2003; Kudo and Kawashima 2003). After 
the absorption of PFOA into the body, it is 
predominantly distributed in the liver and 
plasma and, to a lesser extent, the kidney and 
lungs (Kudo and Kawashima 2003). Thus, 
the chronic and short-term effects of PFOA 
in rats are found largely in the liver (Kennedy 
et al. 2004) and immune system (DeWitt 
et al. 2008). Peroxisome proliferation in 
rodent livers is one of the major responses 
to PFOA, along with subsequent interfer-
ences with normal metabolism of fatty acids 
and cholesterol, and the induction of hepa-
tocellular hypertrophy (Kennedy et al. 2004). 
Peroxisome-proliferating chemicals are clas-
sic nongenotoxic tumor promoters in rodent 
liver tissue (Cattley et al. 1995), and like other 
peroxisome proliferators, PFOA has also been 
shown to strongly promote tumors in rodent 
livers (Abdellatif et al. 1991). However, 
peroxisome-proliferating compounds might 
not be strong tumor promoters in human 
livers because of species differences in the 
response to peroxisome proliferators in vivo, 

with rodents more responsive than primates 
(Klaunig et al. 2003).

Although the underlying mechanisms of 
tumor promotion might vary, such as the 
induction of peroxisome proliferation, tum-
origenic cells have long been characterized as 
cells that lose their ability to regulate growth 
through contact inhibition (Borek and Sachs 
1966) and lack the ability to terminally dif-
ferentiate (Potter 1978), which implies a 
breakdown in one of the communicating 
mechanisms (Trosko and Upham 2005). 
Tumorigenic cells can be benign, leading to 
the compression of surrounding tissues, or 
have the potential to acquire genetic muta-
tions that lead to a malignant state where the 
cancerous cells can invade surrounding tis-
sues. Alteration of cell-to-cell communication 
via gap junctions has been implicated in the 
tumorigenic process and is supported by con-
siderable evidence (Trosko and Ruch 2002).

Inhibition of gap-junctional intercellular 
communication (GJIC) appears to be a neces-
sary, albeit insufficient, step of tumorigenesis 
and is therefore a common response of cells to 
tumor promoters, oncogenes, growth factors, 
and nongenotoxic carcinogens such as peroxi-
some proliferators (Trosko and Ruch 1998; 
Trosko and Upham 2005). Although GJIC 
is modulated by multiple signaling pathways, 
simple bioassays of intercellular communica-
tion can be used to assess dysregulation of gap 
junctions regardless of the upstream effectors. 
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Structure-Activity–Dependent Regulation of Cell Communication by 
Perfluorinated Fatty Acids using in Vivo and in Vitro Model Systems
Brad L. Upham,1 Joon-Suk Park,1 Pavel Babica,1 Iva Sovadinova,1 Alisa M. Rummel,1 James E. Trosko,1 
Akihiko Hirose,2 Ryuichi Hasegawa,2* Jun Kanno,3 and Kimie Sai3**

1Department of Pediatrics and Human Development, National Food Safety and Toxicology Center, Michigan State University, East 
Lansing, Michigan, USA; 2Division of Risk Assessment, and 3Division of Cellular and Molecular Toxicology, National Institute of Health 
Sciences, Tokyo, Japan

Background: Perfluoroalkanoates, [e.g., perfluorooctanoate (PFOA)], are known peroxisome 
 proliferators that induce hepatomegaly and hepatocarcinogenesis in rodents, and are classic non-
genotoxic carcinogens that inhibit in vitro gap-junctional intercellular communication (GJIC). This 
inhibition of GJIC is known to be a function of perfluorinated carbon lengths ranging from 7 to 10.

oBjectives: The aim of this study was to determine if the inhibition of GJIC by PFOA but not 
perfluoropentanoate (PFPeA) observed in F344 rat liver cells in vitro also occurs in F344 rats in vivo 
and to determine mechanisms of PFOA dysregulation of GJIC using in vitro assay systems.

Methods: We used an incision load/dye transfer technique to assess GJIC in livers of rats exposed to 
PFOA and PFPeA. We used in vitro assays with inhibitors of cell signaling enzymes and antioxidants 
known to regulate GJIC to identify which enzymes regulated PFOA-induced inhibition of GJIC.

results: PFOA inhibited GJIC and induced hepatomegaly in rat livers, whereas PFPeA had no 
effect on either end point. Serum biochemistry of liver enzymes indicated no cytotoxic response 
to these compounds. In vitro analysis of mitogen-activated protein kinase (MAPK) indicated that 
PFOA, but not PFPeA, can activate the extracellular receptor kinase (ERK). Inhibition of GJIC, 
in vitro, by PFOA depended on the activation of both ERK and phosphatidylcholine-specific phos-
pholipase C (PC-PLC) in the dysregulation of GJIC in an oxidative-dependent mechanism.

conclusions: The in vitro analysis of GJIC, an epigenetic marker of tumor promoters, can also 
predict the in vivo activity of PFOA, which dysregulated GJIC via ERK and PC-PLC.

key words: extracellular receptor kinase, gap-junctional intercellular communication, mitogen-
activated protein kinase, perfluorooctanoate, perfluoropentanoate, phosphatidylcholine-specific-
phospholipase C, tumor promotion. Environ Health Perspect 117:545–551 (2009). doi:10.1289/
ehp.11728 available via http://dx.doi.org/  [Online 23 October 2008]
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Thus, GJIC is an excellent biomarker first to 
assess the potential tumorigenicity of chemi-
cals and then to use as a cell signaling end 
point to determine the early molecular events 
induced by these chemicals.

Cell proliferative diseases, such as cancer, 
not only require the release of a quiescent cell 
from growth suppression via down- regulation 
of GJIC and/or changes in extracellular com-
ponents (i.e., integrins), but also need to 
activate mitogenic signaling pathways. The 
mitogen-activated protein kinase (MAPK) 
pathways are the major intracellular signal-
ing mechanisms by which a cell activates, via 
phosphorylation, transcription factors involved 
in mitogenesis (Denhardt 1996). The extracel-
lular receptor kinase (ERK) pathway has been 
extensively characterized, is the most under-
stood of the MAPK pathways (Denhardt 
1996), and is a key pathway of carcinogenesis 
(Roberts and Der 2007).

In the present study, we extended our 
in vitro studies with F344 rat liver epithelial 
cells, which determined that PFOA, but not 
PFPeA, inhibited GJIC (Upham et al. 1998), 
to an in vivo study using F344 rats exposed 
to PFOA, PFPeA, or phenobarbital (PB), a 
known tumor promoter, to determine GJIC 
in liver tissue. We also continued our in vitro 
studies of PFOA versus PFPeA in determin-
ing differential effects of these compounds on 
MAPK, specifically ERK, and further deter-
mined that the mechanism of PFOA-induced 
inhibition of GJIC depends on redox activity, 
ERK, and phosphatidylcholine-specific phos-
pholipase C (PC-PLC).

Materials and Methods
Chemicals. We purchased PFOA (purity 
> 90%) and PFPeA (purity = 97%), for the 
data presented in Figures 1–3 and 4A, from 
Fluka Chemie AG (Buchs, Switzerland), 
and because of unavailability from Fluka, we 
purchased PFOA for the data presented in 
Figures 4B, 5, and 6 from Aldrich Chemical 
Company Inc. (Milwaukee, WI, USA), with 
a purity of 96%. The purity values were 

obtained from the commercial sources. The 
ratios of linear versus branched isomers in our 
samples were undetermined. The stock solu-
tions were prepared by dissolving the pow-
der in the solvent: acetonitrile for the in vitro 
assays and dimethyl sulfoxide (DMSO) for 
the in vivo studies; we also used these sol-
vents as the vehicle controls. We purchased 
Lucifer yellow (LY) from Molecular Probes 
(Eugene, OR, USA); sodium dodecyl sul-
fate, Tween 20, Tris, glycine, acrylamide, 
tetramethylethylenediamine (TEMED) and 
DC protein kit from Bio-Rad Laboratories 
(Hercules, CA, USA); DMSO, rhodamine-
dextran (RhD; molecular weight, 10,000 
Da), dithiothreitol (DTT), N-acetylcysteine 
(Nac), l-ascorbate-2-phosphate (Asc-2-P) 
sesquimagnesium salt hydrate, and PB from 
Sigma-Aldrich Chemical Company (St. Louis, 
MO, USA); D609 and U0126, from Tocris 
Bioscience (Ellisville, MO, USA); resvera-
trol from CTMedChem (Bronx, NY, USA); 
acetonitrile, from EM Science (Gibstown, 
NJ, USA); polyclonal antibodies directed to 
phospho-ERK, from New England Biolabs 
(Ipswich, MA, USA); and mouse poly-
clonal antibody directed to glyceraldehyde 
3-phosphate dehydrogenase (GAPDH), from 
Chemicon (Temecula, CA, USA).

In vivo study. Animal treatment. The 
protocol for this study was approved by the 
Animal Care and Utilization Committee of 
the National Institutes of Health Sciences 
of Japan to assure that the rats were treated 
humanely and with regard for alleviation 
of suffering. Male Fischer-344 (F344) rats, 
5 weeks old, were purchased from Charles 
River Japan (Kanagawa, Japan) and housed in 
plastic cages (five rats/cage). Male F-344 rats 
were chosen to match the in vitro studies that 
used liver epithelial cells isolated from male 
F-344 rats. The rats were kept under condi-
tions of controlled temperature (23 ± 2°C), 
humidity (55 ± 5%), and lighting (12/12-hr 
dark/light cycle) and given CRF-12 basal diet 
(Oriental Yeast Co., Tokyo, Japan) and tap 
water ad libitum. 

We used the rats in the experiments after 
1 week of acclimation. Eighty rats were divided 
into four groups and twenty rats per group 
were treated with a single intraperitoneal (i.p.) 
administration of 100 mg/kg PFOA, 100 mg/
kg PFPeA, 100 mg/kg PB, or only vehicle 
(DMSO). Four rats per group were killed 
under anesthesia at 1, 3, 6, 12, and 24 hr after 
administration. Another 16 rats were divided 
into four groups and four rats of each group 
were given powder diet containing PFOA, 
PFPeA, PB, or basal powder diet only (con-
trol), and then killed after 1 week. The diets 
were prepared by blending each chemical into 
the basal powder diet at final concentrations 
of 0.02% for PFOA and PFPeA and 0.05% 
for PB. We determined the weight of the rats 
at the beginning and end of the experiment, 
and the food consumption on days 3 and 7 of 
the experiment. Based on the average weight 
of the rats and the average food consumed 
per day, the estimated daily doses of chemical 
exposures for PFOA, PFPeA, and PB were 
37.9, 32.3, and 93.3 mg/day/kg, respectively. 

Diethyl ether was used to euthanize the 
rats. Before sacrifice, blood was collected from 
the orbital venous plexus under anesthesia with 
diethyl ether and prepared for measuring serum 
aspartate aminotransferase (sAST), serum ala-
nine aminotransferase (sALT), and serum alka-
line phosphatase (sALP). Determination of 
sAST, sALT, and sALP was carried out with 
a Hitachi automatic Analyzer 7150 (Hitachi, 
Ltd., Tokyo, Japan) using commercially avail-
able GOP, GPT and ALP diagnostic reagents 
(Wako Pure Chemical Industries, Ltd., Tokyo, 
Japan). After opening the abdominal cavity, we 
excised the liver and immediately used one part 
of the liver for the incision loading/dye transfer 
(IL/DT). Our preliminary study confirmed 
that the anesthetic and the vehicle, DMSO, 
under our experimental conditions did not 
affect in vivo GJIC.

Bioassay of GJIC (IL/DT). We assayed 
ex vivo GJIC in the liver by the IL/DT method 
described previously (Sai et al. 2000). A part 
of the left lobe of the liver was put on a plastic 

Figure 1. Analysis of in vivo effects of PFOA and PFPeA on GJIC in the liver tissue using IL/DT technique. Abbreviations: 5-C, five carbon; 8-C, eight carbon. 
(A) A fluorescent image of an IL/DT analysis of GJIC in the liver tissue of rats at 24 hr after a single i.p. administration of DMSO (vehicle), PB, PFOA, or PFPeA. 
Bar = 20 µm. (B) Mean + SD of the IL/DT data from rats treated with DMSO, PB, PFOA, or PFPeA for the acute exposure group. (C) Mean + SD relative liver weight 
from rats treated with DMSO, PB, PFOA, and PFPeA for the acute exposure group. 
*p < 0.05 compared with vehicle, determined by one-way ANOVA for each time group followed by Dunnett’s post hoc test.
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plate covered with wet gauze. A mixture of 
fluorescent dyes containing 0.5 mg/mL LY 
and 0.5 mg/mL RhD in phosphate-buffered 
saline (PBS) was dropped on the tissue’s sur-
face. Three to four incisions were made on the 
surface of each specimen with a sharp blade. 
Excess amount of dye mixture was addition-
ally put into the incisions and kept there for 
3 min at room temperature. After incubation, 
the tissue was washed with PBS three times 
and fixed in 10% phosphate-buffered formalin 
overnight. Slices were washed with water and 
processed for embedding in paraffin. Five µm 
sections for GJIC analysis were prepared by 
cutting the paraffin block perpendicular to 
the incision line. Areas stained with LY alone 
or with RhD were detected by the emission 
of fluorescence using a confocal microscope 
(Fluoview, Olympus, Tokyo, Japan). We 
counted the number of cells stained with LY 
alone and normalized this number by divid-
ing by the incision length. At least three inci-
sion sites per specimen were randomly chosen 
for the analysis, and the mean value was used 
as data from one animal. The values were 
expressed as a fraction of the control.

In vitro study. Cell culture. We obtained 
the WB-F344 rat liver epithelial cell line from 
J.W. Grisham and M.S. Tsao of the University 
of North Carolina at Chapel Hill, Chapel 
Hill, NC, USA (Tsao et al. 1984). Cells were 
cultured in D-medium (formula 78-5470EF, 
Gibco Laboratories, Grand Island, NY, USA), 
supplemented with 5% fetal bovine serum 
(Gibco Laboratories), and incubated at 37°C 
in a humidified atmosphere containing 5% 
CO2 and 95% air. The cells were grown in 
35-mm tissue culture plates (Corning Inc., 
Corning, NY, USA) and the culture medium 
was changed every other day. Bioassays were 
conducted with confluent cultures that were 
obtained after 2–3 days of growth.

These WB cells are diploid and nontu-
morigenic (Tsao et al. 1984) and have been 
extensively characterized for GJIC in the 
absence and presence of well-known tumor 
promoters, growth factors, tumor suppres-
sor genes, and oncogenes (Trosko and Ruch 
1998). Intrahepatic transplantation of WB 
cells, which are liver bipolar stem cells, into 
adult syngenic F344 rats results in the mor-
phologic differentiation of these cells into 
hepatocytes and incorporation into hepatic 
plates (Coleman et al. 1993).

Bioassay of GJIC (scrape load/dye trans-
fer). The scrape loading/dye transfer (SL/DT) 
technique was adapted after the method of 
Upham et al. (1998). The test chemicals were 
added directly to the cell culture medium 
from concentrated stock solutions. The 
migration of the dye through gap junctions 
was visualized with a Nikon Eclipse TE3000 
phase contrast/fluorescent microscope and the 
images were digitally captured with Nikon 
EZ Cool Snap charge-coupled device cam-
era (Nikon Inc., Nikon, Japan). GJIC was 
assessed by comparing the distance the dye 
traveled in the chemically treated cells with 
the distance the dye traveled in the vehicle 
controls, which was measured using the Gel-
Expert imaging software (Nucleotech, San 

Mateo, CA, USA). We report GJIC as a frac-
tion of the control. Based on previous results 
(Upham et al. 1996, 1998), 1-methylanthra-
cene as well as PFOA were used as positive 
controls of inhibition of GJIC, whereas ace-
tonitrile at vehicle concentrations was used as 
a negative control. The vehicles used for the 
in vitro assays, acetonitrile and PBS, had no 
effect on GJIC. We performed all experiments 
at least in triplicate and report the results as 
means ± SD at the 95% confidence interval.

Western blot analysis. Cells were grown 
in 35-mm-diameter Corning tissue culture 
plates to the same confluency as the SL/DT 
assay. The cells were depleted of serum 5 hr 
before addition of PFFAs to synchronize the 
cells into G0 to minimize background ERK 
levels. This does not alter the effect on GJIC 
in the F344 WB cells, as previously deter-
mined (Rummel et al. 1999). The proteins 
were extracted with 20% sodium dodecyl sul-
fate (SDS) solution containing 1 mM phenyl-
methylsulfonyl fluoride, 100 µM Na3VO4, 
100 nM aprotinin, 1.0 µM leupeptin, 1.0 µM 
antipain, and 5.0 mM NaF. The protein 
content was determined with the Bio-Rad 
DC assay kit. The proteins were separated on 
12.5% SDS–polyacrylamide gel electropho-
resis according to the method of Laemmli 

Figure 2. The long-term effects (1 week) of PB, 
PFOA, and PFPeA on GJIC and RLW (mean + SD). 
Abbreviations: 5-C, five carbon; 8-C, eight carbon. 
A one-way ANOVA was done for the GJIC data 
and a Kruskal-Wallis one-way ANOVA was done 
for the RLW data because these data failed the 
normality test. 
*p < 0.05 compared with vehicle (DMSO); significant 
effects determined by ANOVA or Kruskal-Wallis ANOVA 
for each group was followed with a Dunnett’s post hoc 
test at p < 0.05. 
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Figure 3. Activation of ERK-MAPK by PFOA, but not by PFPeA, in F344 WB rat liver epithelial cells deter-
mined by Western blots: Top panel probed with a phosphorylated ERK specific antibody and the bottom 
panel probed with a GAPDH specific antibody. The concentrations of PFPeA and PFOA were 100 µM. The 
concentration and time of incubation for epidermal growth factor (EGF) was 20.0 ng/mL and 15 min.
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Figure 4. (A) Prevention of PFOA-induced inhibition of GJIC by inhibitors of MEK and PC-PLC and resvera-
trol at various doses of PFOA (mean + SD). The concentrations and times of preincubation of U0126, D609, 
and resveratrol were 20 µM/30 min, 50 µM/20 min, and 100 µM/15 min, respectively. A one-way ANOVA 
was done for each dose group. *Significant at p < 0.05 using the Dunnett’s post hoc test that compared 
each inhibitor treatment with that of PFOA alone. (B) The interactive effect of MEK and PC-PLC inhibitors 
on reversing PFOA-induced inhibition of GJIC at 10 and 30 min (mean + SD). The concentrations and times 
of preincubation of U0126 and D609 were 20 µM/30 min and 50 µM/20 min, respectively. A one-way ANOVA 
indicated significance at p < 0.05 for each time group. The Tukey pairwise-comparison post hoc test was 
used to determine statistical differences, as indicated by different letters, between the inhibitor treatments 
for each time group. The lettered asterisks represent the 10-min group and lettered daggers represent the 
30-min group.
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(1970). Fifteen micrograms protein was 
loaded onto the gels and electrophoretically 
transferred from the gel to polyvinyl difluo-
ride membranes (Millipore Corp., Bedford, 
MA, USA). Phosphorylated ERK 1 and 
ERK 2 were detected with a 1:2,000 dilu-
tion of anti-phospho-ERK polyclonal anti-
bodies, and GAPDH was detected with a 
1:10,000 dilution of anti-GAPDH polyclonal 
antibodies, that were incubated sequen-
tially with the membranes, each for 2 hr. 
The protein–primary antibody complex was 
probed with a 1:1,000 dilution of horseradish 
peroxidase–conjugated anti-rabbit or anti-
mouse antibodies (Amersham Life Science 
Products, Arlington Heights, IL, USA) for 
1 hr. The ERK and GAPDH protein bands 
were detected using the Super Signal chemi-
luminescence detection kit (Pierce Corp., 
Arlington Heights, IL, USA), enhanced 
chemiluminescence (ECL) detection kit, and 
ECL Hyperfilm–MP (Amersham Life Science 
Products, Denver, CO, USA).

Statistics. For the in vivo studies, the value 
of each group was expressed as the mean ± SD 
of data derived from four rats. The in vitro 
assays were done in at least triplicate and 
expressed as a fraction of the control. The sig-
nificance of differences in all results was evalu-
ated with either a one-way analysis of variance 
(ANOVA) or, if the data set failed the normal-
ity test, a Kruskal-Wallis one-way ANOVA on 
ranked means. Normality assumption testing 
was done with the Kolmogorov-Smirnov test 
and equal variance assumption testing with the 
Levene median test. If ANOVA or Kruskal-
Wallis ANOVA rejected the null hypothesis, 
then the results that were compared with a 
designated control used Dunnett’s multiple-
comparison post hoc tests or Tukey’s post hoc 
test for pairwise multiple comparisons.

Results
In vivo results. The in vivo results of PFOA 
and PFPeA were compared with PB, a known 
liver tumor promoter. We used two different 
dosing schemes: an acute 24-hr exposure via 
i.p. administration and a longer-term (1 week) 
dietary exposure. An ANOVA indicated that 

PFOA, PFPeA, and PB had no statistically 
significant effect on body weights of the rats 
(data not shown). Liver injury was assessed 
using the biomarkers sALT, sAST, sALP, and 
the results for both dosing schemes are pre-
sented in Table 1. At day 7, there were no 
significant differences between the rats treated 
with PFOA, PFPeA, and PB for all three of 
the selected liver enzymes, indicating no long-
term liver injury. After 1 day, we found a 
small, biologically insignificant, but statisti-
cally significant increase in sAST, with the 
data exhibiting high variability.

To assess the in vivo effects of these com-
pounds on GJIC in the liver tissue, we used an 
IL/DT technique. Figure 1A shows the incor-
poration of the fluorescent dye into the liver 
cells and subsequent distribution of the fluo-
rescent dye through the gap junctions of the 
tissue. RhD, which is a large-molecular-weight 
dye that does not traverse gap junctions, is 
color-coded red. LY, which does travel through 
gap junction channels, is color-coded from yel-
low for high intensity to green for lower inten-
sity. We measured and averaged the distances 
traveled by the gap-junction–permeable dye 
and show them in Figure 1B (acute exposure) 
and Figure 2 (long-term exposure). PFOA and 
PB but not PFPeA inhibited in vivo GJIC in 
the liver tissues of rats treated either acutely 
or chronically. Significant inhibition of GJIC 
by PFOA was observed after 1 hr, and contin-
ued to inhibit GJIC until 24 hr in the acutely 
treated rats. Significant inhibition of GJIC did 
not begin until after 12 hr of treatment with 
PB in this group of rats.

In the acute dose regimen (Figure 1C), a 
significant increase in the relative weight of liv-
ers from rats treated with PFOA was observed 
at 24 hr. Similarly, rats chronically exposed 
to PFOA and PB for 1 week had signifi-
cant increases in relative liver weight (RLW; 
Figure 2). The livers of animals treated either 
acutely or chronically with PFPeA did not sig-
nificantly increase in relative weights compared 
with rats fed the vehicle (Figures 1C, 2).

In vitro results. Considering that the 
in vitro results of PFOA and PFPeA effects 
on gap junctions correlated with their effects 

on gap junctions in vivo, we did further 
in vitro analyses of PFOA to determine under-
lying mechanisms involved in the dysregula-
tion of GJIC. PFOA, which inhibits GJIC, 
also activated ERK as determined by Western 
blot analysis of the phosphorylated, activated 
form of ERK (Figure 3). In contrast, the non-
GJIC inhibitory PFPeA did not activate ERK 
(Figure 3). Activation of ERK was within 
5 min in cells treated with PFOA, which cor-
relates with the time of inhibition of GJIC, 
indicating a potential link. Preincubation of 
the cells with an MEK inhibitor, U0126, par-
tially but significantly prevented the inhibition 
of GJIC by PFOA (Figure 4A). Preincubation 
of the cells with the PC-PLC inhibitor D609 
also partially but significantly prevented the 
inhibition of GJIC by PFOA (Figure 4A). The 
significant contribution of PC-PLC and MEK 
in PFOA-induced inhibition of GJIC dimin-
ished after the maximum inhibitory dose of 
80 µM to a nonsignificant involvement at the 
higher dose of 120 µM (Figure 4A), indicating 
further that mechanisms other than MEK and 
PC-PLC are also involved.

Gap junctions are known to be redox sen-
sitive, so we conducted several experiments 
with various antioxidants. Resveratrol signifi-
cantly reversed the inhibitory effect on GJIC 
and was possibly inhibiting both MEK and 
PC-PLC (Figure 4A). Additional experiments 
were performed to look at the combinatorial 
effect of pretreating cells with both D609 and 
U0126. The combination of both of these 
inhibitors of signal transduction enzymes 
resulted in the prevention of GJIC inhibi-
tion by PFOA, and the combinatorial effect 
was significantly greater than cells treated 
with either inhibitor alone as determined by 
a Tukey post hoc multiple-comparison test 
(Figure 4B). These results collectively indicate 
that PFOA-induced regulation of GJIC is a 
function of both of these signaling enzymes.

Further experiments were performed with 
DTT, Nac, and Asc-2-P (Figure 5). DTT 

Table 1. The effect of PFOA, PFPeA, and PB on the levels of various biomarkers of liver injury in F344 rats. 

 Enzyme activity (mU/mL)
Exposure, time, enzyme DMSO (vehicle) PFOA PFPeA PB

Acute (24 hr)    
 sALT 51.5 ± 3.2 138.6 ± 126.4 56.3 ± 13.2 54.5 ± 4.1
 sAST 98.8 ± 8.8 232 ± 169.8* 113.0 ± 17.6 100.6 ± 15.1
 sALP 1672.8 ± 90.0 1521.8 ± 220.2 1495.0 ± 233.8 1561.0 ± 115.2
Longer-term (1 week)    
 sALT 39.3 ± 2.0 41.2 ± 1.9 39.8 ± 3.0 39.7 ± 2.6
 sAST 71.2 ± 10.0 70.4 ± 4.3 73.9 ± 10.7 76.1 ± 9.4
 sALP 1488.8 ± 62.9 1394.5 ± 59.4 1449.5 ± 36.6 1349.3 ± 53.0

To determine significant effects, we performed a one-way ANOVA for sALP (1 day), sALP (1 week), and sALT (1 week) 
and a Kruskal-Wallis one-way ANOVA on ranks for sAST (1 day), sAST (1 week), and sALT (1 day). Any significant effects 
determined by ANOVA were followed by a Dunnett’s post hoc test, with DMSO designated as the control. 
*p < 0.05.

Figure 5. Prevention of PFOA-induced inhibition of 
GJIC by various antioxidants (mean + SD). The con-
centrations of PFOA, DTT, Nac, and Asc-2-P were 
80 µM, 10 mM, 100 µM, and 100 µM, respectively. 
*p < 0.05 by ANOVA and Dunnett’s post hoc test comparing 
each antioxidant treatment with that of PFOA alone (no 
antioxidant).
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and Nac in the absence of PFOA had no sta-
tistically (ANOVA) significant effect on GJIC 
at both 15 and 60 min (data not shown). 
Asc-2-P had a small, < 10% effect (ANOVA, 
Tukey) on GJIC in the absence of PFOA at 
15 min but not 60 min (data not shown). 
Asc-2-P and Nac both prevented the inhibi-
tion of GJIC by PFOA within a 60-min pre-
incubation time, but not DTT, implicating 
redox-sensitive proteins that probably do not 
involve thiol oxidations. Preincubation of Asc-
2-P and Nac for 15 min did not reverse the 
effect of PFOA on GJIC. The oxidative nature 
of PFOA was not cytotoxic, as indicated after 
2 days of growing cells after the log-phase of 
growth with 80 µM PFOA, resulting in no 
visual abnormalities in the morphology of the 
cells and complete restoration of GJIC after 
the cells were transferred to fresh medium for 
5 hr containing no PFOA (Figure 6).

Discussion
Understanding the biological effects of the 
environmentally prevalent PFFAs on cell sig-
naling pathways relevant to the epigenetic, 
nongenotoxic phase of cancer is important. In 
particular, GJIC offers a very central signal-
ing system to assess risk (Trosko and Upham 
2005). Although the transient closure of gap 
junction channels during proliferation is a 
normal response to mitogens, the chronic 
inhibition of GJIC by toxicants and toxins 
or by cytokines released during compensa-
tory hyperplasia could lead to pathologic 
states (Trosko and Upham 2005; Upham and 
Trosko 2006). Thus, we conducted two dos-
ing schemes, one a short term of 24 hr fol-
lowing an i.p. injection of PFOA, PFPeA, or 
PB, and another a longer-term study where 
the rats were dosed with these compounds 
through their daily feedings for 1 week. We 
previously demonstrated that inhibition of 
GJIC using in vitro model systems by perfluo-
roalkyl carboxylates and sulfonates depended 
on the chain length, where PFFAs with 7–10 
carbons inhibited GJIC, and PFFAs with 2–6 
carbons did not (Hu et al. 2002; Upham et al. 
1998). To determine if chain length of PFFAs 
would exhibit similar effects on GJIC in a 
living organism, we treated F344 rats with 
PFOA, an eight-carbon PFFA, and PFPeA, a 
five-carbon PFFA, and determined GJIC in 
the liver tissue using an ex vivo IL/DT assay.

The liver is the primary target of PFOA 
(Kudo and Kawashima 2003), which is 
known to induce hepatocellular tumors in 
rodent model systems (Abdellatif et al. 1991; 
Kennedy et al. 2004). Similar to our in vitro 
results (Hu et al. 2002; Upham et al. 1998), 
PFOA decreased GJIC activity in the liver 
compared with the rats treated with the 
vehicle (control) for both the acute and long-
term dosing schemes. In contrast, PFPeA-
treated rats did not have altered GJIC in 

the livers compared with the control rats for 
both dosing schemes, which is also consis-
tent with our in vitro observations. Another 
possible reason for the lack of an in vivo 
response by PFPeA could be a consequence 
of a greater elimination rate that is typical 
of PFFAs with shorter chain lengths (Chang 
et al. 2008; Ohmori et al. 2003). Although 
we did not measure the elimination rates of 
PFPeA in our experiments, the half-life of 
perfluorobutyrate is 9.2 hr (oral) and 6.4 hr 
(intravenous) in Sprague-Dawley rats (Chang 
et al. 2008). These half-lives are similar to 
that of PB in Sprague-Dawley rats, which is 
8–9 hr. Considering that PB inhibited GJIC 
and induced hepatomegaly in the livers of the 
rats used in our experiments, and PFPeA did 
not inhibit GJIC using an in vitro assay sys-
tem, we would expect that the noninhibitory 
effects of PFPeA on GJIC in vivo would not 
result from its increased rate of elimination. 
Further experiments are needed to confirm 
such a conclusion.

We previously published data that indi-
cated the treatment of Sprague-Dawley rats 
with PFOS resulted in a decrease in GJIC 
activity in the liver tissue; thus, PFOA and 
PFOS have similar activities (Hu et al. 2002). 
The following are additional reports dem-
onstrating that tumor promoters, known to 
inhibit GJIC in vitro, also inhibited GJIC 
in vivo: pentachlorophenol (Sai et al. 2000), 
2-acetylaminofluorene (Krutovskikh et al. 
1991), PB (Kolaja et al. 2000; Krutovskikh 
1995), polychlorinated biphenyls (Kolaja et al. 
2000; Krutovskikh 1995), pregnenolone-16α-
carbonitrile (Kolaja et al. 2000), cadmium 
(Jeong et al. 2000), clofibrate, and DDT 
(Krutovskikh 1995). Another interesting 
report on the in vivo effects of chemicals on 
GJIC is the treatment of rats with the antioxi-
dants lycopene and alpha and beta carotene. 
High doses of these antioxidants resulted 
in a decrease in GJIC activity, whereas rats 
exposed to low doses exhibited an increase 
in GJIC (Krutovskikh et al. 1997). Although 
in vivo assessment of intercellular communi-
cation has been limited in both the number of 
studies and choice of organ, namely, the liver, 
these results, including those presented in this 
report, nevertheless suggest that the in vitro 
rat liver epithelial cell assay system is a good 
predictor of the in vivo effects of chemicals on 
gap junctions in the liver tissues of rodents.

PFOA and PB induced hepatomegaly, 
whereas PFPeA had no effect. These results 
are similar to those previously published indi-
cating that PFOA, but not perfluorobutyrate, 
affected RLWs in F344 rats (Takagi et al. 
1991). Although not causally linked, hepato-
megaly has been correlated with the promo-
tion of liver tumors by many peroxisome 
proliferator-activated receptor α agonists, 
including PFOA (Takagi et al. 1992). The 

null effect of PFPeA on GJIC and hepato-
megaly suggest that PFPeA would not be a 
tumor promoter; however, two-stage (initia-
tion and promotion) carcinogenesis studies 
would be needed to confirm this conclusion. 
Tissue necrosis is known to induce com-
pensatory hyperplasia that leads to increased 
liver weights, but this is unlikely the cause of 
hepatomegaly in the PFOA- and PB-treated 
rats, considering that no visual damage of 
the liver was seen in the histologic sections 
(data not shown) and there was no increase in 
serum enzymes.

Tissue homeostasis in multicellular organ-
isms depends on functional GJIC, and the 
disruption of intercellular communication 
has been linked to many diseases (Trosko 
and Upham 2005). PFOA clearly interrupted 
GJIC in the liver tissues of rats, but further 
experiments would need to be done in other 
species. PFOS also inhibited GJIC in rat liver 
tissue as well as in vitro systems that included 
dolphin kidney cells (Hu et al. 2002). Thus, 
the potential for cross-species effects of PFOA 
on GJIC implicates a health risk to multi-
cellular organisms. Future experiments, par-
ticularly with human cell lines, will aid in 
determining differences in the sensitivity of 
various organisms to the effects of PFOS and 
PFOA on GJIC and allow for more accurate 
assessment of risks these compounds pose to 
humans and wildlife.

Considering that in vitro analyses of 
PFFA, using rat liver epithelial cells, accu-
rately predicted the in vivo effects on GJIC for 
various PFFAs, we did further in vitro anal-
yses of PFPeA- and PFOA-treated rat liver 
epithelial cells to determine potential signal-
ing mechanisms involved in PFOA-induced 
regulation of GJIC. Connexin 43 (Cx43) is a 

Figure 6. The effects of an extended incubation 
of cells with PFOA (80 µM, 2 days) and transfer of 
cells to PFOA-free medium (5 hr) on cell morphol-
ogy and GJIC (mean + SD). Each phase-contrast 
and fluorescent photomicrograph represents one 
of the three replicates of each treatment group 
(magnification, 200×). Different letters indicate 
significance at p < 0.05 using ANOVA and Tukey 
post hoc test with a pairwise comparison.
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phosphoprotein, and the phosphorylation of 
the carboxy terminus by protein kinases, such 
as protein kinase C (PKC), Src, and MAPKs, 
in the regulation of GJIC has been well docu-
mented (Solan and Lampe 2005). Although 
phosphorylation of gap junctions is known to 
regulate the function, assembly, internaliza-
tion, and degradation of this protein complex, 
the alteration of connexin phosphorylation 
by protein kinases, such as MAPKs, does not 
necessarily dysregulate gap junction function 
(Hossain et al. 1999), nor does the activa-
tion of protein kinases (i.e., MAPK) alter the 
phosphorylation status of connexins (Upham 
et al. 2008).

This was also true for PFOA, which clearly 
activated ERK-MAPK (Figure 3) but did not 
induce a change in the phosphorylation pat-
tern of Cx43 as previously determined by 
Western blot analysis (Upham et al. 1998). 
Whether or not gap junctions are phosphory-
lated, several compounds (i.e., growth factors, 
lindane, lysophosphatidic acid, 12-O-tetra-
decanoylphorbol-13-acetate, and cannabi-
noids) are known to inhibit GJIC through 
a MEK-dependent pathway (Komatsu et al. 
2006; Mograbi et al. 2003; Rivedal and 
Opsahl 2001; Upham et al. 2003). Although 
many compounds activate MAPKs, such as 
p38 and ERK, the mechanism of inhibiting 
GJIC by many of these compounds is inde-
pendent from these MAPKs (Machala et al. 
2003; Upham et al. 2008).

Our results indicated that PFOA acti-
vated ERK in F344 WB rat liver epithelial 
cells within 5 min, and this time period is 
within the interval required for the inhibition 
of GJIC by PFOA in this cell line. PFPeA, 
which does not inhibit GJIC in this cell line 
(Upham et al. 1998), also did not activate 
ERK. Preincubation of these cells with an 
MEK inhibitor, U0126, partially prevented 
PFOA from inhibiting GJIC, indicating that 
PFOA-induced modulation of GJIC was not 
solely dependent on the ERK pathway.

Recently, PC-PLC has been implicated 
in the dysregulation of GJIC in response to 
toxicants that regulate GJIC through an MEK-
independent mechanism (Machala et al. 2003; 
Upham et al. 2008). Preincubation of F344 
WB cells with the PC-PLC inhibitor D609 
also partially prevented PFOA from inhibit-
ing GJIC. These results suggest that PFOA 
is regulating GJIC through multiple cellu-
lar mechanisms. This becomes more appar-
ent as the dose of PFOA is increased resulting 
in the inhibition of GJIC at a high dose of 
120 µM that depended on neither PC-PLC 
nor MEK. However, maximum inhibition of 
GJIC by PFOA, which was around 80 µM, 
was very dependent on the activity of both 
MEK and PC-PLC. This was further appar-
ent from the experiment where cells were pre-
treated with a combination of both D609 and 

U0126, resulting in almost complete recovery 
of GJIC. The activation of ERK and PC-PLC 
will not only control gap junction function 
but is known to alter gene expression, leading 
to various pathologies, including cancer. The 
function of PC-PLC in tumorigenesis has not 
been extensively studied, yet there are signifi-
cant reports indicating that PC-PLC does play 
a very significant role in cancer (Cheng et al. 
1997). The ERK pathway has been extensively 
characterized and is the most understood of 
the MAPK pathways (Denhardt 1996) and is 
a key pathway of carcinogenesis (Roberts and 
Der 2007).

PFOA, but not perfluorobutyrate, is 
known to induce oxidative stress in the liv-
ers of rats, as indicated by 8-hydroxydeoxy- 
guanosine formation (Takagi et al. 1991), and 
redox mechanisms are known to commonly 
play a role in gap junction function (Upham 
and Trosko 2009). These oxidative signaling 
effects could be site-directed redox regulations 
of specific regulatory proteins or from general 
oxidative effects (Upham and Trosko 2008). 
Recently, we reported that the antioxidant 
resveratrol prevented inhibition of GJIC by 
dicumylperoxide but not by benzoylperoxide 
(Upham et al. 2007). Dicumylperoxide, but 
not benzoylperoxide, inhibits GJIC through 
a PC-PLC–dependent mechanism (Upham 
et al. 2007). Similar to dicumylperoxide, we 
showed that resveratrol prevented inhibi-
tion of GJIC by PFOA to a greater level than 
either D609 or U0126 alone, but similar to 
the level of GJIC recovery seen when cells 
were pretreated with both D609 and U0126. 
These results indicate the possibility that 
PFOA dysregulates GJIC through both MEK 
and PC-PLC and that protection of GJIC 
by resveratrol is potentially through oxidative 
signaling events controlling both MEK and 
PC-PLC. Beyond the implication of redox 
mechanisms of the resveratrol experiment, this 
antioxidant is regularly consumed by humans 
and is found in high concentrations in red 
wine and peanut products (Sobolev and Cole 
1999; Wang et al. 2002), and thus may have 
some relevance to the health of humans that 
may be exposed to environmental toxicants, 
such as PFOA. Chemopreventive effects of 
resveratrol are known to inhibit initiation, pro-
motion, and progression of tumors (Signorelli 
and Ghidoni 2005). Thus, resveratrol could 
potentially contribute to a protective effect 
in humans exposed to PFOA by significantly 
blocking PFOA from inhibiting GJIC.

The addition of Asc-2-P or Nac partially 
reversed the inhibitory effects of PFOA on 
GJIC, similar to that of resveratrol. In con-
trast, DTT did not prevent PFOA from 
inhibiting GJIC, indicating that the oxidative 
events controlling PC-PLC and Mek are not 
thiol based. The exposure of F344 WB cells 
to PFOA for 2 days showed no adverse effects 

on cell morphology, and they communicated 
normally after PFOA was removed from the 
medium (Figure 6), which implicates that the 
PFOA-induced oxidative events are not kill-
ing the cells. These results suggest that general 
oxidative processes are involved in PFOA-
induced inhibition of GJIC and that health 
benefits could potentially be attained by the 
consumption of many antioxidant rich foods, 
particularly in individuals deficient in antioxi-
dants. Moreover, the reversible properties of 
PFOA-induced inhibition of GJIC are con-
sistent with the known reversible nature of 
tumor promoters in two-stage carcinogenesis 
model systems (Trosko and Upham 2005). 
These results also indicate that reversing the 
effect of PFOA on GJIC after a simple wash-
ing of the treated cells with PBS demonstrates 
that PFOA is not covalently or tightly bound 
to the cell. The effect of PFOA on GJIC was 
probably not a consequence of directly inter-
acting with the gap junction proteins because 
the inhibition of MAPK and PC-PLC both 
prevented the GJIC effect. Possibly PFOA 
interacted with these two proteins or inter-
acted with a signaling protein or receptor even 
further upstream.

In conclusion, the in vitro assay system 
used to assess the effects of PFOA and PFPeA 
on GJIC predicted the in vivo results of GJIC 
from rats treated with these compounds. GJIC 
plays a vital role in maintaining tissue homeo-
stasis, and disruption of gap junction function 
can lead to diseased states such as tumorigen-
esis. These results are similar to other tumor-
promoting compounds tested in both an 
in vitro and in vivo assay system. Although 
there are several mechanisms by which envi-
ronmental compounds might promote an 
initiated cell, such as through peroxisome pro-
liferator activated receptors or protein kinase 
C, the disruption of normal intercellular com-
munication is an essential event of multiple 
tumorigenic mechanisms (Trosko and Upham 
2005) and serves as a central biomarker to 
assess the epigenetic toxicity of contaminants 
(Rosenkranz et al. 1997; Trosko and Upham 
2005), as well as to assess the potential anti-
tumorigenic health benefits of nutrition based 
food products (Trosko and Upham 2005).
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a b s t r a c t

Toxicity and liver tumor promotion of cyanotoxins microcystins have been extensively
studied. However, recent studies document that other metabolites present in the complex
cyanobacterial water blooms may also have adverse health effects. In this study we used
rat liver epithelial stem-like cells (WB-F344) to examine the effects of cyanobacterial
extracts on two established markers of tumor promotion, inhibition of gap-junctional
intercellular communication (GJIC) and activation of mitogen-activated protein kinases
(MAPKs) – ERK1/2. Extracts of cyanobacteria (laboratory cultures of Microcystis aeruginosa
and Aphanizomenon flos-aquae and water blooms dominated by these species) inhibited
GJIC and activated MAPKs in a dose-dependent manner (effective concentrations ranging
0.5–5 mg d.w./mL). Effects were independent of the microcystin content and the strongest
responses were elicited by the extracts of Aphanizomenon sp. Neither pure microcystin-LR
nor cylindrospermopsin inhibited GJIC or activated MAPKs. Modulations of GJIC and
MAPKs appeared to be specific to cyanobacterial extracts since extracts from green alga
Chlamydomonas reinhardtii, heterotrophic bacterium Klebsiella terrigena, and isolated
bacterial lipopolysaccharides had no comparable effects. Our study provides the first
evidence on the existence of unknown cyanobacterial toxic metabolites that affect in vitro
biomarkers of tumor promotion, i.e. inhibition of GJIC and activation of MAPKs.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Cyanobacteria are an important component of aquatic
as well as terrestrial ecosystems and they are known to
produce numerous bioactive compounds. Various human
activities resulted in the eutrophication of waters with
occurrence of massive water blooms dominated by cyano-
bacteria. Consequent production of toxic metabolites

(cyanotoxins) has become a health and ecological problem
worldwide (Carmichael, 2001). The increased prevalence of
hepatocellular or colorectal cancer associated with
consumption of drinking water contaminated with cyano-
bacterial blooms as reported in China (Yu, 1995; Zhou et al.,
2002) is considered to be one of the most severe chronic
consequences of cyanobacterial bloom development and
cyanotoxin production. One major class of cyanotoxins are
the cyclic heptapeptides, microcystins, which are known to
induce hepatotoxic and liver tumor-promoting activities
that has attracted broad scientific and regulatory attention
(Chorus and Bartram, 1999; Codd et al., 2005). Although the
toxicity and ecotoxicity of microcystins have been
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investigated in detail, several recent studies indicate that
cyanobacterial water blooms also contain many unidenti-
fied components that may evoke toxic effects that could be
more pronounced than those of microcystins or other
chemically characterized cyanotoxins (Pietsch et al., 2001;
Buryskova et al., 2006).

Cyanotoxins act via multiple mechanisms resulting in
various adverse in vivo effects. For example, microcystins
and nodularins are known inhibitors of regulatory protein
phosphatases 1 and 2A, a mechanism considered the most
important for their in vivo toxicities, such as acute liver
necroses or chronic liver tumor promotions (Nishiwaki-
Matsushima et al., 1992; Ohta et al., 1994). Although
phosphatases have been implicated in the cancer process
and microcystin-LR has been recently classified by the
International Agency for Research on Cancer as ‘‘possibly
carcinogenic to humans’’ (group 2B) (Grosse et al., 2006),
other mechanisms also play important roles in cancer. In
particular, the downregulation of gap-junctional intercel-
lular communication (GJIC) and the activation of mitogen-
activated protein kinases (MAPKs), specifically extracellular
receptor kinases 1 and 2 (ERK 1 and ERK 2), have been
strongly linked to the tumor-promoting phase of cancer
(Trosko and Ruch, 2002; Trosko and Upham, 2005). GJIC is
an important mechanism controlling homeostasis in
normal tissue, and its malfunction promotes a growth of
transformed cells (King, 2004). Most cancer cells are known
to be defective in GJIC, chemical tumor promoters and
oncogenes inhibit GJIC, while tumor suppressor genes
and chemopreventive compounds enhance GJIC (Trosko
and Ruch, 2002; Trosko and Upham, 2005). MAPK path-
ways are the major intracellular signaling mechanisms by
which a cell activates transcription factors involved in the
cell proliferation (Denhardt, 1996; Wright et al., 1999), and
a subclass of MAPKs, extracellular receptor kinases (ERKs),
has been extensively characterized (Denhardt, 1996). Both
parameters, i.e. downregulation of GJIC and activation of
MAPKs by chemicals, were recognized as important in vitro
biomarkers of in vivo tumor-promoting potencies of carci-
nogenic chemicals (Rosenkrantz et al., 2000).

In this study, we focused on potencies of toxic cyano-
bacteria to modulate GJIC (using a scrape loading-dye
transfer assay) and to activate ERK1/2 (determination of
phosphorylated ERK1/2 by Western blotting) in rat liver
epithelial WB-F344 cells, which is a normal diploid, non-
tumorigenic and pluripotent (stem-like) cell line (Tsao
et al., 1984). This cell line has been thoroughly character-
ized for its expressed gap junction genes, and extensively
used for studying the effects of tumor promoters, growth
factors, tumor suppressor genes and oncogenes on GJIC
(Trosko and Ruch, 2002). To discriminate between cyano-
bacteria-specific and non-specific effects; we assessed
different cyanobacterial metabolites and extracts including
pure microcystin-LR, cylindrospermopsin, extracts from
laboratory cultures of the most prevalent cyanobacteria
(Microcystis aeruginosa and Aphanizomenon flos-aquae),
extracts from a series of complex natural water blooms
(dominated by M. aeruginosa, A. flos-aquae, Woronichinia
naegeliana or Planktothrix aghardii), and we compared
these results to those obtained from the extracts of
a heterotrophic bacterium Klebsiella terrigena or

a eukaryotic green alga Chlamydomonas reinhardtii, and
a lipopolysaccharide (LPS) isolated from bacterium Salmo-
nella typhimurium. In summary, the data indicated the
presence of yet unknown non-microcystin tumor-
promoting metabolites specific to cyanobacteria that
modulated GJIC and MAPKs.

2. Material and methods

2.1. Chemicals

Microcystin-LR and cylindrospermopsin were obtained
from Alexis Biochemicals (Läufelfingen, Switzerland),
lipopolysaccharides (LPS) from Salmonella enterica serotype
typhimurium and epidermal growth factor (EGF) were from
Sigma–Aldrich (St. Louis, MO).

2.2. Microorganisms

Laboratory cultures of cyanobacteria M. aeruginosa PCC
7806 and A. flos-aquae CCALA008 and green alga C. rein-
hardtii UTEX 2246 were obtained from the Culture Collec-
tion of Algal Laboratory (Institute of Botany, Czech
Academy of Sciences, Třeboň, Czech Republic). Organisms
were grown at 22 �C under continuous light (cool white
fluorescent tubes, 3000 lux) in cultivation medium with
following composition: mixture of Zehnder medium
(Schlosser, 1994), Bristol (modified Bold) medium (Stein,
1975) and distilled water (1:1:2, v/v). Cultures were aerated
with ambient air sterilized by 0.22 mm filter. Bacterium K.
terrigena CCM 3568 was obtained from the Czech Collection
of Microorganisms (Masaryk University, Brno, Czech
Republic), cultured in beef-peptone B1 medium at 30 �C for
3–4 days under sterile conditions. Biomasses of laboratory
cultures of cyanobacteria, bacterium and green alga were
harvested by centrifugation at 2500� g for 10 min and
then lyophilized. Natural cyanobacterial water blooms
were collected with plankton net (20 mm) from reservoirs
in the Czech Republic (Table 1) and lyophilized.

2.3. Extract preparations

Dry microorganism biomasses were homogenized in
methanol (equivalents of 200 mg d.w./1 mL), sonicated
(ultrasonic probe Bandelin Sonopuls HD2070, Bandelin
Electronics, Berlin, Germany), decanted by centrifugation
(14,000� g, 10 min) and extracts evaporated under
vacuum. Desired concentrations were prepared prior to
testing by diluting in 50% methanol. Concentrations were
expressed as dry weight of extracted biomass per volume
(mg d.w./mL).

2.4. Analyses of microcystins

Microcystin content in samples was analyzed according
to established methods (Babica et al., 2006), using HPLC
Agilent 1100 Series coupled with photodiode array detector
(Agilent Technologies, Waldbronn, Germany). Microcystins
were separated on a Supelcosil ABZþ Plus column
(150� 4.6 mm, 5 mm, Supelco, Bellefonte, PA) at 30 �C.
Mobile phases were water and acetonitrile, both containing
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0.1% (v/v) trifluoroacetic acid. Chromatographic separation
was achieved at a flow rate 1 mL/min using a linear
gradient starting at 20% aqueous acetonitrile increasing to
59% over the next 30 min. UV spectra were recorded from
200 to 300 nm and chromatograms were evaluated at
238 nm. Microcystins were identified by comparison of UV
spectra and retention time with standards of microcystin-
LR, -LF, -LW, -RR (Alexis Biochemicals) or microcystin-YR
(Sigma–Aldrich). Microcystins were quantified using
microcystin-LR as standard. Reliable detection limit of the
method for the individual microcystin variants was 1 mg/
g d.w.

2.5. Cell culture

The WB-F344 rat liver epithelial cell line was obtained
from Drs. J.W. Grisham and M.S. Tsao of the University of
North Carolina (Chapel Hill, NC) (Tsao et al., 1984), and
cultured in D-medium (Formula No. 78-5470EF, GIBCO
Laboratories, Grand Island, NY) on 35 mm tissue culture
plates (Corning Inc., Corning, NY), supplemented with 5%
fetal bovine serum (GIBCO Laboratories), and incubated at
37 �C in a humidified atmosphere containing 5% CO2 and
95% air. Bioassays were conducted with confluent cultures
obtained after two or three days of growth.

2.6. Bioassay of GJIC

The scrape loading-dye transfer (SL-DT) technique was
adapted after the method of El-Fouly et al. (1987). The test
samples were added directly to the cell culture medium
from concentrated stock solutions. Appropriate solvent
controls (maximum 3% methanol, v/v, in the case of cya-
nobacterial extracts) were run in each experiment and did
not induce responses significantly different from non-
treated control. After the exposure (15, 30 and 120 min),
cells were washed with phosphate buffered saline (PBS)
followed by the addition of 1 mg/mL of Lucifer-Yellow
(Sigma–Aldrich) dissolved in PBS. The dye was introduced
into the cells with three scrapes through the monolayer of
confluent cells using a surgical steel scalpel blade. The
transfer of dye through gap junction channels was allowed
for 3 min, followed by a thorough rinse of cells with PBS to

remove extracellular dye, and then fixation with a 4%
formaldehyde solution in PBS. Migration of the dye in the
cells was observed at 200-times magnification using
a Nikon epifluorescence microscope equipped with a Nikon
Cool Snap EZ CCD camera and the images were acquired by
Nikon NIS-Elements F2.2 imaging system. The fluorescence
area of the dye migration from the scrape line was quan-
tified using ‘Gel Expert’ image analysis program (Nucleo-
Tech Corp, San Mateo, CA). The results were expressed as
fraction of the solvent control. To evaluate time-dependent
effects and recovery (known to vary among tumor
promoters acting via different mechanisms), the cells were
exposed for 30 min, washed with PBS and samples were
replaced with the fresh serum-free culture medium for
another 90 min. Each SL-DT experiment was performed
three times independently.

2.7. Western blot analysis

Confluent cells were incubated in serum-free medium
for 4–5 h before an experiment and then exposed to the
test samples for 30, 60 and 120 min under the same
conditions as those used in the SL-DT assay. Cells exposed
to EGF (5 ng/mL) for 30 min were used as a positive control
for ERK1/2 activation. Appropriate solvent controls
(maximum 1.25% methanol, v/v, in the case of cyano-
bacterial extracts) were run in each experiment and did not
induce responses significantly different from non-treated
control. The proteins from the cells were extracted with
20% SDS solution containing 1 mM phenylmethylsulfonyl
fluoride, 100 mM Na3VO4, 100 nM aprotinin, 1.0 mM leu-
peptin and 1.0 mM antipain. The proteins (15 mg, deter-
mined by the DC protein kit Bio-Rad Laboratories Inc.,
Hercules, CA) were separated by 12.5% SDS-PAGE (Bio-Rad
Laboratories Inc.) and then electrophoretically transferred
from the gel to PVDF membranes (Millipore Corp., Billerica,
MA). To visualize activated, i.e. phosphorylated ERK1/2, we
used phospho-specific polyclonal antibodies directed to
ERK 1 phosphorylated at Thr202/Tyr204, and ERK 2
directed to phosphorylated Thr185/Tyr187 (New England
Biolabs, Ipswich, MA). Levels of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) as a housekeeping protein
were determined with mouse anti-GAPDH antibody

Table 1
Characterization of the studied samples with concentrations of microcystins (MCs) and effects on gap-junctional intercellular communication after 15 min
(GJIC).

Samples
(cultures/locality & date)

Description/dominant
species

Content of microcystins
(MCs mg/g d.w.)

Inhibition of GJIC
(IC50; mg d.w./mL)

Microcystis aeruginosa PCC 7806 Laboratory culture – cyanobacteria 1946 mg/g d.w.(MC-LR 1240,
unidentified MC 706)

3.5 (2.2–4.8)a

Aphanizomenon flos-aquae CCALA008 Laboratory culture – cyanobacteria NDb 3.3 (2.1–4.5)
Chlamydomonas reinhardtii UTEX 2246 Laboratory culture – green alga ND >12.5
Klebsiella terrigena CCM 3568 Laboratory culture – heterotrophic bacteria ND >12.5
Loudilka (04/10/2004) Water bloom – Microcystis aeruginosa (98%) 3662 mg/g d.w.(MC-LR 1361,

MC-YR 289, MC-RR 2012)
4.4 (2.7–5.1)

Dolnı́ Heřmanice (24/8/2004) Water bloom – Aphanizomenon flos-aquae (95%) ND 0.8 (0.4–1.2)
Dubice (08/09/2004) Water bloom – Planktothrix agardhii (95%) 2602 mg/g d.w.(unidentified MCs) 2.1 (1.7–2.6)
Stanovice (13/09/2004) Water bloom – Woronichinia naegaliana

(75%), Microcystis sp.(25%)
ND 7.8 (6.7–8.5)

a 95% confidence interval for IC50 in parentheses.
b ND – not detected (reliable detection limit of the method was 1 mg/g d.w.).
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(Chemicon; currently Millipore). Secondary anti-rabbit or
anti-mouse IgG conjugated with horse radish peroxidase,
ECL detection kit and HyperFilm�-MP (Amersham Life
Science, Denver, CO) were used for detection of signals for
ERK1/2 and GAPDH. Each Western blotting experiment was
repeated twice independently.

2.8. Data analysis

The mean values� standard deviations from three
independent experiments were evaluated by one-way
ANOVA followed by Dunnett’s post hoc test. P values less
than 0.05 were considered statistically significant. The IC50

values and 95% confidence intervals were calculated using
non-linear regression. Calculations were performed in
Statistica 8.0 (StatSoft, Tulsa, OK, USA).

3. Results

Potencies of extracts from cyanobacteria, a bacterium
and a green alga to inhibit GJIC in WB-F344 cells are shown
in Fig. 1 and Table 1. After short 15 or 30 min exposures,
extracts of cyanobacteria (both laboratory cultures and
water blooms) significantly inhibited GJIC in a dose-
dependent manner with IC50 values ranging from 0.8 to
7.8 mg d.w./mL (Fig. 1 and Table 1). The effects of cyano-
bacterial extracts on GJIC decreased in the following order:
A. flos-aquae (bloom)> P. aghardii (bloom)> A. flos-aquae
(culture) w M. aeruginosa (culture)>M. aeruginosa
(bloom)>W. naegeliana (bloom). To the contrary, weak or
no inhibitory effects on GJIC were observed in cells exposed
to extracts of the heterotrophic bacterium K. terrigena or
the green alga C. reinhardtii (Fig. 1A and Table 1). The
highest concentration of microcystins was found in the
water bloom of M. aeruginosa, followed by the bloom
sample of P. aghardii and the laboratory culture of M. aer-
uginosa, but no microcystins were detected in the samples
extracted from A. flos-aquae, which were extracts that
induced strong inhibition of GJIC. These results indicate
that inhibition of GJIC was independent of microcystin
content (Table 1 and Fig. 2). In addition, purified LPS,
microcystin-LR and cylindrospermopsin did not inhibit
GJIC in WB-F344 cells (Fig. 2).

Time-responses of GJIC varied among cyanobacterial
samples (Fig. 2). Unlike the extracts from the blooms where
GJIC was inhibited for the first 30 min followed by
a complete recovery from inhibition at 120 min, the
extracts from laboratory cultures of both M. aeruginosa and
A. flos-aquae continued inhibiting GJIC throughout the
120 min exposure period. An additional experiment was
done in which the cells were exposed to the extracts for
30 min and then rinsed with PBS and incubated for an
additional 90 min in fresh serum-free medium containing
no extracts (Fig. 2). Again, inhibition of GJIC was main-
tained for the total 120 min time period in cells that were
exposed to the extracts from the cyanobacterial cultures
but not the blooms.

Extracts from both M. aeruginosa and A. flos-aquae
cyanobacteria (cultures and water blooms) induced phos-
phorylation of ERK1/2 (Fig. 3A). The most pronounced
effects were observed at both A. flos-aquae samples, where

phosphorylation and activation of ERK1/2 was sustained
during the entire 30–120 min exposure periods, whereas
the activation induced by M. aeruginosa extracts was
weaker and diminished after incubation for 120 min
(Fig. 3A). Neither extracts from bacterium K. terrigena, alga
C. reinhardtii (Fig. 3B), isolated bacterial LPS, microcystin-LR
nor cylindrospermopsin (Fig. 3C) induced significant effects
on the activation of ERK1/2.

Fig. 1. Effects of tested samples (0.25–12.5 mg d.w./mL) on gap-junctional
intercellular communication (GJIC) in WB-F344 cells after 30 min exposure.
A – effects of laboratory cultures of cyanobacteria, bacterium and green alga;
B – effects of water bloom (WB) samples dominated by various cyano-
bacterial species. Data are means� standard deviations of three indepen-
dent experiments. Significant differences from the solvent control are
indicated at 0.001� P< 0.01 (**) or P< 0.001 (***) as determined by one-
way ANOVA followed by Dunnett’s post hoc test.

L. Bláha et al. / Toxicon 55 (2010) 126–134 129



4. Discussion

This is the first study documenting the effects of extracts
from toxic cyanobacteria on the downregulation of GJIC
and activation of ERK1/2, which are two important in vitro
biomarkers of tumor promotion. We focused in detail on
Microcystis sp., as this is the most often studied and
reported taxa dominating cyanobacterial blooms in North
America and Europe, including Czech Republic (Codd et al.,
2005; Blahova et al., 2007). Microcystis strains are also
potent producers of the most studied cyanobacterial toxins
– microcystins (Chorus and Bartram, 1999). Previous toxi-
cological research focused mostly on microcystins, which
might elevate MAPK activities by inhibiting protein phos-
phatase 2A (MacKintosh et al., 1990), which is the phos-
phatase that deactivates MAPKs (Junttila et al., 2008), or via
induction of oxidative stress (Dietrich and Hoeger, 2005),
which is also known to regulate MAPK activity (McCubrey
et al., 2006). For instance, microcystin-LR was reported to
activate MAPKs ERK1/2, SAP/JNK and p38 in HEK293 cells
transfected with OATP1B3 transporter (Komatsu et al.,
2007). Gene expression of JNK and p38 was also upregu-
lated at the mRNA-level in the microcystin-LR-transformed
and conditionally immortalized normal human colorectal
crypt epithelial cell line NCC (Zhu et al., 2005). However, in
our study there were no apparent effects on GJIC and
MAPKs related to the microcystin content in cyanobacterial
biomass (Table 1, Figs. 2 and 3). Pure microcystin-LR also
did not affect GJIC (Fig. 2) or ERK1/2 (Fig. 3C), even in
concentration much higher (100 mg/mL) than were the
actual concentrations of microcystins in the tested dilu-
tions of cyanobacterial extracts (�46 mg/mL). One of the
explanations could be possible absence of OATP-trans-
porters in WB-F344 cells used in our experiments but this
issue remains to be studied in detail.

Our study showed that the effects of cyanobacterial
samples on the inhibition of GJIC and activation of ERK1/2

did not correlate with microcystin concentrations, and the
strongest responses were induced by extracts of Aphani-
zomenon sp. samples that did not contain microcystins
(Figs. 1–3, Table 1). These results are important considering
that a toxicity of the water blooms dominated by Micro-
cystis, Planktothrix or Anabaena sp. has been extensively
studied because of their ability to produce microcystins
(Codd et al., 2005), and less attention has been paid to the
possible hazards of other cyanobacteria that do not
produce microcystins such as Aphanizomenon sp. Regula-
tions concerning cyanobacterial toxins has revolved around
the determination of microcystin content. Aphanizomenon
sp. may be of concern due to the possible production
of hepatotoxic and potentially carcinogenic cylin-
drospermopsin (Rucker et al., 2007; Blahova et al., 2008).
Since we did not analyze cylindrospermopsin content in
the tested samples, we can only speculate about concen-
trations of cylindrospermopsin in A. flos-aquae extracts.
Concentrations of this cyanotoxin in Aphaninzomenon sp.
biomass are known to range from several tens mg/g d.w. in
water blooms (Fastner et al., 2007; Blahova et al., 2009) to
5000–6600 mg/g d.w. in isolated cultures (Bacsi et al., 2006;
Preussel et al., 2006). If cylindrospermopsin content in our
A. flos-aquae samples had been at the higher level reported
from the literature (5000 mg/g d.w.), then the cyanobacte-
rial extract at the dose 2.5 mg of d.w./mL (which induced
significant effects on both GJIC and ERK1/2) would have
contained cylindrospermopsin at concentration 12.5 mg/
mL. However, pure cylindrospermopsin in concentration
25 mg/mL affected neither GJIC nor ERK1/2 activities (Figs. 2
and 3C). Moreover, extracts of M. aeruginosa or P. aghardii
inhibited GJIC (Fig. 1), and M. aeruginosa also activated
ERK1/2 (Fig. 3A,C), although these species are not known to
produce cylindrospermopsin (Codd et al., 2005). Thus, the
strong effects of cyanobacterial extracts on GJIC and ERK1/2
were probably microcystin- and cylindrospermopsin-
independent, which indicates the existence and presence

Fig. 2. Modulation of GJIC by cyanobacterial samples (3 mg d.w./mL of laboratory cultures and water blooms of M. aeruginosa and A. flos-aquae) after 30 or
120 min continual exposure or after 30 min incubation with the sample followed by 90 min incubation in fresh serum-free medium (30þ 90 min). For
comparison, presented are also effects of 100 mg/mL of microcystin-LR (MC-LR), Salmonella lipopolysaccharide (LPS) and 25 mg/mL of cylindrospermopsin (CYN).
Data are means� standard deviations of three independent experiments. Significant differences from the solvent control are indicated at 0.01� P< 0.05 (*) or
P< 0.001 (***) as determined by one-way ANOVA followed by Dunnett’s post hoc test. aValues in parentheses at cyanobacterial samples indicate actual
concentrations of microcystins in tested samples (mg/mL).
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of unidentified toxins that could potentially contribute to
tumor promotion.

Apparently, these not-yet-identified substances may
induce tumor promotion-related effects in other types of
liver cells independent from differentiated hepatocytes,

which are the primary targets for known cyanobacterial
hepatotoxins such as microcystins and cylindrospermop-
sin. WB-F344 stem-like cell line used in our study have the
characteristics of oval cells, which have been implicated as
the target cell type in liver cancer (Sell, 1993; Ruch and

Fig. 3. Activation of a subclass of mitogen-activated protein kinases (MAPKs) – extracellular receptor kinases 1 and 2 (ERK1/2) by tested samples as determined
by Western blotting (glyceraldehyde 3-phosphate dehydrogenase, GAPDH, was assayed as a housekeeping protein). EGF (5 ng/mL, 30 min) was used as a positive
control. A – time-dependent effects of extracts from water blooms and laboratory cultures of cyanobacteria M. aeruginosa (2.5 mg d.w./mL) and A. flos-aquae
(0.75 mg d.w./mL). B – effects of extracts of bacterium K. terrigena and alga C. reinhardtii (2.5 mg d.w./mL both) C – no effects (30 min exposures) of microcystin-LR
(MC-LR), Salmonella lipopolysaccharide (LPS) and cylindrospermopsin (CYN) compared with the effects of M. aeruginosa (2.5 and 5 mg d.w./mL). aConcentration
of cyanobacterial extract (mg d.w./mL). bValues in parentheses indicate actual concentrations of microcystins in tested samples (mg/mL).
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Trosko, 1999) and their proliferation is often seen in the
early stages of diseased states that lead to cancer not only in
rodents but also humans (Roskams et al., 1998; Lowes et al.,
1999). Also, the effects of cyanobacterial extracts on GJIC
and ERK1/2 in WB-F344 cells are very similar to the effects
of many well-recognized nongenotoxic carcinogens and
tumor promoters such as phorbolesters (Madhukar et al.,
1996), polycyclic aromatic hydrocarbons (Blaha et al.,
2002), polychlorinated biphenyls, PCBs (Kang et al., 1996;
Machala et al., 2003), organochlorine pesticides (Trosko
et al., 1987; Upham et al., 1997; Sai et al., 1998; Masten et al.,
2001), perfluorinated fatty acids (Upham et al., 1998a) or
organic peroxides (Upham et al., 2007). Thus, our results
suggest not only an existence of so far uncharacterized
tumor-promoting chemicals of cyanobacterial origin and
an involvement of GJIC and MAPK activation in cyanobac-
teria-associated tumor promotion, but also a possible role
of adult stem or stem-like cells in cyanobacteria-induced
carcinogenesis.

Interestingly, there were significant differences in the
time-dependent effects on GJIC between cyanobacterial
extracts from water blooms and laboratory cultures (Fig. 2).
Rapid inhibition of GJIC followed by almost complete
recovery of communication after prolonged exposures was
observed from the water bloom extracts of both M. aeru-
ginosa and A. flos-aquae, even in the case of continual
incubation with the extracts. These results are similar to
those of EGF or tumor-promoting phorbol ester, where the
inhibition of GJIC has a transient character (Madhukar et al.,
1996; Rivedal and Opsahl, 2001). On the contrary, the
inhibition of GJIC by extracts from laboratory cultures
persisted for at least 2 h. Persistent inhibition of GJIC was
reported from experiments with PCB 153 (Machala et al.,
2003) or perfluorooctanoic acid (Upham et al., 2009),
where intercellular communication was not restored even
after 24-h or longer incubation in the presence of inhibiting
factor. However, inhibition of GJIC by extracts from labo-
ratory cultures continued for 90 min after the cells were
transferred to toxin-free medium, although the removal of
GJIC inhibitor usually results in recovery of communication.
For instance, GJIC is completely restored within periods
ranging from 30 min for fluorinated fatty acids (Upham
et al., 1998a) to 2 h for polycylic aromatic hydrocarbons
(Upham et al., 1998b), pesticides (Masten et al., 2001) or
organic peroxides (Upham et al., 2007), and partial but
significant recovery of GJIC occurs actually in 60 min or less.
Since tested concentrations of extracts (based on the dry
weight of biomass) were similar for all samples, it seems
that the active compound(s) and/or their concentrations
had to be different between laboratory cultures and bloom
samples considering that there were significant differences
in both dose and time responses, and particularly in the
ability to recover from the inhibition of GJIC. Moreover, the
effects of cyanobacterial extracts on GJIC did not always
correlate with the effects on ERK1/2. Both extracts from
cultures of A. flos-aquae and M. aeruginosa inhibited GJIC
with similar potencies (Fig. 1A), but A. flos-aquae extract
induced more pronounced activation of ERK1/2 (Fig. 3A).
Also, M. aeruginosa bloom extract was a weaker inhibitor of
GJIC (Fig. 1) but stronger activator of ERK1/2 (Fig. 3A,C) than
the extract from M. aeruginosa culture. In the case of A. flos-

aquae, both bloom and culture extract elicited similar
activation of ERK1/2 (Fig. 3A), but the extract from water
bloom inhibited GJIC more significantly than the extract
from the culture (Fig. 1). It is therefore possible that the
effects on GJIC and ERK1/2 could be elicited by different
compounds of cyanobacterial origin or that they could be
synergistically/antagonistically modulated by other bioac-
tive chemicals present in cyanobacterial extracts.

To explore the selectivity of the in vitro tumor-
promoting effects of cyanobacteria, we compared these
results to the extracts from a model eukaryotic green alga,
C. reinhardtii, and from a heterotrophic gram-negative
bacterium, K. terrigena. Cyanobacteria belong among gram-
negative bacteria by the composition of the cell wall con-
taining lipopolysaccharides (Papageorgiou et al., 2004;
Bernardova et al., 2008). LPS have been reported to activate
ERKs in some cell types (Schumann et al., 1996; Watters
et al., 2002), but no such effects were observed in our
experiments with the rat liver epithelial WB-F344 cells,
even when we used LPS isolated from S. typhimurium,
a serotype producing LPS known to induce significant
biological responses. Both pure LPS and bacterial extracts
caused only weak and temporal downregulations of GJIC
that were not accompanied by activations of ERK1/2 (Figs.
1–3). Considering also no effects of green algal extracts
(Figs. 1A and 3B), our results indicate that observed effects
are really specific to metabolites present dominantly in
cyanobacterial cells.

In summary, cyanobacteria seem to produce specific
metabolites that modulate two important in vitro
biomarkers of tumor promotion, i.e. inhibition of GJIC and
activation of ERK1/2. Our study demonstrates significant
effects especially for the Aphanizomenon extracts and we
have confirmed that these effects were independent of
microcystins and cylindrospermopsin. Tumor promoting
and/or carcinogenic effects of cyanobacterial blooms
therefore should not be simply attributed to known tumor
promoters like microcystins or potential human carcino-
gens like cylindrospermopsin. Further efforts should focus
on the identification and chemical characterization of bio-
logically active compounds, determination of the
biochemical effectors that are upstream and downstream
of ERKs and GJIC, and linking these molecular signaling
events with cellular responses such as proliferation or
apoptosis.
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a b s t r a c t

Cyanobacterial extracts have been recently shown to alter two in vitro biomarkers of tumor
promotion, namely to cause inhibition of gap-junctional intercellular communication
(GJIC) and activation of mitogen-activated protein kinases (Blaha et al., 2010a). In the
present study, we investigated GJIC-inhibitory potencies of 10 laboratory strains repre-
senting common water bloom-forming cyanobacteria (Anabaena, Aphanizomenon, Cylin-
drospermopsis, Microcystis and Planktothrix) and six natural water bloom samples
(dominated by Aphanizomenon sp. orMicrocystis). The most pronounced inhibitions of GJIC
in a model rat liver epithelial cell line WB-F344 were caused by methanolic extracts of
Anabaena flos-aquae UTEX 1444, Aphanizomenon flos-aquae SAG 31.87, Aphanizomenon
gracile RCX 06, Microcystis aeruginosa PCC 7806, Cylindrospermopsis raciborskii SAG 1.97,
Planktothrix agardhii CCALA 159 and SAG 32.79, whereas weaker effects were induced by
Aphanizomenon klebahnii CCALA 009 and no inhibition was induced by extracts of Aph. flos-
aquae PCC 7905 and Aph. gracile SAG 31.79. Exudates of the laboratory cultured strains
concentrated by solid phase extraction also induced species-specific inhibitory effects, but
they did not necessarily correlate with the inhibitory potencies of extracts from the cor-
responding species. Interestingly, the GJIC-inhibitory effects may not be restricted to
cyanobacteria, since exudates of two green alga species also affected GJIC, although their
extracts caused no effects. The extracts from different natural water blooms inhibited GJIC
with different potencies without apparent relation to bloom-species composition. Since
the observed effects on GJIC did not correlate with the content of cyanotoxins microcystins
and cylindrospermopsin in the tested samples, they were most likely induced by unknown
compound(s). Our results indicate that putative tumor promoting compound(s) could be
associated with different species of bloom-forming cyanobacteria, but their production is
probably species- and strain-specific.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Cyanobacteria are known producers of toxic
compounds, which have been linked to tumor promotion
and chemical carcinogenesis (Blaha et al., 2010b). The most

intensively studied cyanotoxin, microcystin-LR, is a potent
inhibitor of eukaryotic regulatory enzymes protein serine/
threonine phosphatases PP1 and PP2A, and its tumor
promoting activity has been demonstrated in both in vitro
and in vivo experiments (Humpage and Falconer, 1999; Ito
et al., 1997; Nishiwaki-Matsushima et al., 1992). More-
over, a chronic exposure of human populations to drinking
water contaminated with microcystins is being discussed
as a factor increasing the prevalence of liver or colorectal
cancer (Fleming et al., 2002; Svircev et al., 2009; Yu, 1995;
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Zhou et al., 2002). Another cyanotoxin implicated in
carcinogenesis is cylindrospermopsin, which irreversibly
inhibits proteosynthesis and has been shown to induce
genotoxic effects in vitro (Humpage et al., 2000, 2005) and
in vivo (Shen et al., 2002), increase morphological trans-
formation in vitro (Maire et al., 2010), and initiate tumors
in vivo (Falconer and Humpage, 2001).

Besides well-recognized cyanotoxins, cyanobacteria are
capable of producing wide range of structurally diverse
secondarymetabolites (Welker and von Dohren, 2006), and
there is cumulating evidence that cyanobacterial metabo-
lites other than microcystins or cylindrospermopsin are
significantly contributing to toxicity of cyanobacteria
(Berry et al., 2009; Falconer, 2007). Interestingly, we have
demonstrated recently that compounds present in cyano-
bacterial extracts but different from microcystins and
cylindrospermopsin might elicit cellular responses known
to be involved in the tumor promotion step of cancer (Blaha
et al., 2010a). Specifically, biomass extracts of Aphanizo-
menon flos-aquae and Microcystis aeruginosa inhibited
gap-junctional intercellular communication (GJIC) and
activated mitogen-activated protein kinases (MAPKs)
ERK1/2 in a pluripotent rat liver epithelial cell WB-F344.
These effects were potently induced with cyanobacterial
extracts but to much weaker extent with bacterial and
green algal extracts (Blaha et al., 2010a).

Direct communication between cells through gap
junctions constitutes a key regulatory system maintaining
homeostatic balance of cell differentiation, proliferation,
and death at the tissue level. Downregulation of GJIC is
a common response of the cells to growth factors, oncogene
activation or tumor promoters (Trosko, 2007; Trosko and
Upham, 2005), including various environmental contami-
nants such as polycyclic aromatic hydrocarbons, poly-
chlorinated biphenyls or organochlorine pesticides (Vinken
et al., 2009). Although inhibition of GJIC may be a necessary
step in the removal of a quiescent cell from the growth
suppression, other epigenetic events such as the actual
activation of a mitogenic-signaling pathway are also
required (Trosko and Upham, 2005). Indeed, tumor
promoters and chemicals inhibiting GJIC often activate
MAPKs (Machala et al., 2003; Ruch et al., 2001; Rummel
et al., 1999; Upham et al., 2009), another intracellular
signaling mechanism regulating cell proliferation, differ-
entiation, survival and adhesion (Alberts et al., 2002).
Inhibition of GJIC and activation of MAPKs thus seem to be
critical and central signaling events in the cell proliferative
phases of human diseases, such as cancer, and they are
considered as important in vitro biomarkers of tumor
promoting potential (Upham et al., 2009).

Our recent study indicated that tumor promotion might
be a process affected by cyanobacterial metabolites (Blaha
et al., 2010a). However, not only the character of
compound(s) responsible for the observed remains
unknown, but so far there is limited knowledge whether
GJIC-inhibitory effects are associated with particular cya-
nobacterial genera or strains and how often they can be
detected in natural water blooms. It cannot also be ruled
out that the observed effects on GJIC are result of general
cell response to a mixture of chemicals present in complex
cyanobacterial extracts (Palikova et al., 2007). Also it should

be taken into account that natural cyanobacterial blooms
may bioaccumulate other toxic compounds from water
(Awasthi and Rai, 2004; Wang et al., 1998) or may be
associated with bacteria contributing to their toxicity
(Bernardova et al., 2008). Thus, samples with higher purity
and lower complexity (such as fractionated extracts or
exudates of laboratory cultures) could represent better
material for more detailed investigation of the tumor
promoting activity and characterization of the causative
agents.

Therefore, the goal of the present study was to bring
new information on the occurrence of GJIC-inhibitory
effects among different cyanobacterial strains and natural
water bloom samples. The focus of our study on laboratory
cultured cyanobacteria aimed to eliminate eventual effects
of non-cyanobacterial compounds potentially present in
natural water bloom samples, and to investigate the spec-
ificity of the observed effects to cyanobacteria by
comparing effects of cyanobacterial and green algal
extracts. Our study also aimed to identify the strains
inducing the strongest responses, which may become
promising candidates for future isolation and chemical
characterization of the putative GJIC-inhibiting
compound(s). In order to obtain less complex material
than biomass extracts, effects of partially purified and
concentrated exudates (i.e. growth-spent media) of corre-
sponding laboratory cultured strains were also
investigated.

2. Materials and methods

2.1. Cyanobacterial strains and culture conditions

The list, identification and source of investigated cya-
nobacterial and algal strains as well as their production of
cyanobacterial toxins microcystin and cylindrospermopsin
are given in Table 1. All strains were cultivated in the
mixture of Zehnder medium (Schlosser, 1994), Bristol
(modified Bold) medium (Stein,1973) and distilled water in
the ratio 1:1:2 (v/v/v). The exception was Aph. flos-aquae
PCC 7905 cultured in the nitrogen low BG11 medium
(medium composition according to recommendation of
Pasteur Institute). Organisms were grown for 14 days at
22� 2 �C under continuous light (cool white fluorescent
tubes, 3000 lux) and aeration with air filtered through
0.22 mm filter (Labicom, Olomouc, Czech Republic). The
cultivations were started with the 20% (v/v) of the inoc-
ulum with optical density 0.3 at 680 nm.

2.2. Biomass extract preparation

Biomasses of laboratory strains of the cyanobacteria and
algae (Table 1) were collected by centrifugation (2880�g,
10 min, 25 �C) and freeze-dried. Supernatants were further
processed to prepare exudate samples (see below).
Biomasses of natural water blooms (Table 1) were collected
and concentrated by plankton net (20 mm) and freeze-
dried. Freeze-dried biomasses (100 mg) were twice recon-
stituted in 3 ml of 50% methanol and sonicated on ice
(Bandelin Sonopuls HD2070, Berlin, Germany) for
5 minutes. After the sonication, samples were centrifuged
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(2880�g, 10 min, 4 �C), collected supernatants were evap-
orated to dryness and redissolved in 50%methanol to reach
the concentration equivalent to 400 mg d.w./ml for labo-
ratory strains and 250 mg d.w./ml for natural water bloom
samples.

2.3. Exudate preparation

Growth-spent media were separated from the cyano-
bacterial cells (biomass) by centrifugation (2880�g, 10 min,
25 �C) and filtered through 0.6 mm glass fiber filter (Fisher
Scientific, Pardubice, Czech Republic). Organic compounds
present in the media were concentrated by solid phase
extraction (SPE) using two columns connected in the
tandem: Oasis HLB column (Waters, Milford, MA, USA) and
Carbograff column (Alltech, Deerfield, Illinois USA). SPE

columns were eluted by 100% methanol and eluates evap-
orated to dryness. Residual material was redissolved in
100%methanol to reach the final volume that corresponded
to 2000-times concentrated original media and sonicated
for 5 min. Concentrations of total organic carbon (TOC) of
exudates were measured by a LiquiTOC II analyzer (ELE-
MENTAR Analysensysteme, Hanau, Germany) using high
temperature catalytic oxidation detection method.

2.4. Cyanotoxin analyses

Microcystins were analysed by HPLC Agilent 1100 Series
coupled with PDA detector (Agilent Technologies, Wald-
bronn, Germany) using C18 Supelcosil ABZþPlus column,
150� 4.6 mm, 5 mm (Supelco, Bellefonte, PA, USA), and
gradient elution with acetonitrile (Babica et al., 2006).

Table 1
List of strains and natural water blooms used in our study, their cyanotoxin content, and effects of extracts and exudates on GJIC. CCALA – Culture Collection
of Autotrophic Organisms, Institute of Botany, Academy of Sciences of the Czech Republic; RCX – RECETOXCulture Collection of Cyanobacteria and Algae; SAG
– Sammlung von Algenkulturen Goettingen; UTEX – The Culture Collection of Algae at the University of Texas at Austin; PCC – Pasteur Culture Collection of
Cyanobacteria; MCs – microcystins; CYN – cylindrospermopsin; n.d. – not detected; n.a. – not analysed. Reported GJIC modulations were observed after
exposure to 4 mg d.w./ml for extracts of laboratory strains and 10 mg d.w./ml for natural water bloom extracts.

Species Sourcea Cyanotoxin
concentration (mg/g d.w.)b

GJIC after 30 min
exposure (FOC)c

Total organic
carbon (g/l)

MCs CYN Extract (4 or
10 mg d.w./ml)

Exudate (50�) Exudate (50�)

Non-treated control – – – 1.00� 0.01 1.00� 0.10

Cyanobacteria (Nostocales)
Anabaena flos-aquae UTEX 1444 n.d. n.d. 0.02� 0.01 (0.84) 0.97� 0.11 (>100) 3.26
Aphanizomenon flos-aquae PCC 7905 n.d. 3100 (29.8 mM) 0.93� 0.13 0.23� 0.09 1.79
Aph. flos-aquae SAG 31.87 n.d. n.d. 0.01� 0.00 0.28� 0.06 3.42
Aphanizomenon gracile RCX 06d n.d. n.d. 0.02� 0.00 (1.05) 0.98� 0.19 (>100) 3.23
Aph. gracile SAG 31.79 n.d. n.d. 0.97� 0.18 0.45� 0.09 3.29
Aphanizomenon klebahnii CCALA 009 n.d. n.d. 0.54� 0.08 0.49� 0.07 3.14
Cylindrospermopsis raciborskii SAG 1.97 n.d. n.d. 0.00� 0.00 (1.55) 0.11� 0.01 (31.75) 3.22

Cyanobacteria (Chroococcales)
Microcystis aeruginosa PCC 7806 2500 (10 mM) n.d. 0.20� 0.05 (1.38) 0.54� 0.09 (51.1) 3.52

Cyanobacteria (Oscillatoriales)
Planktothrix agardhii CCALA 159 170 (0.7 mM) n.d. 0.02� 0.00 (1.70) 0.97� 0.19 (>100) 4.51
P. agardhii SAG 32.79 200 (0.8 mM) n.d. 0.01� 0.01 0.99� 0.16 3.24

Green algae (Sphaeropleales)
Desmodesmus quadricauda CCALA 463 n.d. n.d. 0.98� 0.20 0.02� 0.00 2.13

Green algae (Chlorellales)
Chlorella kessleri CCALA 253 n.d. n.d. 0.96� 0.15 0.43� 0.10 2.88

Natural water bloomse

Aph. flos-aquae (80%) Dehtá�r, 26.6.2007 8.5 (0.1 mM) n.a. 0.43� 0.04 n.a. n.a.
Aph. flos-aquae (80%) K�ri�zanovice, 3.9.2007 445 (4.5 mM) n.a. 0.18� 0.02 (3.28) n.a. n.a.
Aph. gracile (80%) Letovice–

K�retínka, 18.9.2007
417 (4.2 mM) n.a. 0.01� 0.03 (2.03) n.a. n.a.

Aph. klebahnii (80%) Dehtá�r, 29.8.2007 n.d. n.a. 0.65� 0.04 n.a. n.a.
Aph. klebahnii (30%)

and Anabaena sp. (50%)
Opatovický, 26.6.2007 n.d. n.a. 0.30� 0.08 n.a. n.a.

Microcystis sp. (70%) Lednice – Zámecký
rybník, 27.8.2007

1832 (18.4 mM) n.a. 0.31� 0.05 (6.04) n.a. n.a.

a Culture collection ID for laboratory cultured strains or sampling site and date for natural water blooms.
b Concentration of cyanotoxins in biomass (method limit of detection was 5 mg/g d.w. for microcystins and 10 ng/g d.w. for cylindrospermopsin).

Concentrations of cyanotoxins in the experiments with extracts are given in parentheses.
c Data are means of fraction of the solvent control (FOC) from three independent experiments� standard deviations. Where available, IC50 values are

given in parentheses.
d This species originates from CCALA (strain 008), but has been long-term cultivated at RECETOX.
e Percentage given in parentheses represents relative abundance of the species.
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Microcystins were identified by comparing the UV spectra
and retention times with standards of microcystin-LR, -YR,
-RR, -LW, -LF (Enzo Life Sciences, Lausen, Switzerland) and
quantified using external calibrations (method limit of
detection was 5 mg/g d.w. for microcystin). For cylin-
drospermopsin analyses, the extracts were reconstituted in
Milli-Q water and analysed by the Agilent 1200 system
coupled to 6410 Triple-Quad mass spectrometer with the
electrospray interface. Separation was achieved on C18
Supelcosil ABZþPlus column at 35 �C using a gradient
elution with methanol acidified with 5 mM ammonium
acetate. The mass spectrometer was operated in a multiple
reaction monitoring mode (MRM) by monitoring the
cylindrospermopsin transition ions m/z 416.2 (MþHþ) to
194.2 and m/z 416.2 to 176.1 for 25 ms dwell time. Identi-
fication and quantification was achieved using the product
ions (194.2 and 176.1 transition) based on external cali-
bration of cylindrospermopsin standard (Enzo Life
Sciences, Lausen, Switzerland). Method limit of detection
was 10 ng/g d.w. (Blahova et al., 2009).

2.5. Cell culture

TheWB-F344 rat liver epithelial cell line was isolated by
Drs. J.W. Grisham and M.S. Tsao of the University of North
Carolina (Chapel Hill, NC) (Tsao et al., 1984). The cells
(passage number between 6 and 26) were cultured in
DMEM/Ham’s F-12 supplemented with 5% fetal bovine
serum (PAA, Pasching, Austria) at 37 �C in a humidified
atmosphere containing 5% CO2. For experiments, the cells
were seeded at density 35�103 cell/cm2 on 24-well tissue
culture plates (TPP, Trasadingen, Switzerland). The bioas-
says for GJIC were conducted with confluent cell cultures
obtained after two or three days of growth.

2.6. Gap-junctional intercellular communication (GJIC) assay

GJIC was assessed by scrape loading-dye transfer tech-
nique adapted from Elfouly et al. (1987). The samples were
added directly to the cell culture medium from the
concentrated stock solutions. Appropriate solvent controls
(methanol) were tested in each experiment and did not
induce any responses significantly different from the non-
treated control (final methanol concentration in the well
did not exceed 2.5%). After the exposure (5, 15 or 30 min),
cells were washed with phosphate-buffered saline (PBS)
and Lucifer Yellow dye (1 mg/ml of PBS; Sigma–Aldrich)
was added. This membrane non-permeable dye was intro-
duced into the cells with 10 scrapes through the monolayer
of confluent cells using a surgical steel scalpel blade. The
transfer of the dye through gap junction channels was
allowed for 3 min, followed by a thorough rinse of the cells
with PBS to remove extracellular dye. Cells were fixed using
a 4% formaldehyde solution, and the dye transfer through
the cell monolayer was observed at 100� magnification
using a Zeiss OBSERVER.Z1 epifluorescence microscope
equipped with a Zeiss AxioCam HRc camera. The image of
the whole scrape was acquired by AxioVision software and
quantified using the image analysis program created byMr.
Zdenek Kuna using MATLAB. Each experiment was per-
formed three times independently in two replicates. Images

were acquired from 6 scrapes for each replicate. The results
were expressed as a fraction of the dye spread in the solvent
control (fraction of the control, FOC).

2.7. Statistical evaluations

The mean values� standard deviations from three
independent experiments were evaluated by one-way
ANOVA followed by Dunnett’s post hoc test. P values less
than 0.05 were considered statistically significant. The IC50
values and 95% confidence intervals were calculated using
non-linear regression.

3. Results and discussion

In the first set of experiments, we investigated
concentration-dependent effects of five cyanobacterial
strains representing common bloom-forming species
(Anabaena flos-aquae UTEX 1444, Aphanizomenon gracile
RCX 06, M. aeruginosa PCC 7806, Cylindrospermopsis raci-
borskii SAG 1.97, Planktothrix agardhii CCALA 159) and also
three natural water bloom samples dominated by Aph. flos-
aquae (K�ri�zanovice), Aph. gracile and Microcystis sp. The
selected exposure period 30 min was previously demon-
strated to be sufficient to achieve complete inhibitionofGJIC
by various chemicals aswell as by cyanobacterial extracts in
our cellularmodel (Blaha et al., 2010a;Machala et al., 2003).

After 30 min exposure, all studied extracts of laboratory
strains significantly downregulated GJIC with the effective
concentrations within the range of 1–4 mg d.w./ml
(Fig. 1A). Although the extract of A. flos-aquae UTEX 1444
inhibited GJIC most potently, the observed differences in
concentration-dependent GJIC inhibition between different
strains were rather minor (IC50 values ranged between
0.84 and 1.70 mg d.w./ml) and extracts of all five strains
inhibited GJIC at concentrations �4 mg d.w./ml almost
completely (FOC< 0.20). These data are in a good agree-
ment with the original results reporting similar effective
concentrations for extracts of Aph. flos-aquae var. gracile
CCALA 008 and M. aeruginosa PCC 7806 (Blaha et al.,
2010a). The effects of exudates on GJIC were much less
uniform than the effects of extracts prepared from corre-
sponding cyanobacterial strains (Fig. 1B), despite the
similar levels of TOC present in all five exudates (Table 1).
The strongest inhibition of GJIC was induced by exudate of
C. raciborskii SAG 1.97 with IC50 value corresponding to
31.75-times concentrated exudate, followed by M. aerugi-
nosa PCC 7806 with IC50 value corresponding to 51.10-
times concentrated exudate. The exudates of the other
three strains did not affect GJIC at the experimental
concentration range.

Extracts of natural water blooms differed in their GJIC-
inhibitory potencies (Fig. 1C). The extract of Aph. gracile
bloomwas the most potent of the three tested samples and
inhibited GJIC with efficiency similar to the extract of A.
flos-aquae UTEX 1444 or Aph. gracile RCX 06 (IC50
2.03 mg d.w./ml). Inhibition of GJIC induced by the extract
of Aph. flos-aquae bloom from water reservoir K�ri�zanovice
was less effective (IC50 3.28 mg d.w./ml) but still close to
the responses elicited by the extracts of laboratory cultured
strains, whereas inhibitory effects of Microcystis sp. bloom
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extract wereweaker (IC50 6.04 mg d.w./ml). These findings
correspond to the results of Blaha et al. (2010a), who also
reported greater differences between GJIC-inhibitory
potencies of different water bloom extracts, with Aphani-
zomenon sp. bloom extract inducing stronger inhibition of
GJIC and activation of MAPKs than Microcystis sp. bloom
extract (Blaha et al., 2010a).

In the second set of experiments, time-response of GJIC
inhibition induced by the same five laboratory cultured
strains of cyanobacteria (A. flos-aquae UTEX 1444, Aph.
gracile RCX 06, M. aeruginosa PCC 7806, C. raciborskii SAG
1.97, P. agardhii CCALA 159) was investigated. Since some
chemicals (e.g. fluorinated fatty acids) were shown to

completely inhibit GJIC even within 5 min of exposure
(Upham et al., 1998), the cells were exposed to cyano-
bacterial samples for 5, 15 and 30 min. At the tested
concentration (4 mg d.w./ml), the extracts rapidly inhibited
GJIC and the observed effects became more pronounced
with increasing exposure time (Fig. 2A). The time-course
experiments revealed more remarkable differences
between the studied extracts and clearly showed that A.
flos-aquae UTEX 1444 extract induced the strongest effect
when complete inhibition of GJIC occurred already after
5 min exposure (FOC 0.12), whereas 15–30 min exposure
was required by the extracts of the other strains to close
GJIC. The effects of exudates of laboratory strains were also

Fig. 1. Concentration-dependent inhibition of gap-junctional intercellular communication (GJIC) in WB-F344 cells caused by laboratory cultured strains or
natural water blooms after 30 min exposure. (A) Effects of laboratory cultured strain extracts. (B) Effects of laboratory cultured strain exudates. (C) Effects of
natural water bloom extracts. Data are means� standard deviations of three independent experiments. *Mean values below the grey line were significantly
different from control (ANOVA, P< 0.050, Dunnett’s test).
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time-progressive, but only M. aeruginosa PCC 7806 and C.
raciborskii SAG 1.97 induced significant inhibition of GJIC
within the experimental exposure regimes (Fig 2B), which
corresponds well to the results of concentration–response
experiments.

Since recent study of Blaha et al. (2010a) as well as our
present results indicate that extracts of Aphanizomenon sp.
andAnabaena sp.might be themost potent inhibitors ofGJIC
and therefore the samples of our particular interest, three
additional extracts of complex water blooms dominated by
Aph. flos-aquae (Dehtá�r), Aph. klebahnii, and Aph. kle-
bahniiþ Anabaena sp.were included into the time-response
experiments. Higher experimental concentrations
(10 mg d.w./ml) were used in these experiments with
respect to weaker inhibitory potencies observed in some
bloom samples. The experiments confirmed that extract of
Aph. gracile, which inhibited GJIC almost completely after
5 min (FOC 0.12), was the most potent water bloom sample
in our study (Fig. 2C). The effects of Aph. flos-aquae
(K�ri�zanovice andDehtá�r) extracts andMicrocystis sp. extract
were less pronounced but progressing with exposure time,
with maximum inhibition achieved after 30 min exposure.
However, notably different time-course of inhibition was
observed in the extracts of Aph. klebahnii bloom or Aph.
klebahniiþ Anabaena sp. bloom, which caused the
maximuminhibitionofGJIC after15 minexposure (FOC0.44
or 0.02) followed by restoration of communication after
30 min (FOC 0.65 or 0.30) (Fig. 2C). The observed differences
in the time-responses may indicate that different extracts
inhibitedGJIC bydifferent compound(s)with variablemode
of action. For example, cells do not restore GJIC during
exposure to polychlorinated biphenyl PCB 153, a chemical
inhibiting communication by a different mechanism than
tumor promoting phorbol ester or epidermal growth factor
(Machala et al., 2003), which are known to downregulate
GJIC only transiently (Rivedal and Opsahl, 2001).

The last part of our study focused on additional labora-
tory strains of cyanobacteria, namely Aph. flos-aquae PCC
7905, Aph. flos-aquae SAG 31.87, Aph. gracile SAG 31.79, Aph.
klebahnii CCALA 009 and P. agardhii SAG 32.79. Based on the
results from dose- and time-response experiments (Figs. 1
and 2), the effects of 30 min exposure to a single concen-
tration of extracts (4 mg d.w./ml) and exudates (50-times
concentrated) were studied. The results obtained from all
10 cyanobacterial strains under the study are compiled in
the Table 1. Extracts of seven laboratory cultured strains
inhibited GJIC completely, which suggests that the GJIC-
inhibitory effects are in fact being induced by some
compound(s) produced by cyanobacteria and not caused by
other pollutants possibly bioaccumulated or biosorbed by
cyanobacterial biomass, as it could be assumed in the case of
natural water bloom samples. However, our experiments
revealed apparent differences in GJIC-inhibitory potencies
of various strains. The extract of Aph. klebahnii CCALA 009
induced only a partial inhibition at the tested concentration
(FOC0.54), and no effects onGJICwere elicited byextracts of
Aph.flos-aquaePCC7905andAph. gracileSAG31.79. Also, the
extracts of green algae Desmodesmus quadricauda CCALA
463 and Chlorella kessleri CCALA 253 did not affect GJIC.
Considering the presence of such species-specific or strain-
specific differences in GJIC-inhibitory potencies, it seems

Fig. 2. Time-course inhibition of gap-junctional intercellular communica-
tion (GJIC) in WB-F344 cells caused by laboratory cultured strains and
natural water blooms after different exposure times (5, 15 and 30 min). (A)
Effects of laboratory strain extracts (4 mg d.w./ml). (B) Effects of laboratory
strain exudates (50-times concentrated in comparison to the original
growth-spent mediums). (C) Effects of natural water bloom extracts
(10 mg d.w./ml). Data are means� standard deviations of three independent
experiments. *Mean values below the grey line were significantly different
from control (ANOVA, P< 0.050, Dunnett's test).
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that the effects were caused by unknown bioactive chem-
ical(s) produced in particular strains rather than a result of
general cell response toa complexmixtureof cyanobacterial
or algal primary and secondary metabolites. Moreover, GJIC
was inhibited also by exudates concentrated and partially
purified by SPE, which represent less complex mixture
containing mostly organic compounds. No correlation
betweenTOC concentrations in different exudates and their
effects on GJIC was observed. Most exudates contained
similar levels of TOC corresponding to 58–70 mg/L in non-
concentrated samples, even though they inhibited GJIC to
different extents (Table 1). The exudate of P. agardhii CCALA
159with the highest concentration of TOC (90 mg/L in non-
concentrated sample) did not cause inhibition of GJIC,
whereas exudates of Aph. flos-aquae PCC7905 and D. quad-
ricauda CCALA 463 containing the lowest TOC levels (36 and
43 mg/L in non-concentrated samples) were among the
samples inducing themost profound inhibition of GJIC (FOC
0.23 and 0.02). These results suggest that metabolic activity
and total amount of organic compounds extracellularly
released during cyanobacteria or algae cultivation might
have been similar, but production and release of causative
agents of GJIC inhibition differed between species and
strains.

Interestingly, the effects of exudates did neither corre-
late with tumor promoting activity of extracts of corre-
sponding cyanobacterial strains (Table 1) and various
scenarios were observed in our study: (A) GJIC was
inhibited by both extract and exudate (C. raciborskii SAG
1.97, Aph. flos-aquae SAG 31.87, Aph. klebahnii CCALA 009,M.
aeruginosa PCC 7806); (B) only the extracts but not the
exudates downregulated GJIC (A. flos-aquae UTEX 1444,
Aph. gracile RCX 06, P. agardhii CCALA 159, P. agardhii SAG
32.79); and (C) GJIC was inhibited only by the exudate and
not by the extract (Aph. flos-aquae PCC 7905, Aph. gracile
SAG 31.79). To our knowledge, there is only limited number
of studies that investigated and compared effects of
metabolites extracted from cyanobacterial cells and
produced extracellularly. For example Bártová et al. (2010)
reported that extract and exudate of M. aeruginosa
PCC7806 induced quantitatively different oxidative stress-
related responses in a green alga, even though the experi-
mental concentrations of extract and exudate were
adjusted to the same level of microcystin equivalents. The
absence of such adjustment in the present study along with
different growth characteristics of the studied strains could
affect production and extracellular release of putative
bioactive metabolites. This could then explain the lack of
clear relationship between toxicities of extracts and
exudates observed in our study. However, the possibility
that different agents were responsible for the effects of
extracts and exudates cannot be excluded. The importance
of future toxicological and chemical characterization of
exudates is stressed out by the finding that also exudates of
the two green algae, D. quadricauda CCALA 463 and C. kes-
sleriCCALA253,downregulatedGJIC, although their extracts
had no effect (Table 1). These two green algal species
represent environmentally common genera of plantkonic
green algae (Reynolds, 2006) and therefore were chosen as
relevant species for comparison with common species of
planktonic cyanobacteria, however, more representative

informationondistribution ofGJIC-inhibitorypotencies and
chemicals among green algae should be obtained by
screening of more species in future studies.

Our study also demonstrated that the ability to inhibit
GJIC can be found across different cyanobacterial orders
and genera (Nostocales – Anabaena, Aphanizomenon,
Cylindrospermopsis; Chroococcales – Microcystis; Oscil-
latoriales – Planktothrix) and also in the exudates of green
algae, but the inhibitory potencies may substantially differ
between the strains. This was most obvious between the
extracts of Aph. flos-aquae PCC 7905 and Aph. flos-aquae
SAG 31.87, or between extracts and exudates of Aph. gracile
RCX 06 and Aph. gracile SAG 31.79. These observations
correspond well to the fact that the main classes of cya-
nobacterial oligopeptides (aeruginosins, anabaenopeptins,
cyanopeptolines, microcystins, microviridins, microginins
and cyclamides) as well as other cyanotoxins (anatoxins,
saxitoxins, cylindrospermopsins) can be found in phylo-
genetically distant cyanobacterial genera, yet the actual
spectrum of bioactive metabolites produced by morpho-
logically indistinguishable strains of the same species or
morphotype can be different depending on the presence
and activity of genes responsible for biosynthesis of these
metabolites (Pearson et al., 2010; Welker and von Dohren,
2006). Similarly to the cyanotoxin production and toxicity
of cyanobacterial samples, it seems that GJIC-inhibitory
potencies also cannot be reliably predicted from morpho-
logical species identification.

Although the chemical(s) responsible for GJIC-
inhibitory effects of cyanobacterial extracts in our in vitro
model have not been characterized yet, they were most
likely different from microcystins and cylindrospermopsin.
Blaha et al. (2010a) reported no modulation of GJIC in WB-
F344 cells after exposure to microcystin-LR (100 mM) or
cylindrospermopsin (60 mM) and it has been proposed that
eventual lack of expression of respective organic anion
transport proteins required for microcystin uptake and
toxicity OATPs could be responsible for the absence of
microcystin effects in WB-F344 cells, since most cell lines
in vitro do not express OATPs (Blaha et al., 2010a). These
findings are strongly supported by our study, where
GJIC-inhibitory potencies of the tested samples did not
correlate with the content of microcystins or cylin-
drospermopsin in the studied samples and significant
inhibitions of GJIC were elicited by the strains that did not
produce these toxins in our study, such as A. flos-aquae
UTEX 1444, Aph. flos-aquae SAG 31.87, Aph. gracile RCX 06
and SAG 31.79, Aph. klebahnii CCALA 009 or C. raciborskii
SAG 1.97 (Table 1). Apparently, WB-F344 cells may be
a target of GJIC-inhibiting chemicals different from micro-
cystins and cylindrospermopsin. Inhibition of GJIC in
WB-F344 cells might be of particular importance, since
these normal liver epithelial cells possess characteristics of
so-called oval cells, which have been recognized to have an
important role in liver tumor promotion and hep-
atocarcinogenesis (Ruch and Trosko, 1999).

4. Conclusion

Although the research of carcinogenic and tumor
promoting effects of cyanobacteria have mostly focused on
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microcystins or cylindrospermopsin so far, cyanobacteria
seem to produce a range of other but not-yet-identified
metabolites with potential tumor promoting effects. We
demonstrated that extracts as well as exudates of different
cyanobacterial strains as well as extracts of natural water
bloom samples inhibit GJIC in a model in vitro system.
Inhibition of GJIC was caused by most of tested cyanobac-
teria with extracts of A. flos-aquae UTEX 1444, Aph. flos-
aquae SAG 31.87, Aph. gracile RCX 06, M. aeruginosa PCC
7806, C. raciborskii SAG 1.97, P. agardhii CCALA 159 and SAG
32.79 being themost potent inhibitors, whereas green algal
extracts did not alter GJIC. However, exudates of green
algae downregulated GJIC to similar extent as several cya-
nobacterial exudates. Interestingly, inhibition of GJIC
caused by both samples (extract and exudate) was reported
only for few investigated strains, namely Aph. flos-aquae
SAG 31.87, Aph. klebahnii CCALA 009, C. raciborskii SAG 1.97
and M. aeruginosa PCC 7806.

The data shows that the ability to inhibit GJIC is common
among different cyanobacterial species and bloom samples,
but may differ significantly between different strains.
Identification and characterization of these bioactive
compound(s) using approaches of the effect-directed anal-
ysis (EDA) is the subject of our ongoing research.
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a b s t r a c t

Inhibition of gap junctional intercellular communication (GJIC) is affiliated with tumor promotion
process and it has been employed as an in vitro biomarker for evaluation of tumor promoting effects
of chemicals. In the present study we investigated combined effects of anthropogenic environmental con-
taminants 2,20 ,4,40,5,50-hexachlorobiphenyl (PCB 153) and fluoranthene, cyanotoxins microcystin-LR and
cylindrospermopsin, and extracts of laboratory cultures of cyanobacteria Aphanizomenon gracile and
Cylindrospermopsis raciborskii, on GJIC in the rat liver epithelial cell line WB-F344. Binary mixtures of
PCB 153 with fluoranthene and the mixtures of the two cyanobacterial strains elicited simple additive
effects on GJIC after 30 min exposure, whereas microcystin-LR and cylindrospermopsin neither inhibited
GJIC nor altered effects of PCB 153 or fluoranthene. However, synergistic effects were observed in the
cells exposed to binary mixtures of anthropogenic contaminants (PCB 153 or fluoranthene) and
cyanobacterial extracts. The synergistic effects were especially pronounced after prolonged (6–24 h)
co-exposure to fluoranthene and A. gracile extract, when mixture caused nearly complete GJIC inhibition,
while none of the individual components caused any downregulation of GJIC at the same concentration
and exposure time. The effects of cyanobacterial extracts were independent of microcystin-LR or cylin-
drospermopsin, which were not detected in cyanobacterial biomass. It provides further evidence on
the presence of unknown tumor promoting metabolites in cyanobacteria. Clear potentiation of the GJIC
inhibition observed in the mixtures of two anthropogenic contaminants and cyanobacteria highlight
the importance of combined toxic effects of chemicals in complex environmental mixtures.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Many external and environmental factors are contributing to
carcinogenesis such as diet, cigarette smoking and betel chewing,
alcohol drinking, radiation or infection (Wogan et al., 2004). Con-
tamination of the air, food or water by toxic compounds may also
increase a risk of developing cancer, and various anthropogenic
contaminants are classified as carcinogens, including representa-

tives of polycyclic aromatic hydrocarbons (PAHs), polychlorinated
dibenzodioxins and polychlorinated dibenzofurans (PCDD/Fs),
polychlorinated biphenyls (PCBs) as well as some complex mix-
tures containing these chemicals (Baan et al., 2009). Currently,
PCB 126 and benzo[a]pyrene as well as some PAH-related expo-
sures are recognized as carcinogenic to human (IARC Group 1),
whereas PCB-mixtures and some other PAHs are classified as prob-
able or possible human carcinogens (IARC Groups 2A or 2B) (Straif
et al., 2005; Baan et al., 2009).

Besides the man-made chemicals, massive proliferations of
toxic cyanobacteria resulting from nutrient pollution of surface
and coastal marine waters represent another global environmental
problem, since cyanobacteria produce a wide range of bioactive
and toxic chemicals (van Apeldoorn et al., 2007). Toxic cyanobacte-
ria have been associated with increased prevalence of cancer and
the most prevalent and studied cyanotoxin, microcystin-LR
(MC-LR), is currently classified as a possible human carcinogen
(IARC Group 2B) (Svircev et al., 2010). Carcinogenic effects of
another emergent cyanotoxin, cylindrospermopsin (CYN), are
being investigated and discussed (Zegura et al., 2011).

0045-6535/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.chemosphere.2012.04.008
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Processes and mechanisms underlying the chemical carcino-
genesis are still not completely understood but it is now well
accepted that development of cancer is a multistep process (Vineis
et al., 2010). Traditionally, mutations and genotoxicity of chemicals
were extensively studied but various non-genotoxic mechanisms
were shown to play a crucial role in the process of cancer develop-
ment (Hernandez et al., 2009; Ziech et al., 2010). Disruption of the
tissue homeostasis mediated by gap junctional intercellular com-
munication (GJIC) represents an important non-genotoxic mecha-
nism associated with tumor promotion and cancer (Trosko,
2007). Downregulation of GJIC caused by chemicals in vitro can
serve as a potent biomarker of tumor promotion and its assess-
ment provides good predictions of in vivo tumor promoting poten-
cies of chemicals (Rosenkranz et al., 2000; Upham et al., 2009).

Number of studies demonstrated inhibition of GJIC caused by
various classes of chemicals including known tumor promoters
and carcinogens such as phorbol ester, polycyclic aromatic hydro-
carbons or organochlorine compounds such as polychlorinated
biphenyls (Vinken et al., 2009). More recently, we have shown that
also cyanobacterial extracts inhibit GJIC (Blaha et al., 2010; Novak-
ova et al., 2011) but the effects could not be related to known
cyanotoxins such as MC-LR and CYN. Rather, other unknown toxic
metabolite(s) produced by cyanobacteria are responsible for the
observed toxicity in vitro (Blaha et al., 2010; Novakova et al., 2011).

Since organisms including humans are typically exposed to
multi-component chemical mixtures from the environment and
food, the issue of mixture toxicity is being intensively addressed
in toxicological and ecotoxicological research (McCarty and Borg-
ert, 2006a,b; Syberg et al., 2009). Toxic effects of cyanotoxins have
been often examined in mixtures due to frequent use of complex
cyanobacterial extracts in many studies, but information on cyano-
toxin effects in combination with other environmental contami-
nants is limited. Interestingly, there is a recent evidence that
exposures to toxic cyanobacteria may enhance effects of other
non-cyanobacterial toxicants and stressors, such as heavy metals
or viral infection (Pikula et al., 2010), or pesticides (Cerbin et al.,
2010).

The objective of the present study was to evaluate in vitro tumor
promoting potencies of mixtures containing two known inhibitors
of GJIC, anthropogenic environmental contaminants fluoranthene
(FLU) and hexachlorobiphenyl PCB 153, in mixtures with cyano-
bacterial extracts of Aphanizomenon gracile or Cylindrospermopsis
raciborskii or pure cyanotoxins, MC-LR and CYN.

2. Materials and methods

2.1. Chemicals

2,20,4,40,5,50-hexachlorobiphenyl (PCB 153) was purchased from
Dr. Ehrenstorfer (Augsburg, Germany). Fluoranthene (FLU), cylin-
drospermopsin (CYN) and lucifer yellow were supplied by Sig-
ma–Aldrich (Prague, Czech Republic). Cyanotoxin microcystin-LR
(MC-LR) was provided by Enzo Life Sciences (Lausen, Switzerland).

2.2. Cyanobacterial strains and culture conditions

Cyanobacterial culture of Aphanizomenon gracile RCX 06 was ob-
tained from the RECETOX Culture Collection of Cyanobacteria and
Algae, Czech Republic. This species originates from the Culture Col-
lection of Autotrophic Organisms, Institute of Botany, Academy of
Sciences of the Czech Republic (CCALA strain 008), but has been
long-term cultivated at RECETOX laboratories and its properties
differ from the original strain. Cyanobacterium Cylindrospermopsis
raciborskii SAG 1.97 was purchased from the Goettingen University
Collection of Cyanobacteria (Goettingen, Germany). Both microor-

ganisms were cultured in the mixture of Zehnder medium (Schlos-
ser, 1994), Bristol (modified Bold) medium (Stein, 1973) and
distilled water in the ratio 1:1:2 (v/v/v). Organisms were grown
at 22 �C ± 2 �C under continuous light (cool white fluorescent
tubes, 3000 lux) and aerated with sterilized air by passing through
0.22 lm filter (Labicom, Olomouc, Czech Republic).

2.3. Biomass extract preparation

Biomasses produced by cyanobacterial cultures were collected
by the centrifugation (2880g, 10 min, 25 �C) and freeze-dried.
500 mg of lyophilized biomasses were reconstituted in 100 mL of
50% methanol and sonicated on ice (Bandelin Sonopuls HD2070,
Berlin, Germany). After sonication samples were centrifuged
(2880g, 10 min, and 25 �C), supernatants were collected, freeze-
dried reconstituted in 0.5 mL of 50% methanol to reach concentra-
tion 1000 mg d.w. mL�1 and sonicated on ice.

2.4. Cell culture

The WB-F344 rat liver epithelial cell line was originally isolated
by Drs. J.W. Grisham and M.S. Tsao of the University of North
Carolina (Chapel Hill, NC) (Tsao et al., 1984). Cells were grown in
DMEM/Haḿs F-12 with L-Glutamine supplemented with 5% fetal
bovine serum (PAA, Pasching, Austria). Cells were cultured in 24-
well microplates (TPP, Trasadingen, Switzerland) at 37 �C in a
humidified atmosphere containing 5% CO2 and 95% air. Bioassays
were conducted with confluent cultures obtained after 2–3 d of
growth.

2.5. Experimental design

Interactions of mixtures cyanobacterial samples or cyanotoxins
with model anthropogenic contaminants (FLU and PCB 153) were
evaluated by using GJIC in vitro assay in several experimental set-
tings in order to characterize:

(1) Concentration-dependent effects of individual chemicals
(PCB 153, FLU, MC-LR or CYN) or cyanobacterial extracts
(A. gracile or C. raciborskii) on GJIC after 30 min exposure.

(2) Effects of binary mixtures of PCB 153 (5, 10, 30 lM) or FLU
(20, 30, 40 lM) and pure cyanotoxins (100 lM MC-LR or
60 lM CYN) on GJIC after 30 min exposure.

(3) Effects of binary mixtures of PCB 153 (10, 20 and 30 lM) or
FLU (30, 40 and 60 lM) with cyanobacterial extracts of A.
gracile or C. raciborskii (1, 2 and 3 mg d.w. mL�1) on GJIC
after 30 min exposure

(4) Effects of single compounds, cyanobacterial extract or their
binary mixtures (FLU or PCB 153 mixed with A. gracile
extract) on GJIC after prolonged exposures (1 h, 6 h and
24 h).

Cyanobacterial strains used in this study were selected because
of their common occurrence in cyanobacterial water blooms and
their potent inhibitory effects on GJIC demonstrated in previous
studies (Blaha et al., 2010; Novakova et al., 2011). These strains
were also reported to produce neither MCs nor CYN (Novakova et
al., 2011; Stepankova et al., 2011), which was further confirmed
in our study by HPLC-DAD and LC–MS analyses (method limit of
detection was 5 lg g d.w.�1 for MCs and 10 ng g d.w.�1 for CYN,
data not shown). The absence of MCs and CYN production allowed
to study unknown tumor promoting compounds in binary mixture
experiments with controlled dosing of other cyanotoxins or
anthropogenic contaminants previously linked to cancer. In order
to recognize eventual additive, synergistic or antagonistic effects,
concentrations of chemicals or extracts inducing none or only
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partial inhibition of GJIC (to 20–80% of the solvent control) were
included in the design of binary mixture experiments. Exposure
durations (30 min–24 h) reflected previous studies with different
GJIC inhibiting compounds in WB-F344 cells (Weis et al., 1998;
Blaha et al., 2002, 2010; Machala et al., 2003).

2.6. Gap-junctional intercellular communication (GJIC) assay

The scrape loading-dye transfer (SL-DT) technique was adapted
after the method of (Elfouly et al., 1987). The test samples were
added directly to the cell culture medium from concentrated stock
solutions. Appropriate solvent controls (0.25% methanol, v/v, in the
case of cyanobacterial extracts) were run in each experiment and
did not induce responses significantly different from non-treated
control. After the exposure, cells were washed with phosphate buf-
fered saline (PBS) followed by the addition of 1 mg mL�1 of lucifer
yellow dissolved in PBS. The dye was introduced into the cells with
five scrapes through the monolayer of confluent cells using a sur-
gical steel scalpel blade. The transfer of dye through gap junction
channels was allowed for 3 min, followed by a thorough rinse of
cells with PBS to remove extracellular dye, and then fixation with
a 4% formaldehyde solution in PBS. Migration of the dye in the cells
was observed at 200-times magnification using a Zeiss OBSER-
VER.Z1 epifluorescence microscope equipped with an AxioCam
HRc camera (Zeiss) and the images were acquired by AxioVision
image analysis software. The fluorescence area of the dye migra-
tion from the scrape line was quantified using image analysis pro-
gram created by Zdeněk Kuna and based on MATLAB software.
Each SL-DT experiment was performed at least three times
independently.

2.7. Data analysis and statistics

The results were expressed as fraction of the solvent control.
Combined data from at least three independent experiments were
evaluated by one-way ANOVA followed by Dunnett’s post hoc test
comparing experimental treatments with the corresponding sol-
vent control. Effects of binary mixtures were predicted from the ef-
fect of individual compounds or extracts using the simple effect-
addition model (Andersen et al., 2009). Predicted and observed ef-
fects were then compared by Student’s t-test. P values less than
0.05 were considered statistically significant.

3. Results

Concentration–response curves for 30 min exposure were ob-
tained for individual organic contaminants and cyanobacterial ex-
tracts in SL-DT assay (Fig. 1). GJIC was completely or almost
completely inhibited after 30 min exposure to >20 lM PCB 153,
>60 lM FLU, >2.5 mg d.w. mL�1 of A. gracile or C. raciborskii extract.
The tested concentration range of MC-LR (6100 lM) or CYN
(660 lM) did not affect GJIC after 30 min exposure.

The effects of tested chemicals and extracts on GJIC were fur-
ther studied in binary mixture experiments. Neither pure MC-LR
(100 lM) nor CYN (60 lM) modulated inhibition of GJIC caused
by 30 min exposure to PCB 153 (5–30 lM) or FLU (20–40 lM),
and there were no significant differences (one-way ANOVA,
P < 0.05) between effects of binary mixtures and treatments with
PCB 153 or FLU alone (Fig. 2). Simultaneous exposure to PCB 153
(10 lM) and FLU (30–60 lM) induced clearly additive response
(Fig. 3A), as indicated by no significant difference (Student’s t-test,
P < 0.05) between observed GJIC inhibition and values predicted by
the effect-addition model. Similarly, binary mixtures of A. gracile
(1 mg d.w. mL�1) and C. raciborskii extract (1–3 mg d.w. mL�1)
caused additive inhibition of GJIC (Fig. 3B).

However, exposure of WB-F344 cells to PCB 153 or FLU in
mixture with cyanobacterial extract of A. gracile or C. raciborskii

A

B

Fig. 1. Gap-junctional intercellular communication (GJIC) in WB-F344 cells after
30 min exposure to individual chemicals or extracts: (A) fluoranthene, PCB 153,
microcystin-LR and cylindrospermopsin and (B) cyanobacterial extracts of A. gracile
and C. raciborskii. FLU = fluoranthene, MC-LR = microcystin-LR, CYN = cylindrosper-
mopsin. Data are means ± standard deviations of independent experiments. ⁄Values
below gray dashed line were significantly different from solvent control (ANOVA
followed by Dunnett’s post hoc test, P < 0.05).

A

B

Fig. 2. Gap-junctional intercellular communication (GJIC) in WB-F344 cells after
exposure to binary mixtures of anthropogenic contaminants and cyanotoxins: (A)
PCB 153 (5–30 lM) and microcystin-LR or cylindrospermopsin and (B) fluoranthene
(20–40 lM) and microcystin-LR or cylindrospermopsin. FLU = fluoranthene, MC-
LR = microcystin-LR, CYN = cylindrospermopsin. Data are means ± standard
deviations of independent experiments. ⁄Values below grey dashed line were
significantly different from solvent control (ANOVA followed by Dunnett’s post hoc
test, P < 0.05).
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resulted in a significant synergistic effect on GJIC. The observed
levels of GJIC communication were significantly lower than values
predicted from the effect-addition model in all tested combina-
tions, i.e. PCB 153 + A. gracile (Fig. 4A), PCB 153 + C. raciborskii
(Fig. 4B), FLU + A. gracile (Fig. 4C) and FLU + C. raciborskii
(Fig. 4D). The strong synergism is illustrated by the fact that con-
centrations of PCB 153, FLU or cyanobacterial extracts not inhibit-
ing GJIC when added to the cells separately (10 lM, 30 lM or
1 mg d.w. mL�1, respectively) induced complete or nearly com-
plete inhibition in the cells exposed to these concentrations of
anthropogenic contaminants and cyanobacterial extracts in binary
mixtures.

Inhibition of GJIC induced by PCB 153, FLU, extract of A. gracile
and C. raciborskii, and binary mixtures of anthropogenic contami-
nants and cyanobacterial extracts was examined also after pro-
longed exposures (1, 6 and 24 h). Whereas GJIC remained
inhibited by PCB 153 (30 lM) throughout 24 h of exposure, the
inhibitory effects of FLU (40 lM) and both cyanobacterial extracts
(2.5 mg d.w. mL�1) decreased with the increasing exposure time
(Fig. 5), which indicates a transient character of GJIC inhibition in-
duced by FLU and cyanobacterial extracts. After 6 h incubation
with FLU or cyanobacterial extracts, the extent of GJIC was similar
to the GJIC level in the control, although a partial downregulation
of GJIC was observed in the cells exposed to cyanobacterial extracts
for 24 h.

Prolonged exposure to mixtures of A. gracile extract
(2 mg d.w. mL�1) and PCB 153 (10–30 lM) or FLU (20–60 lM) also

resulted in strong synergistic effects (Fig. 6). Most notably, neither
cyanobacterial extract (2 mg d.w. mL�1) nor PCB 153 (10 lM)
downregulated GJIC after 6 or 24 h when tested separately,
whereas their binary mixture caused significant inhibition of GJIC
(Fig. 6A). Similarly, rapid inhibition of GJIC induced by FLU
(60 lM) or A. gracile extract (2 mg d.w. mL�1) was observed
(Fig. 1), but the communication restored when the exposure to
FLU or cyanobacterial extract continued for 6 or 24 h (Figs. 5 and
6B). However, no such recovery of GJIC was observed when the
cells were exposed to 60 lM Flu and 2 mg d.w. mL�1 A. gracile
simultaneously (Fig. 6B).

4. Discussion

Many environmental contaminants have been implicated in
chemical carcinogenesis and associated with cancer in laboratory
and epidemiological studies, including several representatives of
PCBs and PAHs, mixtures containing these chemicals and also re-
lated exposures (Straif et al., 2005; Baan et al., 2009). Considerable
research effort focused on specific mechanisms of carcinogenic or
tumor promoting properties of PCBs and PAHs. Alteration of aryl
hydrocarbon receptor (AhR)-dependent signaling by coplanar PCBs
(Van den Berg et al., 2006), and genotoxicity of some PAHs (Xue
and Warshawsky, 2005) have been recognized as the important
mechanisms responsible for their carcinogenic effects (Baan
et al., 2009). However, toxicity and tumor promoting activity have
been reported also for non-coplanar PCBs with no AhR binding
activity, such as PCB 153 (Knerr and Schrenk, 2006; Brown et al.,
2007; Glauert et al., 2008;). Similarly, tumorgenicity of FLU was
demonstrated in rodents (Busby et al., 1984; Wang and Busby,
1993; Lavoie et al., 1994), although FLU is not genotoxic in vivo
(Stocker et al., 1996) or in human cell line in vitro (Durant et al.,
1996). These data suggest that mechanisms other than ‘‘dioxin-
like’’ toxicity and genotoxicity may contribute to cancer develop-
ment induced by different PCBs, PAHs and their mixtures. Interest-
ingly, both PCB 153 and FLU have been recently shown to induce
in vitro inhibition of GJIC in WB-F344 cell line (Weis et al., 1998;
Blaha et al., 2002; Machala et al., 2003), indicating that inhibition
of GJIC could be involved in tumor promotional or carcinogenic ef-
fects of PCBs and PAHs, including those with low AhR-binding
activity or genotoxicity.

PCB 153 and FLU were therefore selected as toxicologically rel-
evant environmental contaminants for our study evaluating their
mixture-effects on GJIC in WB-F344 cell line.

Various types of cancers have also been associated with another
group of toxic compounds – cyanobacterial metabolites (Svircev
et al., 2010; Zegura et al., 2011). Recently, we have shown that nat-
ural metabolites present in the cell extracts and extracellular
material of toxic bloom-forming cyanobacteria also modulate GJIC,
and the effects were not related to known toxins such as MCs or
CYN (Blaha et al., 2010; Novakova et al., 2011). So far, modulations
of GJIC have been studied only by isolated compounds from differ-
ent groups (i.e. PAHs or PCBs or cyanobacteria) but their wide-
spread occurrence and also the potential of cyanobacterial
blooms to accumulate anthropogenic contaminants (Koelmans
et al., 1995; Al-Hasan et al., 2001) motivated the present work,
which investigated the hypothesis about mixture effects of differ-
ent compounds on GJIC.

Since most cancers (>85%) are derived from epithelial tissue
cells (Cancer Research UK), and connexin43 is a common gap junc-
tional protein expressed in epithelium (Laird, 2006), the employed
rat liver epithelial cells WB-F344 expressing connexin43 represent
relevant in vitro model system for studying connexin43-dependent
mechanisms of tumor promotion and cancer. Moreover, WB-F344
cells possess characteristics of liver oval cells (Couchie et al.,

A

B

Fig. 3. Gap-junctional intercellular communication (GJIC) in WB-F344 cells after
30 min exposure to binary mixtures of anthropogenic contaminants and cyano-
bacterial extracts: (A) binary mixture of fluoranthene (30–60 lM) and PCB 153
(10 lM) and (B) binary mixture of cyanobacterial extracts of A. gracile
(1 mg d.w. mL�1) and C. raciborskii (1–3 mg d.w. mL�1). FLU = fluoranthene, MC-
LR = microcystin-LR, CYN = cylindrospermopsin, Aph = A. gracile extract, Cyr = C.
raciborskii extract. ‘‘Predicted’’- predicted additive effects of binary mixtures
calculated by simple effect–additive model; ‘‘Observed’’- observed effects of binary
mixtures. Data are means ± standard deviations of independent experiments.
⁄Values below grey dashed line were significantly different from solvent control
(ANOVA followed by Dunnett’s post hoc test, P < 0.05).
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2002) whose increased proliferation has been associated with
diseased states that lead to cancer not only in rodents but also in
humans (Roskams et al., 1998; Lowes et al., 1999). It has been dem-
onstrated that tumor promoters known to inhibit GJIC in WB-F344
cell line also inhibited GJIC in rodents in vivo: PCBs (Krutovskikh
et al., 1995; Kolaja et al., 2000), DDT (Krutovskikh et al., 1995),
pentachlorophenol (Sai et al., 2000), cadmium (Jeong et al., 2000)
and perfluorooctanoic acid (Upham et al., 2009). These studies
indicate that in vitro evaluation of GJIC in WB-F344 cell line is a

Fig. 5. Effects on gap-junctional intercellular communication (GJIC) in WB-F344
cells of individual chemicals or extracts in time-course experiment (0.5, 1, 6 and
24 h). FLU = fluoranthene, Aph = A. gracile extract, Cyr = C. raciborskii extract. Data
are means ± standard deviations of independent experiments. ⁄Values below grey
dashed line were significantly different from solvent control (ANOVA followed by
Dunnett’s post hoc test, P < 0.05).

A

B

Fig. 6. Gap-junctional intercellular communication (GJIC) in WB-F344 cells after
6 h and 24 h exposure to binary mixtures of anthropogenic contaminants and
cyanobacterial extracts: (A) binary mixture of PCB 153 (10–30 lM) and A. gracile
extract (2 mg d.w. mL�1) and (B) binary mixture of fluoranthene (20–60 lM) and A.
gracile extract (2 mg d.w. mL�1). FLU = fluoranthene, Aph = A. gracile extract, Cyr = C.
raciborskii extract. Data are means ± standard deviations of independent experi-
ments. ⁄Values below grey dashed line were significantly different from solvent
control (ANOVA followed by Dunnett’s post hoc test, P < 0.05).

A

C D

B

Fig. 4. Gap-junctional intercellular communication (GJIC) in WB-F344 cells after 30 min exposure to binary mixtures: (A) PCB 153 (10–30 lM) with A. gracile extract (1–
3 mg d.w. mL�1), (B) PCB 153 (10–30 lM) with C. raciborskii extract (1–3 mg d.w. mL�1), (C) fluoranthene (30–60 lM) with A. gracile extract (1–3mg d.w. mL�1), and (D)
fluoranthene (30–60 lM) with C. raciborskii extract (1–3 mg d.w. mL�1). FLU = fluoranthene, Aph = A. gracile extract, Cyr = C. raciborskii extract. Solid grey lines express
predicted effects calculated according to effect–additive model. Data are means ± standard deviations of independent experiments. ⁄Values below grey dashed line were
significantly different from solvent control (ANOVA followed by Dunnett’s post hoc test, P < 0.05). # Indicates values significantly different from the effect-addition model
(Student’s t-test, P < 0.05).
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relevant assay for predicting in vivo effects of chemicals on gap
junctions and tumor promoting effects in the liver tissues of
rodents (Upham et al., 2009).

Our study confirmed the original findings on GJIC-inhibiting
activity of PCB 153 and FLU (Weis et al., 1998; Blaha et al., 2002;
Machala et al., 2003), and provided novel information on the addi-
tivity of inhibitory effects of these chemicals. The additive charac-
ter of the effects suggest that both PCB 153 and FLU downregulate
GJIC via similar mechanism, by affecting the same molecular tar-
gets. This hypothesis is further supported by similarities in the re-
sponse of WB-F344 cells to PCB 153 and 1-methylanthracene,
another PAH which shares with FLU specific structural features
(presence of the bay/bay-like region) and most likely also a mech-
anism of GJIC inhibition (Weis et al., 1998). Both PCB 153 and 1-
methylanthracene not only inhibit GJIC, but also activate MAPKs
ERK1/2 and induce release of arachidonic acid (Machala et al.,
2003; Umannova et al., 2008; Upham et al., 2008). Moreover, inhi-
bition of GJIC induced by PCB 153 and 1-methylanthracene is pre-
vented by D609, an inhibitor of phosphatidylcholine-specific
phospholipase C (PC-PLC), and by H89, a protein kinase A (PKA)
inhibitor (Machala et al., 2003; Upham et al., 2008). These data,
supported by the additivity of effects observed in the present
study, suggest that PCB 153 and PAHs might downregulate GJIC
by a common mechanism involving activation of PC-PLC and/or
PKA. However, PCB 153 and FLU differed in the time-course of GJIC
inhibition. Although GJIC remained inhibited in the presence of
PCB 153 throughout the 24 h exposure, the inhibitory effect of
FLU occurring after 30 min exposure became less pronounced with
increasing exposure time and nearly normal communication was
restored after 6 h. Differences in biotransformation kinetic of PCB
153 and FLU or different toxicities of biotransformation products
of the two chemicals, are possible explanations which should be
addressed by future research.

Consumption of drinking water contaminated with cyanobacte-
rial toxins has been linked to increased prevalence of liver and
colorectal cancer (Svircev et al., 2010; Zegura et al., 2011). MC-LR
is recognized tumor promoter known to inhibit eukaryotic protein
serine/threonine phosphatases PP1 and PP2A, induce oxidative
DNA damage, alter cellular signaling and processes involved in
regulation of cell cycle, DNA repair, apoptosis, and promote
in vivo growth of tumors (Svircev et al., 2010). CYN is another
prominent cyanotoxin, whose possible carcinogenic effects have
been indicated. CYN is irreversible inhibitor of proteosynthesis, in-
duces genotoxic effects in vitro and in vivo and there is a prelimin-
ary evidence for its in vivo tumor initiating effects (Zegura et al.,
2011). However, a number of studies clearly demonstrated that
toxicity of cyanobacterial extracts cannot be always attributed to
the known cyanotoxins and that other bioactive compounds from
cyanobacteria may be responsible for some observed effects
(Falconer, 2007). These effects include also rapid inhibition of GJIC
and activation of MAPK ERK1/2 in WB-F344 cells induced by
various cyanobacterial extracts regardless microcystin or cylindro-
spermopsin content (Blaha et al., 2010; Novakova et al., 2011). In
the present study, neither MC-LR nor CYN inhibited GJIC in WB-
F344 after 30 min exposure, and the lack of effects was further
demonstrated in experiments with binary mixtures, where toxins
did not modulate inhibitory effects of anthropogenic contaminants
PCB 153 or FLU. No observable effects on GJIC attributable to
MC-LR and CYN might be simply a consequence of GJIC not being
a cellular and molecular target for these cyanotoxins. However, the
absence of effects in WB-F344 cells could also be a result of the
limited cellular uptake of microcystin, which strongly depends
on the expression of respective organic anion transport proteins
(Fischer et al., 2010). Similarly, recent study reported that also cyl-
indrospermopsin uptake might be limited in some cell lines result-
ing in their lower sensitivity to the toxin (Froscio et al., 2009).

Although pure cyanotoxins did not affect GJIC, the extracts of A.
gracile and C. raciborskii inhibited GJIC in concentration-dependent
manner, with effective concentrations similar to those previously
reported for several laboratory cultures of cyanobacteria Anabaena
flos-aquae, Aphanizomenon flos-aquae, Microcystis aeruginosa or
Planktothrix agardhii (Blaha et al., 2010; Novakova et al., 2011).
The concentrations of cyanobacterial extracts or cyanotoxins ap-
plied in our study were in similar range (mg d.w. mL�1 or micro-
molar) as effective concentrations reported for various evaluated
endpoints in several in vitro studies with different permanent cell
lines (Stepankova et al., 2011; Zegura et al., 2011). The absence
of detectable amounts of MC-LR or CYN in the extracts investigated
in the present study further supports findings that these cyanotox-
ins are less important toxic agent with respect to GJIC, and that un-
known metabolites might alter either different cell populations or
molecular mechanisms than MC-LR or CYN and contribute to tu-
mor promotion.

The effects of cyanobacteria on GJIC were additive when the
cells were exposed to the extracts of A. gracile and C. raciborskii
simultaneously, similarly to the binary mixtures of PCB 153 and
FLU. It may indicate that both extracts inhibited GJIC via the same
mechanism and possibly that the same compound(s) were respon-
sible for the inhibitory activity of both extracts. Isolation and char-
acterization of these compound(s) as well as identification of their
mode of action need to be addressed by future research.

The most remarkable result of our study is the effect of anthro-
pogenic contaminants in binary mixtures with cyanobacterial ex-
tracts, where strong synergistic effects on GJIC were observed in
all tested combinations and exposure times. Mixture toxicity of
various environmental contaminants is being intensively studied,
but most studies are dealing with mixtures of chemicals sharing
some general similarity or mechanism of action, whereas experi-
ments with mixtures containing widely divergent components
(e.g., organics vs. metals) or chemicals in a combination with
non-chemical stressors are much less common (McCarty and
Borgert, 2006a). Interestingly, synergistic effects have been re-
ported for mixtures of PAHs and metals (Feng et al., 2003; Lau
and Chiu, 2006; Fleeger et al., 2007; Silva et al., 2009), PAHs and
PCBs (Wassenberg and Di Giulio, 2004), PCBs and organometals
(Jensen et al., 2000; Andersen et al., 2009) or PCBs and various
endocrine disruptors (Benachour et al., 2007). Recent studies also
demonstrated synergistic effects among various cyanobacterial
metabolites such as portoamide A and B (Leao et al., 2010), lobocy-
clamides A and B (MacMillan et al., 2002) or laxaphycins A and B
(Bonnard et al., 2007), but mixture effects of toxic cyanobacteria
or cyanotoxins and other environmental contaminants have been
so far only rarely investigated. A recent in vivo study with Japanese
quails showed synergistic toxicity between toxic cyanobacterium
Microcystis, heavy metal – lead, and viral infection (Pikula et al.,
2010). Potentiation of effects of toxic cyanobacterium Microcystis
and pesticide carbaryl in daphnids has been also reported (Cerbin
et al., 2010). Our study thus provides additional evidence on spe-
cific toxic interactions between cyanobacterial metabolites and
environmental anthropogenic contaminants. It should be noted
that both cyanobacterial extracts were complex mixtures of cyano-
bacterial metabolites and we cannot neglect potential interfer-
ences and interactions among the components of these original
samples. Nevertheless, clear potentiation of GJIC inhibition ob-
served in mixtures of anthropogenic contaminants (PCB 153 or
FLU) and toxic cyanobacteria highlight the importance of studying
effects of complex samples, which correspond to naturally occur-
ring situation. The inhibition of GJIC independent of the content
of MC-LR and CYN further suggests an existence of unknown
cyanobacterial metabolites with tumor promoting activity, which
may act synergistically with recognized environmental tumor pro-
moters and toxins.

K. Nováková et al. / Chemosphere 89 (2012) 30–37 35



Author's personal copy

Acknowledgements

This work was supported by the Czech Science Foundation
(GACR 524/08/0496), by the CETOCOEN Project from the European
Regional Development Fund (Z.1.05/2.1.00/01.0001), and by the
SoMoPro Project No. 2SGA2858 (funded from the European Com-
munity within the Seventh Framework Programme (FP/2007-
2013) under the Grant Agreement No. 229603 and co-funded by
the South Moravian Region).

References

Al-Hasan, R.H., Khanafer, M., Eliyas, M., Radwan, S.S., 2001. Hydrocarbon
accumulation by picocyanobacteria from the Arabian Gulf. J. Appl. Microbiol.
91, 533–540.

Andersen, I.S., Voie, O.A., Fonnum, F., Mariussen, E., 2009. Effects of methyl mercury
in combination with polychlorinated biphenyls and brominated flame
retardants on the uptake of glutamate in rat brain synaptosomes: a
mathematical approach for the study of mixtures. Toxicol. Sci. 112, 175–184.

Baan, R., Grosse, Y., Straif, K., Secretan, B., El Ghissassi, F., Bouvard, V., Benbrahim-
Tallaa, L., Guha, N., Freeman, C., Galichet, L., Cogliano, V., 2009. Special report:
policy a review of human carcinogens – Part F: chemical agents and related
occupations. Lancet Oncol. 10, 1143–1144.

Benachour, N., Moslemi, S., Sipahutar, H., Seralini, G.E., 2007. Cytotoxic effects and
aromatase inhibition by xenobiotic endocrine disrupters alone and in
combination. Toxicol. Appl. Pharmacol. 222, 129–140.

Blaha, L., Babica, P., Hilscherova, K., Upham, B.L., 2010. Inhibition of gap-junctional
intercellular communication and activation of mitogen-activated protein
kinases by cyanobacterial extracts – Indications of novel tumor-promoting
cyanotoxins? Toxicon 55, 126–134.

Blaha, L., Kapplova, P., Vondracek, J., Upham, B., Machala, M., 2002. Inhibition of
gap-junctional intercellular communication by environmentally occurring
polycyclic aromatic hydrocarbons. Toxicol. Sci. 65, 43–51.

Bonnard, I., Rolland, M., Salmon, J.M., Debiton, E., Barthomeuf, C., Banaigs, B., 2007.
Total structure and inhibition of tumor cell proliferation of laxaphycins. J. Med.
Chem. 50, 1266–1279.

Brown, J.F., Mayes, B.A., Silkworth, J.B., Hamilton, S.B., 2007. Polychlorinated
biphenyls-modulated tumorigenesis in Sprague-Dawley rats: correlation with
mixed function oxidase activities and superoxide (O-2(center dot-)) formation
potentials and implied mode of action. Toxicol. Sci. 98, 375–394.

Busby, W.F., Goldman, M.E., Newberne, P.M., Wogan, G.N., 1984. Tumorigenicity of
fluoranthene in a newborn mouse lung adenoma bioassay. Carcinogenesis 5,
1311–1316.

Cerbin, S., Kraak, M.H.S., de Voogt, P., Visser, P.M., Van Donk, E., 2010. Combined and
single effects of pesticide carbaryl and toxic Microcystis aeruginosa on the life
history of Daphnia pulicaria. Hydrobiologia 643, 129–138.

Cancer Research UK, 2011. Types of Cells and Cancer. <http://www.cancerhelp.
cancerresearchuk.org/about-cancer/what-is-cancer/cells/types-of-cells-and-
cancer> (accessed 16.01.12.).

Couchie, D., Holic, N., Chobert, M.N., Corlu, A., Laperche, Y., 2002. In vitro
differentiation of WB-F344 rat liver epithelial cells into the biliary lineage.
Differentiation 69, 209–215.

Durant, J.L., Busby, W.F., Lafleur, A.L., Penman, B.W., Crespi, C.L., 1996. Human cell
mutagenicity of oxygenated, nitrated and unsubstituted polycyclic aromatic
hydrocarbons associated with urban aerosols. Mutat. Res. 371, 123–157.

Elfouly, M.H., Trosko, J.E., Chang, C.C., 1987. Scrape-loading and dye transfer – a
rapid and simple technique to study gap junctional intercellular
communication. Exp. Cell Biol. 168, 422–430.

Falconer, I.R., 2007. Cyanobacterial toxins present in Microcystis aeruginosa extracts
– more than microcystins! Toxicon 50, 585–588.

Feng, Z.H., Hu, W.W., Rom, W.N., Costa, M., Tang, M.S., 2003. Chromium(VI)
exposure enhances polycyclic aromatic hydrocarbon-DNA binding at the p53
gene in human lung cells. Carcinogenesis 24, 771–778.

Fischer, A., Hoeger, S.J., Stemmer, K., Feurstein, D.J., Knobeloch, D., Nussler, A.,
Dietrich, D.R., 2010. The role of organic anion transporting polypeptides
(OATPs/SLCOs) in the toxicity of different microcystin congeners in vitro: a
comparison of primary human hepatocytes and OATP-transfected HEK293 cells.
Toxicol. Appl. Pharmacol. 245, 9–20.

Fleeger, J.W., Gust, K.A., Marlborough, S.J., Tita, G., 2007. Mixtures of metals and
polynuclear aromatic hydrocarbons elicit complex, nonadditive toxicological
interactions in meiobenthic copepods. Environ. Toxicol. Chem. 26, 1677–1685.

Froscio, S.M., Cannon, E., Lau, H.M., Humpage, A.R., 2009. Limited uptake of the
cyanobacterial toxin cylindrospermopsin by Vero cells. Toxicon 54, 862–868.

Glauert, H.P., Tharappel, J.C., Lu, Z., Stemm, D., Banerjee, S., Chan, L.S., Lee, E.Y.,
Lehmler, H.J., Robertson, L.W., Spear, B.T., 2008. Role of oxidative stress in the
promoting activities of PCBs. Environ. Toxicol. Pharm. 25, 247–250.

Hernandez, L.G., van Steeg, H., Luijten, M., van Benthem, J., 2009. Mechanisms of
non-genotoxic carcinogens and importance of a weight of evidence approach.
Mutat. Res. 682, 94–109.

Jensen, K.G., Wiberg, K., Klasson-Wehler, E., Onfelt, A., 2000. Induction of aberrant
mitosis with PCBs: particular efficiency of 2,3,30 ,4,40-pentachlorobiphenyl and
synergism with triphenyltin. Mutagenesis 15, 9–15.

Jeong, S.H., Habeebu, S.S.M., Klaassen, C.D., 2000. Cadmium decreases gap junctional
intercellular communication in mouse liver. Toxicol. Sci. 57, 156–166.

Knerr, S., Schrenk, D., 2006. Carcinogenicity of ‘‘non-dioxinlike’’ polychlorinated
biphenyls. Crit. Rev. Toxicol. 36, 663–694.

Koelmans, A.A., Anzion, S.P.M., Lijklema, L., 1995. Dynamics of organic
micropollutant biosorption to cyanobacteria and detritus. Environ. Sci.
Technol. 29, 933–940.

Kolaja, K.L., Engelken, D.T., Klaassen, C.D., 2000. Inhibition of gap-junctional-
intercellular communication in intact rat liver by nongenotoxic
hepatocarcinogens. Toxicology 146, 15–22.

Krutovskikh, V.A., Mesnil, M., Mazzoleni, G., Yamasaki, H., 1995. Inhibition of rat-
liver gap junction intercellular communication by tumor-promoting agents in-
vivo – Association with aberrant localization of connexin proteins. Lab. Invest.
72, 571–577.

Laird, D.W., 2006. Life cycle of connexins in health and disease. Biochem. J. 394,
527–543.

Lau, A.T.Y., Chiu, J.F., 2006. Proteomic and biochemical analyses of in vitro
carcinogen-induced lung cell transformation: synergism between arsenic and
benzo[a]pyrene. Proteomics 6, 1619–1630.

Lavoie, E.J., Cai, Z.W., Meschter, C.L., Weyand, E.H., 1994. Tumorigenic activity of
fluoranthene, 2-methylfluoranthene and 3-methylfluoranthene in newborn Cd-
1 mice. Carcinogenesis 15, 2131–2135.

Leao, P.N., Pereira, A.R., Liu, W.T., Ng, J., Pevzner, P.A., Dorrestein, P.C., Konig, G.M.,
Vasconcelosa, V.M., Gerwick, W.H., 2010. Synergistic allelochemicals from a
freshwater cyanobacterium. Proc. Natl. Acad. Sci. USA 107, 11183–11188.

Lowes, K.N., Brennan, B.A., Yeoh, G.C., Olynyk, J.K., 1999. Oval cell numbers in
human chronic liver diseases are directly related to disease severity. Am. J.
Pathol. 154, 537–541.

Machala, M., Blaha, L., Vondracek, J., Trosko, J.E., Scott, J., Upham, B.L., 2003.
Inhibition of gap junctional intercellular communication by noncoplanar
polychlorinated biphenyls: Inhibitory potencies and screening for potential
mode(s) of action. Toxicol. Sci. 76, 102–111.

MacMillan, J.B., Ernst-Russell, M.A., de Ropp, J.S., Molinski, T.F., 2002.
Lobocyclamides A–C, lipopeptides from a cryptic cyanobacterial mat
containing Lyngbya confervoides. J. Org. Chem. 67, 8210–8215.

McCarty, L.S., Borgert, C.J., 2006a. Review of the toxicity of chemical mixtures
containing at least one organochlorine. Regul. Toxicol. Pharmacol. 45, 104–118.

McCarty, L.S., Borgert, C.J., 2006b. Review of the toxicity of chemical mixtures:
theory, policy, and regulatory practice. Regul. Toxicol. Pharmacol. 45, 119–143.

Novakova, K., Babica, P., Adamovsky, O., Blaha, L., 2011. Modulation of gap-
junctional intercellular communication by a series of cyanobacterial samples
from nature and laboratory cultures. Toxicon 58, 76–84.

Pikula, J., Bandouchova, H., Hilscherova, K., Paskova, V., Sedlackova, J.,
Adamovsky, O., Knotkova, Z., Lany, P., Machat, J., Marsalek, B., Novotny, L.,
Pohanka, M., Vitula, F., 2010. Combined exposure to cyanobacterial biomass,
lead and the Newcastle virus enhances avian toxicity. Sci. Total. Environ. 408,
4984–4992.

Rosenkranz, H.S., Pollack, N., Cunningham, A.R., 2000. Exploring the relationship
between the inhibition of gap junctional intercellular communication and other
biological phenomena. Carcinogenesis 21, 1007–1011.

Roskams, T., De Vos, R., Van Eyken, P., Myazaki, H., Van Damme, B., Desmet, V., 1998.
Hepatic OV-6 expression in human liver disease and rat experiments: evidence
for hepatic progenitor cells in man. J. Hepatol. 29, 455–463.

Sai, K., Kanno, J., Hasegawa, R., Trosko, J.E., Inoue, T., 2000. Prevention of the down-
regulation of gap junctional intercellular communication by green tea in the
liver of mice fed pentachlorophenol. Carcinogenesis 21, 1671–1676.

Schlosser, U.G., 1994. Sag – Sammlung-Von-Algenkulturen at the University-of-
Gottingen – Catalog of Strains 1994. Bot. Acta 107, 113–186.

Silva, S.J., Carman, K.R., Fleeger, J.W., Marshall, T., Marlborough, S.J., 2009. Effects of
phenanthrene- and metal-contaminated sediment on the feeding activity of the
harpacticoid copepod, Schizopera knabeni. Arch. Environ. Contam. Toxicol. 56,
434–441.

Stein, J., 1973. Handbook of Phycological methods. Culture methods and growth
measurements. Cambridge University Press, Cambridge.

Stepankova, T., Ambrozova, L., Blaha, L., Giesy, J.P., Hilscherova, K., 2011. In vitro
modulation of intracellular receptor signaling and cytotoxicity induced by
extracts of cyanobacteria, complex water blooms and their fractions. Aquat.
Toxicol. 105 (3–4), 497–507.

Stocker, K.J., Howard, W.R., Statham, J., Proudlock, R.J., 1996. Assessment of the
potential in vivo genotoxicity of fluoranthene. Mutagenesis 11, 493–496.

Straif, K., Baan, R., Grosse, Y., Secretan, B., El Ghissassi, F., Cogliano, V., 2005.
Carcinogenicity of polycyclic aromatic hydrocarbons. Lancet Oncol. 6, 931–932.

Svircev, Z., Baltic, V., Gantar, M., Jukovic, M., Stojanovic, D., Baltic, M., 2010.
Molecular aspects of microcystin-induced hepatotoxicity and
hepatocarcinogenesis. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol.
Rev. Rev. 28, 39–59.

Syberg, K., Jensen, T.S., Cedergreen, N., Rank, J., 2009. On the use of mixture toxicity
assessment in reach and the water framework directive: a review. Human Ecol.
Risk Assess. 15, 1257–1272.

Trosko, J.E., 2007. Gap junctional intercellular communication as a biological
‘‘Rosetta stone’’ in understanding, in a systems biological manner, stem cell
behavior, mechanisms of epigenetic toxicology, chemoprevention and
chemotherapy. J. Membr. Biol. 218, 93–100.

Tsao, M.S., Smith, J.D., Nelson, K.G., Grisham, J.W., 1984. A diploid epithelial-cell line
from normal adult-rat liver with phenotypic properties of oval cells. Exp. Cell
Biol. 154, 38–52.

36 K. Nováková et al. / Chemosphere 89 (2012) 30–37



Author's personal copy

Umannova, L., Neca, J., Andrysik, Z., Vondracek, J., Upham, B.L., Trosko, J.E.,
Hofmanova, J., Kozubik, A., Machala, M., 2008. Non-dioxin-like
polychlorinated biphenyls induce a release of arachidonic acid in liver
epithelial cells: A partial role of cytosolic phospholipase A(2) and
extracellular signal-regulated kinases 1/2 signalling. Toxicology 247, 55–60.

Upham, B.L., Blaha, L., Babica, P., Park, J.S., Sovadinova, I., Pudrith, C., Rummel, A.M.,
Weis, L.M., Sai, K., Tithof, P.K., Guzvic, M., Vondracek, J., Machala, M., Trosko, J.E.,
2008. Tumor promoting properties of a cigarette smoke prevalent polycyclic
aromatic hydrocarbon as indicated by the inhibition of gap junctional
intercellular communication via phosphatidylcholine-specific phospholipase
C. Cancer Sci. 99, 696–705.

Upham, B.L., Park, J.S., Babica, P., Sovadinova, I., Rummel, A.M., Trosko, J.E.,
Hirose, A., Hasegawa, R., Kanno, J., Sai, K., 2009. Structure-activity-
dependent regulation of cell communication by perfluorinated fatty acids
using in vivo and in vitro model systems. Environ. Health Perspect. 117,
545–551.

van Apeldoorn, M.E., van Egmond, H.P., Speijers, G.J.A., Bakker, G.J.I., 2007. Toxins of
cyanobacteria. Mol. Nutr. Food Res. 51, 7–60.

Van den Berg, M., Birnbaum, L.S., Denison, M., De Vito, M., Farland, W., Feeley, M.,
Fiedler, H., Hakansson, H., Hanberg, A., Haws, L., Rose, M., Safe, S., Schrenk, D.,
Tohyama, C., Tritscher, A., Tuomisto, J., Tysklind, M., Walker, N., Peterson, R.E.,
2006. The 2005 World Health Organization reevaluation of human and
mammalian toxic equivalency factors for dioxins and dioxin-like compounds.
Toxicol. Sci. 93, 223–241.

Vineis, P., Schatzkin, A., Potter, J.D., 2010. Models of carcinogenesis: an overview.
Carcinogenesis 31, 1703–1709.

Vinken, M., Doktorova, T., Decrock, E., Leybaert, L., Vanhaecke, T., Rogiers, V., 2009.
Gap junctional intercellular communication as a target for liver toxicity and
carcinogenicity. Crit. Rev. Biochem. Mol. Biol. 44, 201–222.

Wang, J.S., Busby, W.F., 1993. Induction of lung and liver-tumors by fluoranthene in
a preweanling Cd-1 mouse bioassay. Carcinogenesis 14, 1871–1874.

Wassenberg, D.M., Di Giulio, R.T., 2004. Synergistic embryotoxicity of polycyclic
aromatic hydrocarbon aryl hydrocarbon receptor Agonists with cytochrome
P4501A inhibitors in Fundulus heteroclitus. Environ. Health Perspect. 112,
1658–1664.

Weis, L.M., Rummel, A.M., Masten, S.J., Trosko, J.E., Upham, B.L., 1998. Bay or baylike
regions of polycyclic aromatic hydrocarbons were potent inhibitors of gap
junctional intercellular communication. Environ. Health Perspect. 106, 17–22.

Wogan, G.N., Hecht, S.S., Felton, J.S., Conney, A.H., Loeb, L.A., 2004. Environmental
and chemical carcinogenesis. Semin. Cancer Biol. 14, 473–486.

Xue, W.L., Warshawsky, D., 2005. Metabolic activation of polycyclic and
heterocyclic aromatic hydrocarbons and DNA damage: a review. Toxicol.
Appl. Pharmacol. 206, 73–93.

Zegura, B., Straser, A., Filipic, M., 2011. Genotoxicity and potential carcinogenicity of
cyanobacterial toxins – a review. Mutat. Res. 727, 16–41.

Ziech, D., Franco, R., Pappa, A., Malamou-Mitsi, V., Georgakila, S., Georgakilas, A.G.,
Panayiotidis, M.I., 2010. The role of epigenetics in environmental and
occupational carcinogenesis. Chem. Biol. Interact. 188, 340–349.

K. Nováková et al. / Chemosphere 89 (2012) 30–37 37



XI.  Sovadinová,  I.*,  Babica,  P., Adamovský, O., Alpatova, A.,  Tarabara, V., Upham,  B., 

Bláha,  L.,  2017.  Chlorination  and  ozonation  differentially  reduced  the microcystin 
content  and  tumour  promoting  activity  of  a  complex  cyanobacterial  extract. 
Advances in Oceanography and Limnology 8, 107–120.   





INTRODUCTION

Despite intensive research identifying causes, conse-
quences and possible preventive measures of cyanobac-
terial mass proliferations, cyanobacterial blooms represent
a major problem in fresh waters throughout the world. The
adverse consequences include water quality degradation,
accumulation and microbial decay of bloom biomass fol-
lowed by lowering of oxygen content in water (Wiegand
and Pflugmacher, 2005). In addition, a wide spectrum of
toxins and secondary metabolites produced by cyanobac-
teria have been shown to adversely affect aquatic organ-
isms (Codd et al., 2005; Zanchett and Oliveira-Filho,
2013), livestock (McGorum et al., 2015) and human
health (Kuiper-Goodman et al., 1999; Zanchett and
Oliveira-Filho, 2013).

While different cyanobacterial taxons can contribute to
the formation of dense cyanobacterial water blooms de-
pending on geographical and ecological conditions, Micro-
cystis sp. represents cosmopolitan and pervasive
cyanobacterial genera, which is frequently reported to dom-
inate water blooms in freshwaters of all continents except
Antarctica (Harke et al., 2016). Microcystis species (such
as Microcystis aeruginosa) are also among the prominent
producers of the most broadly studied cyanobacterial toxins
microcystins (MCs) (Bláha et al., 2009). MCs are known
liver tumour promoters (Nishiwaki-Matsushima et al.,
1992), with the most common structural variant micro-
cystin-LR (MC-LR) being classified by the International
Agency for Research on Cancer as a possible human car-
cinogen (IARC2B) (Grosse et al., 2006). MCs have been
shown to act via inhibition of serine/threonine protein phos-
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ABSTRACT
Despite intensive research and management efforts in the past decades, cyanobacterial blooms and their toxins, such as microcystins

(MCs), continue to represent a major ecological and health problem in fresh waters throughout the world. Our objective was to compare
the efficacy of two commonly used drinking water treatment technologies, chlorination and ozonation, in removing MCs and in reducing
tumour promotion-related effects of cyanobacteria, such as inhibition of gap junctional intercellular communication (GJIC) and activation
of mitogen activated protein kinases (MAPKs) in a rat liver epithelial stem-like cell line (WB-F344). This combined chemical and
bioassay approach demonstrated that ozone effectively removed all MCs from an extract of a globally important bloom-forming
cyanobacterium, Microcystis sp. Ozone also significantly reduced the overall tumour promotional potency of the cyanobacterial extract,
as indicated by a substantial reduction in the ability of the extract to inhibit GJIC and activate extracellular receptor kinase 1/2 (ERK1/2).
Although comparable reduction of total organic carbon was achieved by ozone and chlorine treatment, chlorination was much less ef-
fective in removing MCs and reducing the effects on GJIC. Chlorination had a biphasic effect with an observed decrease of extract-in-
duced activation of ERK1/2 at the lower chlorine doses; whereas at high doses of chlorine the by-products of chlorination actually
induced the activation of ERK1/2. The extracts induced p38 activation, and chlorination was not effective in reversing this effect, while
ozone did reverse this effect, albeit not as much as the activation of ERK1/2. Thus, ozone was effective in reducing the toxicity of
cyanobacterial extracts while chlorination was not only lacking efficacy, but at high doses of chlorination further produced by-products
that were equally toxic as the untreated samples. Our study indicates the value of using an effect-based approach to assess the efficacy
of water treatment systems in removing toxins, and more specifically demonstrates that ozone was more effective at reducing the toxic
potential of cyanobacterial-contaminated water.

Key words: Cyanobacteria; water treatment; toxicity; chlorination; ozonation; microcystin.
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phatases (PPs) (Campos and Vasconcelos, 2010) and in-
duction of oxidative stress followed by damage to cellular
macromolecules (Mathe et al., 2016). Chronic exposures
to cyanobacteria and their toxins – e.g., via contaminated
drinking water – have been associated with increased oc-
currence of liver and colorectal cancer (Yu, 1995; Zhou et
al., 2002; Svircev et al., 2009). Other (often yet unidenti-
fied) compounds produced by complex cyanobacterial
blooms can also induce or contribute to different adverse
effects (Oberemm et al., 1997; Berry et al., 2009) including
tumour promotion (Bláha et al., 2010).

Occurrence of toxic cyanobacteria in surface water
presents a challenge to drinking water treatment facilities.
Preventive measures as well as various water treatment
technologies used to minimize human health risks caused
by cyanobacteria and their toxins have been recently sum-
marized and critically discussed (Westrick et al., 2010;
Merel et al., 2013; Roegner et al., 2014; Hiskia et al.,
2016; Ibelings et al., 2016). The available approaches able
to remove MCs to different extents include coagulation-
flocculation-sedimentation, standard oxidation and disin-
fection by chlorine or permanganate, ozonation and UV
disinfection, sorption by activated carbon, nano- and ul-
trafiltration, and advanced oxidation processes (AOP)
(Westrick et al., 2010; Merel et al., 2013; Roegner et al.,
2014). Different drinking water treatment technologies
are applied in different countries and contexts, and eval-
uation of their treatment efficiency should focus on i) re-
moval of targeted priority pollutants (e.g., MCs in case of
cyanobacterial toxins) to comply with current treatment
goals; as well as ii) removal of other potentially harmful
and toxic components of the complex material which may
not be fully chemically characterized; and iii) formation
of new harmful metabolites/toxic by-products during the
application of the water treatment technology (Upham et
al., 1994; Upham et al., 1995; Prasse et al., 2015).

To address these different aspects of drinking water
treatment, complementary chemical and biological tools
(i.e. instrumental analyses and bioassays) should be in-
cluded in the monitoring plans (Maier et al., 2015). This
ongoing effort can be highlighted by current implemen-
tation of the effect-based tools into the monitoring guide-
lines for water quality assessment (Wernersson et al.,
2014), which combines several bioassays targeting differ-
ent toxic modes of action (MoAs) to provide additional
information to classical chemical analyses and thus a
more integrative view.

Gap junctional intercellular communication (GJIC)
plays a fundamental role in maintaining tissue homeosta-
sis, and provides an excellent biological endpoint to assess
potential adverse health effects of many anthropogenic
toxicants and natural toxins (Vinken et al., 2009). GJIC is
a critical cellular process for the coordination of different
intra-, extra-, and inter-cellular signalling pathways re-

quired for proper cell behaviour, tissue development, tissue
function and maintenance of tissue homeostasis. Most
chemical carcinogens and tumour promoters inhibit GJIC
in in vitro assays, and demonstrated to be a representative
marker of tumour promoting potency (Rosenkranz et al.,
1997). Recently cyanobacterial extracts and exudates were
determined to be potent in vitro inhibitors of GJIC (Bláha
et al., 2010; Novakova et al., 2011). Inhibition of GJIC by
these extracts were independent of the well-recognized tu-
mour promoting cyanotoxins, MCs or cylindrospermopsin,
indicating the existence of not-yet-identified toxic com-
pounds (Novakova et al., 2013). Aquatic contaminants,
such as polycyclic aromatic hydrocarbons (PAHs) or poly-
chlorinated biphenyls synergistically potentiated the in-
hibitory effects of cyanobacterial extracts on GJIC
(Novakova et al., 2012), which further highlights the need
to bioassay these mixtures for adverse effects in the com-
plex assessment of drinking water quality, and efficacy of
treatment technologies.

In fact, in vitro assessment of GJIC has been success-
fully used along with chemical analysis as a principal
bioassay to study tumour promoting activity of water
chlorination by-products (Hakulinen et al., 2004;
Nishikawa et al., 2006). Similarly, GJIC assay has been
applied to evaluate the efficiency of removing different
anthropogenic contaminants and their toxic by-products
with ozone, such as polycyclic aromatic hydrocarbons
(Upham et al., 1994; Upham et al., 1995; Herner et al.,
2001; Luster-Teasley et al., 2002; Luster-Teasley et al.,
2005) and various pesticides (Upham et al., 1997; Masten
et al., 2001; Wu et al., 2007). The in vitro bioassays used
in these studies to assess GJIC were based on the scrape-
load dye transfer (SL-DT) technique (El-Fouly et al.,
1987). This SL-DT assay provides fast (minutes of expo-
sure) and integrative responses, which reflect dysregula-
tions of different cell processes and multiple signalling
pathways controlling GJIC (Upham et al., 2016). Dysreg-
ulation of GJIC is an epigenetic, phenotypic marker for
determining tumour promotional activity, which contrasts
and compliments the more commonly used genotoxic and
specific nuclear receptor transactivation assays (Leusch
and Snyder, 2015). GJIC can be assessed in vitro using
diverse non-tumorigenic cells, with a rat liver epithelial
cell line, WB-F344, being one of the most widely used
GJIC model for the assessment of tumour promoting ac-
tivity, as well as determining chemopreventive effects of
chemicals (Upham et al., 1998; Sovadinova et al., 2015;
Babica et al., 2016b). To further validate tumorigenic ac-
tivity, compounds that dysregulate GJIC are often tested
for effects on signal transduction pathways implicated in
neoplastic transformation, such as mitogen-activated pro-
tein kinases (MAPK-ERK1/2 and MAPK-p38) (Upham
et al., 2008; Osgood et al., 2014; Babica et al., 2016a).

Our objective was to evaluate and compare the effi-
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cacy of two broadly used drinking water treatment oxida-
tion technologies, namely chlorination and ozonation, on
the removal of known cyanotoxin MC concentrations as
well as on changes in biological effects that are independ-
ent of the MC content (i.e., removal of overall cytotoxicity
and tumour promotional potency). We used a natural
bloom sample that was dominated by the cosmopolitan
and environmentally relevant bloom-forming cyanobac-
teria M. aeruginosa. Extracts were prepared and charac-
terized for content of MC, total organic carbon (TOC)
concentration, initial cytotoxicity, effect on GJIC and
modulation of signalling kinases (MAPKs). These
cyanobacterial extracts were treated by chlorine or ozone,
and evaluated for the changes in the toxin content, TOC,
and in vitro cytotoxicity and tumour promoting activity.

METHODS

Cyanobacterial sample

The sample of toxic cyanobacterial water bloom was
collected from a lake located within the campus of Michi-
gan State University (East Lansing, MI, USA;
42°40’50.09”N, 84°29’14.27”W) in September 2008 using
a 20 μm plankton net. The bloom was dominated by
Microcystis species: M. aeruginosa (>50% of the cell
counts) accompanied by M. flos-aquae (~20%) and M.
ichthyoblabe (~20%). The biomass was freeze-dried and
38 g of dry weight (DW) was extracted by 20 min sonica-
tion (Fisher Sonic Dismembrator Model 300; Fisher Sci-
entific, Pittsburgh, PA, USA) while stirring on ice with 566
mL of 50% methanol (i.e., 66.7 g DW L–1 equivalent). The
samples were centrifuged at 31,000 × g and the supernatant
fraction was collected and dried using a vacuum evaporator.
The dry extract was dissolved in 47.2 mL of MilliQ water
(MilliQ Synthesis A10; Millipore, Billerica, MA, USA) to
obtain the final concentrated extract corresponding to 800
g DW of original biomass per one litter of water.

Chlorination and ozonation

The extract was aliquoted into 4 mL fractions to be
treated by chlorination or ozonation as summarized in Tab.
1. Chlorination was carried out with sodium hypochlorite
(NaOCl) in a phosphate buffer (0.5 M K2HPO4-0.293 M
NaOH, pH 7.0±0.2) according to the Method 5710C
(Clesceri et al., 1998). The sample was treated for 30 min
to 24 h with NaOCl at different concentrations of free chlo-
rine (7 to 1000 mg L–1) corresponding to contact time (CT)
values 0.21×103, 7×103, 50×103 and 1440×103 mg min L–1.
The oxidation reaction was stopped by addition of 10% w/v
of NaHSO3. Vehicle controls were prepared from MilliQ
water equally treated with chlorine and quenched. No resid-
ual chlorine was present in the vehicle controls after the
quenching. To increase the weight ratio of chlorine to dry

weight of the extract (or TOC or MC concentration), the
concentration of the original biomass was also diluted four-
and eight times (i.e., “¼” or “⅛”) before the chlorination
step with 500 mg L–1 of chlorine for 100 min.

The original extract dissolved in MilliQ water was
ozonated for 30 min using a commercial ozone generator
(OZ2PCS-V; Ozotech, Yreka, CA, USA) at the concen-
tration of O3 (gas)=5.0 mg L–1 with a gas flow rate of one
L min–1 and temperature of 20.0±0.5°C to maximize
ozone dissolution.

Microcystin analysis

The concentrations of MCs in the original biomass as
well as in the samples after the chlorination and ozonation
treatment were analysed by HPLC-UV/DAD following
the procedure described earlier (Babica et al., 2006). Tox-
ins were identified based on their retention times and
characteristic UV absorption spectra and quantified using
the calibration curves of standards of MC-RR, -YR, -LR,
-LW, -LF, and nodularin. An example of the HPLC chro-
matograph of the cyanobacterial extract recorded at 238
nm is in Supplementary Fig. 1.

TOC analysis

TOC of the extract before and after chlorination and
ozonation was determined using LiquiTOC analyzer (El-
ementar Analysensysteme, Hanau, Germany) where
measurements were made by high temperature oxidation
of the carbon (850-900°C) and detection of CO2 by an
NDIR photometer.

Bioassays

WB-F344 rat liver non-tumorigenic stem-like cells
(Tsao et al., 1984) were cultured in D-media (Kao et al.,
1997) with 5% v/v of fetal bovine serum (Gibco, Life
Technologies, Grand Island, NY, USA) at 37°C and 5%
CO2. Cells were cultured to full confluence for 48 h in 35
mm tissue culture dishes (Costar; Cambridge, MA, USA).
These confluent cells were used for the various time and
dose related experiments. The vehicle controls were water
chlorinated or ozonated using the same conditions as ap-
plied for studied samples. A sample or vehicle was added
directly to the cell culture medium in the dish and gently
mixed. Non-treated cells were used as negative controls.
The final concentrations of extracts in the bioassays were
expressed as the original weight of dry biomass used for
extract preparation per unit volume (g DW L–1). Viabil-
ity/cytotoxicity was tested after 30-min and 24-h expo-
sures using the neutral red assay as reported before
(Babica et al., 2016b). The method determines viable cells
capable of neutral red inclusion into lysosomes (Boren-
freund and Puerner, 1985). Viability was expressed as the
fraction of negative (non-treated) control (FOC).
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Tumour promotion assay based on GJIC assessment
used only the concentrations that were determined to be
noncytotoxic using the neutral red assay. Cells were ex-
posed for 30 min to the tested samples or corresponding
vehicle. Treatment with 1-methylanthracene (70 µM, 30
min) was used as a positive control inducing complete in-
hibition of GJIC. GJIC was assessed using modified SL-
DT technique (El-Fouly et al., 1987; Babica et al., 2016c;
Upham et al., 2016) . The migration of the dye through gap
junctions was visualized with a Nikon Eclipse TE3000
phase contrast/fluorescent microscope and the images dig-
itally captured with Nikon EZ Cool Snap CCD camera
(Nikon Instruments, Melville, NY, USA), where three rep-
resentative images were acquired from each dish.  The area
of dye transfer was measured for each image using ImageJ
(https://imagej.nih.gov/ij/). The measured areas were ad-
justed by subtracting an area of the dye transfer in the pos-
itive control with completely inhibited GJIC. Adjusted
areas from each image were compared with an averaged
adjusted area of the negative control and expressed as FOC.

Activation of regulatory kinases MAPK ERK1/2 and
p38 after a 30 min exposure to the sample was determined
by Western blotting. Western blot analyses were done as
reported previously (Babica et al., 2016a). Briefly, the pro-
teins were extracted with 20% SDS solution containing in-
hibitors of proteases and phosphatases, and the protein
concentration of the cell lysates was determined with DC
assay kit (Bio-Rad, Hercules, CA, USA). The proteins (20
µg per lane) were separated on 12.5% SDS-PAGE
(Laemmli, 1970) and then electrophoretically transferred
to a 0.45 µm PVDF membrane (Millipore). To visualize
activated, i.e. phosphorylated ERKs and p38, we used rab-
bit phospho-specific polyclonal antibodies directed to
ERK-1 phosphorylated at Thr 202/Tyr204, and ERK-2
phosphorylated at Thr185/Tyr187 (Cell Signaling #9101S,
Danvers, MA, USA) and directed to p38 phosporylated at
Thr180/Tyr182 (Zymed #36-8500, San Francisco, CA,
USA), and secondary donkey anti-rabbit IgG conjugated
with horse radish peroxidase (Amersham Bioscience #
NA934V, Life Science, Denver, CO, USA). Levels of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a housekeeping protein, and determined with
mouse anti-GAPDH antibodies (Chemicon #MAB374,
Millipore) and secondary sheep anti-mouse IgG conju-
gated with horse radish peroxidase (Amersham Bioscience
#NA931V; Life Science). The ERK, p38 and GAPDH pro-
tein bands were detected using the ECL SuperSignal West
Pico Chemiluminesence detection kit (Pierce, Arlington
Heights, IL, USA) and Bio-Rad Image Analyzer.

Data analyses and statistics

At least three independent experiments were done for
each treatment (except for Western blot analyses), and the
mean ± standard deviations from independent experi-

ments were calculated. IC50 concentrations causing 50%
inhibition of the studied effects and their 95% confidence
intervals were derived using non-linear regression in
GraphPad (GraphPad software Inc., La Jolla, CA, USA).
One-way Analysis of Variance (ANOVA) followed by
Dunnett’s post-hoc test was used to identify treatments
significantly different from the control. Differences be-
tween IC50 values were assessed by Student’s t-test. P-val-
ues less than 0.05 were considered statistically significant.

RESULTS

The original biomass contained 517 μg of total MC
per g of DW with MC-LR being the dominant variant
(411 μg g–1 DW, 79%, Tab. 1). The other variants present
included MC-RR (2%), MC-LW (2%), MC-LF (3%) and
two other structurally unidentified MC variants (14%).
The total MC concentration in the original extract (corre-
sponding to 800 g biomass DW L–1) was 414 mg L–1 (MC-
LR concentration: 329 mg L–1). TOC concentration in the
non-treated extract of 800 g biomass DW L–1 was 83.81 g
L–1, which represents 105 mg of extractable total organic
carbon per g of biomass DW.

Ozonation of cyanobacterial samples had direct effects
on the concentrations of organic matter in the biomass. As
shown in Tab. 1, the 30-min treatment with ozone caused
complete degradation of MCs and 33% reduction of TOC
compared to non-treated extract. The chlorination with
low dose of chlorine (7 mg L–1) for short time (30 min)
had no effect on MC and TOC concentrations. The higher
doses (70 to 1000 mg L–1) of chlorine and longer treat-
ments (100 min to 24 h) were more effective in reducing
MC levels (by 10 to 33%), and this reduction was depend-
ent on chlorine concentrations and treatment times. There
was no observed shift in the proportion of individual MC
congeners with the MC-LR being the dominant variant.
TOC degradation by chlorine (by 16 to 25%) correlated
well with MC degradation. The increase of the weight
ratio of chlorine to original biomass by diluting non-
treated extract before chlorination (Tab. 1, variants ¼ or
⅛ Cl(500-100)) slightly improved reduction of MC and
TOC amount, when the results were adjusted by the cor-
responding dilution factor and then compared to the non-
diluted extract chlorinated under the same conditions
(Cl(500-100)).

The original extract (non-treated, NT) showed no sig-
nificant cytotoxic effects on WB-F344 during 30-min ex-
posure within the range of concentrations tested (up to 24
g DW L–1; negative data not shown). After longer expo-
sure time (24 h), the sample significantly decreased via-
bility of WB-F344 cells (Fig. 1A) with the calculated
IC50=11.6 g DW L–1 (Tab. 1). The lowest observed effect
concentration (LOEC) inducing statistically significant
reduction of the cell viability was 12 g DW L–1 (Fig. 1A).
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The effects of the NT extract on GJIC in WB-F344 cells
after 30-min exposure are shown in Fig. 2A. The sample
had pronounced inhibitory effects on GJIC, which were
concentration-dependent with the calculated IC50=7.8 g
DW L–1 (Tab. 1). LOEC concentration of NT extract for

inhibition of intercellular communication was 8 g DW
L–1 (containing 4.1 mg L–1 MCs) (Fig. 2A). The tumour
promotional activity of the NT sample indicated by its ef-
fect on GJIC was also confirmed by additional experi-
ments assessing phosphorylation of signalling protein

Fig. 1. The effect of chlorination (B-E) and ozonation (F) of the tested cyanobacterial extract on viability in WB-F344 cells after 24-h
exposure to 6 different concentrations (4-24 g DW L–1). Data are fractions of controls (FOC) as means ± standard deviations of inde-
pendent repetitions of the experiment (n≥3). Significant differences from the vehicle control (A) are indicated by asterisks (one-way
ANOVA followed by Dunnet’s post-hoc test; *P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001). NT, original non-treated extract; Cl,
chlorinated extracts (in parentheses - free Cl concentrations 7, 70, 500 and 1000 mg L–1; treatment durations 30 min, 100 min, 24 h);
O3, ozonated extract (30 min, the flow rate of 1 L min–1 with 5 g O3 m–3).

Non
-co

mmerc
ial

 us
e o

nly



Chlorination and ozonation of cyanobacterial extract 113

kinases in WB-F344 cells (MAPK-ERK 1/2 and p38, Fig.
3A). Rapid and clear concentration-dependent activation
of both MAPKs was observed after 30-min exposure. The
LOEC values for hyperphosphorylation of MAPK- ERK
1/2 and p38 were 8 or 4 g DW L–1 of the NT extract, re-
spectively, with maximal effects observed at the highest
tested concentration of 16 g DW L–1 (Fig. 3A).

Ozonation and chlorination of the original sample had
a pronounced effect on the biological activity. The cyto-
toxic effect was completely eliminated by the ozonation
of the extract (Fig. 1F). At the same time, none of the
chlorination experimental protocols had any significant
effect on cytotoxicity of the original NT extract (Figs. 1B-
E), with the estimated IC50 values ranging between 9.1
and 14.8 g DW L–1 and not being significantly different
(P<0.05) from the IC50 value for the NT extract (Tab. 1).
Also, the LOEC values for viability of cells exposed to
chlorinated extracts remained at 12 g DW L–1. Interest-
ingly, slight but non-significant increase of IC50 values
was associated with lower rather than higher chlorine
doses. The increase of weight ratio of chlorine to the orig-
inal biomass by diluting non-treated extract before chlo-
rination did not decrease the cytotoxicity with the IC50

values of 10.4 g DW L–1 for ¼ Cl(500-100) and 7.0 g DW
L–1 for ⅛ Cl(500-100) (Tab. 1, Supplementary Fig. 2). The
corresponding vehicle controls for these chlorination con-
ditions caused 20 to 30% significant decrease in WB-
F344 cell viability when compared to non-treated control
(Supplementary Fig. 2).

The ozone application was also highly potent in elim-
inating tumour promotional activity of the original NT ex-
tract, as shown in Fig. 2F. After 30-min ozonation, the
LOEC value for GJIC inhibition was 24 g DW L–1, i.e.
three times higher than in NT extract. GJIC was reduced
only by 30% at 24 g DW L–1 concentration (Fig. 2F),
while nearly 100% inhibition of GJIC was observed at 16
to 24 g DW L–1 of NT extract (Fig. 2A).

In contrast, the chlorination treatments had much less
pronounced effects on the inhibition of GJIC, with the
IC50 values of the chlorinated extracts ranging between
10.0-12.7 g DW L–1. Although these IC50 values were rel-
atively similar to the IC50 estimated for NT extract, they
were significantly higher except for the lowest free chlo-
rine doses and shortest treatment (P<0.05), and their in-
crease depended on the chlorine dose- and treatment
duration (Tab. 1). When the weight-ratio of chlorine to the
original biomass was increased by diluting the non-treated
extract before chlorination (Supplementary Fig. 3), there
was no observable decrease in the dysregulation of GJIC
induced as compared to the original NT extract, with the
IC50 values after chlorination being 8.1 to 9.6 g DW L–1

(Tab. 1, Supplementary Fig. 2). Both ozone and chlorine
treatments significantly attenuated the activation of
MAPK ERK1/2 induced by NT extract (Fig. 3). Ozona-

tion was more effective, when no activations of the
ERK1/2 kinase were observed at concentrations between
4 to 16 g DW L–1. Chlorination also resulted in reduced
levels of MAPK ERK1/2 activation (Fig. 3, Tab. 1). The
protective effects had biphasic character, when initially
increased but then became less apparent with an increase
in chlorine dose and chlorination time (Fig. 3, Tab. 1). The
effects of both ozone and chlorine treatments on the acti-
vation of p38 MAPK were much less pronounced when
compared to MAPK ERK1/2, and activation of p38 was
still apparent for the ozonated extract as well as most of
the chlorinated extracts even at the lowest experimental
concentration of 4 g DW L–1 (Fig. 3).

DISCUSSION

Adverse effects of toxic cyanobacteria on human
health remain a major issue for both researchers and water
managers. Our study confirmed that rapid inhibitions of
GJIC and activations of MAPK-ERK1/2 might be a com-
mon effect induced by bloom-forming cyanobacteria. The
effective concentration for 30-min GJIC inhibition
(IC50=8 g DW L–1) was similar to previously reported val-
ues for other extracts from natural blooms dominated by
Microcystis sp. (IC50=4 or 6 g DW L–1, respectively)
(Bláha et al., 2010; Novakova et al., 2011). Modulation
of these cellular events by chemicals in vitro are consid-
ered to be relevant biomarkers of tumour promoting po-
tency in vivo, as was demonstrated e.g. for tumour
promoting phorbol esters like TPA (Madhukar et al.,
1996), organochlorine pesticides (Trosko et al., 1987),
PCBs (Kang et al., 1996), low molecular weight PAHs
(Bláha et al., 2002), clofibrate, phenobarbital, perfluo-
rooctanoic acid, or organic peroxides (Upham et al., 2007;
Upham et al., 2009; Vinken et al., 2009). MCs and other
cyanotoxins like cylindrospermopsin have been shown to
modulate development of tumours (Nishiwaki-Mat-
sushima et al., 1992; Falconer and Humpage, 2005;
Svircev et al., 2010; Zegura et al., 2011; de la Cruz et al.,
2013). However, neither MC-LR nor cylindrospermopsin
had any direct effect on rapid inhibition of GJIC or acti-
vation of MAPK ERK 1/2 indicating that other metabo-
lites in cyanobacteria might be responsible for their
GJIC-dependent tumour promoting activity (Bláha et al.,
2010; Novakova et al., 2011). However, these metabolites
have not been identified yet.

In addition, our present study demonstrates, for the first
time, a rapid activation of another MAPK-p38 by
cyanobacterial environmental extract in the cell line WB-
F344, which possesses characteristics of liver progenitor
cells (Babica et al., 2016a, b). MAPK-p38 is a critical par-
ticipant in cellular stress responses and has a key role in in-
flammation, as well as in tissue homeostasis, by controlling
cell proliferation, differentiation, death, survival and the
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migration of specific cell types (DiDonato et al., 2012). In
contrast to MAPK-ERK1/2, which are activated by mito-
gens or growth factors, MAPK-p38 is activated by envi-
ronmental and genotoxic stresses including hypoxia, UV,
ROS, hyperosmolarity, and heat shock, and its activation

has been linked to protein phosphatase 2 (PP2A) (Nebreda
and Porras, 2000; Wagner and Nebreda, 2009). Indeed,
MC-LR, a known PP2A inhibitor, has been previously re-
ported to activate MAPKs ERK1/2, p38 or JNK in rodent
liver in vivo and also in experiments with various cell lines

Fig. 2. The effect of chlorination (B-E and ozonation (F) of the tested cyanobacterial extract on gap-junctional intercellular communi-
cation (GJIC) in WB-F344 cells after 30-min exposure to 6 different concentrations (1-24 g DW L–1). Data are fractions of controls
(FOC) as means ± standard deviations of independent repetitions of the experiment (n≥3). Significant differences from the NT extract
(A) are indicated by asterisks (one-way ANOVA followed by Dunnet’s post hoc test; *P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001).
NT, original non-treated extract; Cl, chlorinated extracts (in parentheses - free Cl concentrations 7, 70, 500 and 1000 mg L–1; treatment
durations 30 min, 100 min, 24 h); O3, ozonated extract (30 min, the flow rate of 1 L min–1 with 5 g O3 m–3).
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in vitro. However, MC-LR effects on MAPKs seem to be
dependent on the kinase type, a cell type, and probably also
exposure times and concentrations. Depending on the
study, MC-LR was found to activate ERK1/2 but not p38
(Dias et al., 2010; Zhang et al., 2013; Adamovsky et al.,
2015), p38 but not ERK1/2 (Meng et al., 2011; Lezcano et
al., 2012), and both ERK1/2 and p38 (Komatsu et al., 2007;
Daily et al., 2010; Sun et al., 2011; Chen et al., 2012; Liu
et al., 2016; Wang et al., 2017). The effective concentra-
tions of MC-LR in these studies were typically between 1
and 10 µM (~1-10 mg L–1).

In the present study, cytotoxicity, GJIC and MAPKs
were affected by the cyanobacterial extract diluted to 4-
12 g DW L–1 containing MCs with concentrations be-
tween 2 and 6 mg L–1, which corresponds to 2 to 6 µM
range and is quite comparable with the other in vitro stud-
ies reporting MAPK activation by MCs. However, we
previously demonstrated that tumour promoting events,
such as rapid GJIC inhibition and MAPK ERK1/2 acti-
vation in rat liver progenitor cells, are induced by other
cyanobacterial metabolites but not MC-LR or cylindros-
permopsin (Bláha et al., 2010). Our results suggest that
MAPK p38 can also be activated by transformation or
degradation products of MCs, other compounds of
cyanobacterial origin and/or their transformation or degra-
dation products, since p38 was activated not only by MC-
containing non-treated cyanobacterial extract, but also by
ozonated extract without detectable levels of MCs. These
findings suggest that progenitor cells, in comparison with
differentiated hepatocytes, might be less prone to the ef-
fects of MCs, possibly due to limited expression of key
proteins involved in MCs uptake and metabolism, such as
organic-anion transporting polypeptides (OATPs). Nev-
ertheless, progenitor cells can be apparently a target of
other compounds present in cyanobacterial biomass,
which are capable to induce toxic and tumour promoting
effects in this specific population of liver cells (Bláha et
al., 2010) known to play a critical role in the maintenance
of liver tissue homeostasis, liver regeneration and hepa-
tocarcinogenesis (Canovas-Jorda et al., 2014).

The evidence supporting the existence of other com-
ponents of cyanobacterial biomass contributing to the tu-
mour promoting and toxic effects of complex
cyanobacterial samples emphasize the need for effect-
based evaluation of the efficacy of water treatment tech-
nologies in addition to chemical analyses. Different
physicochemical purification processes employed in
DWTPs may have different efficacies in removing the tar-
get contaminant, such as well recognized toxicants (such
as MCs) vs. elimination of the overall toxicity. Our results
demonstrate that ozone effectively and rapidly removes
the MC fraction of the complex cyanobacterial samples.
Although the highest chlorine dose resulted in a decrease
of TOC that was comparable to the ozone treatment, re-

active chlorine was not as effective compared to ozone in
removal of MCs. Similarly, removal of cytotoxicity and
overall epigenetic toxicity of the studied sample by ozona-
tion appeared to be much more effective than chlorination,
although ozone had a less pronounced effect in decreasing
p38 activation as compared to ERK1/2 and GJIC.

With regard to chlorine the literature demonstrate
that its application removes MCs but the efficiency of
removal decreases with increases in pH and dissolved
organic material along with formation of less effective
oxidant ClO– (Merel et al., 2010). Several studies agreed
that 0.5 mg of residual chlorine per liter should effi-
ciently remove pure MCs in distilled water during 5-30
min (depending on MC concentration) at pH lower than
8 (Nicholson et al., 1994; Newcombe and Nicholson,
2004; Acero et al., 2005). Similar scenarios are also ex-
pected at DWTP at environmentally relevant concentra-
tions of MCs (Merel et al., 2009).

Several previous studies using PP-inhibition as a bio-
marker of toxicity as well as other bioassays reported a de-
crease in MC concentration and toxicity after chlorination
of cyanobacterial samples (Nicholson et al., 1994; Tsuji et
al., 1997; Rodriguez et al., 2008; Merel et al., 2010). For
example, the chlorination of M. aeruginosa extract (16 mg
DW L–1) with the dose of 1 mg L–1 chlorine and contact
time of 30 min (CT value=30) effectively removed 95% of
MCs (initial concentration: 192 µg L–1) and completely
eliminated the acute toxicity of this extract in a mouse
bioassay (Nicholson et al., 1994). Interestingly, our study
showed that chlorination of cyanobacterial extract was less
effective. The dose of 7 mg of chlorine per liter for 30 min
at pH 7.2 did not decrease MCs nor TOC concentrations.
Higher doses and longer treatment times removed up to 10-
30% of the original MCs and TOC levels, and caused only
moderate reduction of toxicity (cytotoxicity, GJIC inhibi-
tion and MAPK activations). Chlorination apparently re-
moved some compounds responsible for the inhibition of
GJIC and activation of ERK1/2 as reflected by the slight,
yet statistically significant, increase in respective IC50 or
LOEC values, and had only a minor effect on cytotoxicity
and p38 activation. The lower effectiveness of chlorination
observed in our study could be explained by the interactions
of chlorine with the relatively higher concentrations of or-
ganic matter, which might have reduced the effectiveness
of the oxidation process due to the competition between the
toxins and the dissolved organic carbon reacting with the
oxidant (Rodriguez et al., 2008).

An important problem associated with the chlorine ap-
plication is the formation of by-products such as halo-
genated organic compounds, especially in the presence of
high amounts of organic matter. These by-products can
have toxic or potential carcinogenic potencies (Neale et
al., 2012); and also for MCs, chlorine was shown to cause
substitutions and modifications of the toxic Adda moiety
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Fig. 3. Activation of mitogen-activated protein kinases (MAPKs) by studied samples after 30-min exposure to 3 different concentrations
(4-16 g DW L–1). Phosphorylation of extracellular receptor kinases 1 and 2 (ERK1/2) and p38 was determined by Western blotting (A).
The bar graphs (B) show values from the densitometric image analysis normalized to negative control (NC=1). NT, original non-treated
extract; Cl, chlorinated extracts (in parentheses - free Cl concentrations 7, 70, 500 and 1000 mg L–1; treatment durations 30 min, 100
min, 24 h), O3 – ozonated extract (30 min, the flow rate of 1 L min–1 with 5 g O3 m–3); NC, negative control (no treatment of the cells);
PC, positive control for ERK1/2 activation (12-O-tetradecanoyl phorbol-13-acetate, 10 nM, 30 min).
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(Tsuji et al., 1997; Merel et al., 2009). In addition, de novo
formation of chlorinated by-products with potencies to af-
fect GJIC and activate intracellular signalling (Hakulinen
et al., 2004; Nishikawa et al., 2006) should also be con-
sidered, and could be related to the weak efficiency in re-
moval of GJIC inhibitions and MAPK activations during
the chlorination as observed in the present study. Possible
toxicity of chlorinated by-products could also explain the
observed biphasic effect, when lower doses of chlorine
were slightly more effective in the elimination of cytotox-
icity and MAPKs activation than the higher doses, al-
though concentrations of TOC and MCs were slightly but
progressively reduced with increasing chlorine dose and
treatment time.

We demonstrated that ozonation completely removed
MCs, substantial fractions of TOC and protected against
cytotoxicity, GJIC inhibition or activation of ERK1/2.
These findings are in agreement with similar studies,
which documented complete MC removal (5 mg L–1) by
2 mg L–1 O3 within 2 min (Al Momani and Jarrah, 2010).
Further improvements in kinetics could be achieved by
increased O3 doses and temperature, and decreased pH
(Al Momani and Jarrah, 2010; Shawwa and Smith, 2001).
Naturally, organic matter negatively reduces the efficiency
of ozonation, but under realistic DWTP situations of lev-
els as low as 0.05 mg L–1 of residual O3 assures MC re-
moval (Newcombe and Nicholson, 2004; Brooke et al.,
2006). Despite a high amount of organic material in our
sample that also competes with toxins for ozone, ozona-
tion was highly effective in MC reduction and elimination
of toxicity even after short treatment. 

A high efficiency of oxidation of MC is known to be
mediated by hydroxyl radicals attacking conjugated diene
structure in MC followed by the cleavage of the Adda
side chain (responsible for PPase inhibition) and ulti-
mately opening of the peptide ring (Al Momani and Jar-
rah, 2010; Miao et al., 2010). Biological assessments
using PP-inhibition assay or mouse test confirmed elim-
ination of the toxicity along with the described structural
changes of MC (Brooke et al., 2006; Miao et al., 2010).
Although ozone was quite efficient in removal of cyto-
toxic, GJIC inhibiting and ERK1/2 activating compounds
in our study, it had only a partial effect on the removal of
p38 activating components. This might indicate that p38
is not involved in GJIC inhibition and its activation was
caused by metabolites with different modes of actions
(Wagner and Nebreda, 2009). With respect to the critical
role of p38 in cellular responses to different types of
stress and also in controlling the proliferation, differen-
tiation, survival, migration and inflammatory responses
of specific cell types, further research should address in-
teractions of cyanobacterial metabolites with this sig-
nalling pathway and evaluate its relevance as a biomarker
of environmental and genotoxic stress induced by

cyanobacteria. Interestingly, activation of p38 was found
to be the most sensitive endpoint in this study, where the
increased levels of p38 phosphorylation were observed
after 30-min exposure to the non-treated extract at con-
centration of 4 g DW L–1, whereas significant inhibition
of GJIC and activation of ERK1/2 occurred at concen-
trations 8 g DW L–1 and higher, and significant reduction
of cell viability required 24-h exposure to 12 g DW L–1.
Inhibition of GJIC and activation of MAPKs was induced
by lower concentrations and after shorter exposures than
the cytotoxic effects, which indicates that these cell sig-
nalling events were altered via rapid non-genotoxic and
non-cytotoxic mechanisms. In vitro evaluation of GJIC
and MAPKs thus represent a simple and sensitive bioas-
say for assessment of ‘epigenetic toxicity’ and tumour
promoting potential of complex cyanobacterial extracts,
which is also suitable for effect-based studies focusing
on the elimination of these hazardous properties of con-
taminated water.

CONCLUSIONS

Ozonation of an extract of a Microcystis water bloom
sample was shown to be a very effective method in the
complete removal of MCs, as well as the substantial elim-
ination of the overall cytotoxicity and tumour promotional
potency. On the contrary, chlorination experiments, de-
spite high doses and long exposures, were much less ef-
fective, and potentially led to the formation of
by-products, which could add to the observed toxic ef-
fects. Our study also demonstrated strong activations of
p38 MAPK by cyanobacterial samples, which were not
effectively removed by chlorination and only partially by
ozonation. With respect to the role of p38 in inflammation
as well as maintenance of tissue homeostasis, further re-
search should address interactions of cyanobacterial sam-
ples with this biomarker of cellular stress and evaluate its
environmental relevance. In agreement with several re-
cent reports, the study also demonstrates the need to en-
force effect-based (bioassay) tools into the assessment of
water quality and monitoring the efficacy of water treat-
ment systems.
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ABSTRACT
Altered gap junctional intercellular communication (GJIC) has been associated with chemical
carcinogenesis, where both chemical tumor promoters and chemopreventive agents (CPAs) are known to
conversely modulate GJIC. The aim of this study was to investigate whether attenuation of chemically
inhibited GJIC represents a common outcome induced by different CPAs, which could be effectively
evaluated using in vitro methods. Rat liver epithelial cells WB-F344 were pretreated with a CPA for either
30 min or 24 h, and then exposed to GJIC-inhibiting concentration of a selected tumor promoter or
environmental toxicant [12-O-tetradecanoylphorbol-13-acetate (TPA), lindane, fluoranthene, 1,1,1-
trichloro-2,2-bis(4-chlorophenyl)ethane (DDT), perfluorooctanoic acid (PFOA), or pentachlorophenol]. Out
of nine CPAs tested, quercetin and silibinin elicited the most pronounced effects, preventing the
dysregulation of GJIC by all the GJIC inhibitors, but DDT. Metformin and curcumin attenuated the effects
of three GJIC inhibitors, whereas the other CPAs prevented the effects of two (diallyl sulfide, emodin) or
one (indole-3-carbinol, thymoquinone) GJIC inhibitor. Significant attenuation of chemically induced
inhibition of GJIC was observed in 27 (50%) out of 54 possible combinations of nine CPAs and six GJIC
inhibitors. Our data demonstrate that in vitro evaluation of GJIC can be used as an effective screening tool
for identification of chemicals with potential chemopreventive activity.

Introduction

Chemical exposure to environmental and food-borne con-
taminants has been commonly linked to the etiology of
cancers (1). The underlying cellular processes, known to
be critical for cancer development, are DNA alterations
by genotoxic mechanisms during the initiation stage of
cancer, or alterations of signal transduction pathways and
gene expression patterns by nongenotoxic or epigenetic
mechanisms, leading primarily to an increase in cell pro-
liferation, inhibition of differentiation, inhibition of apo-
ptosis, and inflammatory responses associated with tumor
promotion and progression stages of cancer (2,3).

Conversely, chemical compounds can also counteract
these carcinogenic processes, and thus function as cancer
chemopreventive agents (CPAs), that is, natural or syn-
thetic chemicals which inhibit, suppress, or reverse the
development and progression of cancer (4). Phytochemi-
cals and other natural products are important sources of
CPAs, capable of targeting the different stages of the
multistep carcinogenic process (5–7). Dietary intake of
phytochemicals, thus, represents an important approach

to minimizing cancer risks in healthy individuals, mostly
by preventing the tumor-initiating and promoting
phases of cancer. The application of phytochemicals in
the form of dietary supplements or pharmacological
agents can be used for individuals with a high risk of can-
cer to prevent early phases of cancer, or even for patients
in the late stages of cancer to aid chemopreventive, che-
moprotective, and chemoquiescent effects in chemother-
apy during cancer treatment and at the postcancer stage
(5). In the effort to identify novel CPAs and to under-
stand the mechanisms of their chemopreventive activity,
plant-derived products and compounds are typically
evaluated for their ability to modulate DNA repair,
detoxification, free-radical scavenging, carcinogen
metabolism, proliferation, angiogenesis, apoptosis, dif-
ferentiation, inflammation, and immune responses, that
is, alterations of biochemical and cellular processes con-
nected to acquisition of phenotypic traits characteristic
for cancer or transformed cells, so-called hallmarks of
cancer (5–7).
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In addition to the traditionally recognized hallmarks
of cancer, abnormal gap junctional intercellular commu-
nication (GJIC) has been documented as another pheno-
typic hallmark of cancer (8). GJIC facilitates direct
exchange of essential signaling molecules and metabo-
lites between adjacent cells, coordinates electrotonic and
metabolic events in tissues, and provides the key mecha-
nism of homeostatic regulation (8,9). Since cancer can be
viewed as a disorder of homeostatic regulation, it is con-
sistent with observations that GJIC is dysregulated in
vivo or in vitro in response to oncogene activation, expo-
sures to growth factors, or chemical tumor promoters
(10–14). In different cancer or oncogene-transformed
cell lines, CPAs have been reported to increase expres-
sion of gap junctional proteins connexin and/or enhance
GJIC, which is typically accompanied by suppression of
other phenotypic traits characteristic for cancer cells (9).
Various plant-derived products and compounds were
also found to prevent inhibition of GJIC, which was
induced in normally communicating cells by tumor-pro-
moting chemicals, such as hydrogen peroxide or model
tumor promoters like 12-O-tetradecanoylphorbol-13-
acetate (TPA) (9). CPAs, like quercetin, resveratrol,
green tea, or tomato/grape seed extracts, were also
reported to prevent inhibition of GJIC caused by several
environmental toxicants, such as pentachlorophenol
(15), pesticides (16–19), dimethylnitrosamine (20), mer-
cury (21,22), organic peroxides (23), and perfluoroocta-
noic acid (PFOA) (24).

Thus, prevention of chemically induced inhibition of
GJIC might represent an important mechanism contrib-
uting to the chemopreventive effects of CPAs. Modula-
tion of GJIC might be relevant, especially during the
tumor promotion phase of cancer, where the tumor-pro-
moting activity of environmental and food toxicants
could be counteracted by co-exposure to CPAs from diet
or dietary supplements and reduce the risks of cancer. In
vitro evaluation of the ability of chemicals to prevent
inhibition of GJIC could then be a very effective
approach for rapid identification of agents with biologi-
cal activities relevant for cancer chemoprevention and
suppression. However, there is a lack of studies systemat-
ically looking at the effects of different CPAs on GJIC
inhibition induced by different environmental toxicants
in vitro (9). Therefore, the aim of this study was to inves-
tigate whether chemicals with known chemopreventive
activity, but limited knowledge regarding their effects on
GJIC, would be able to prevent inhibition of GJIC
induced in vitro by tumor promoters and environmental
toxicants.

We investigated nine commercially available chemi-
cals previously implicated in cancer chemoprevention
(5–7): polyphenols, quercetin, silibinin, and curcumin;

simple phenol, indole-3-carbinol; quinones, thymoqui-
none, and emodin; unsaturated aromatic carboxylic acid,
cinnamic acid; organosulfur compound, diallyl sul-fide;
and an antidiabetic drug, biguanide metformin. These
selected CPAs were evaluated for their ability to prevent
inhibition of GJIC induced in vitro in rat liver epithelial
cells, WB-F344, by six different tumor promoters and/or
environmental toxicants with different mechanism of
GJIC inhibition (25): TPA, lindane, 1,1,1-trichloro-2,2-
bis(4-chlorophenyl)ethane (DDT), fluoranthene, PFOA,
and pentachlorophenol. Results of this study suggest that
the attenuation of chemically induced inhibition of GJIC
represents a typical but signal transduction pathway-spe-
cific effect of CPAs, which could be easily evaluated in
vitro and utilized as an effective screening tool for identi-
fication of chemicals with chemopreventive activity.

Materials and methods

Chemicals

All chemicals, including all GJIC inhibitors (i.e., TPA,
DDT, fluoranthene, lindane, pentachlorophenol, and
PFOA) and CPAs (cinnamic acid, curcumin, diallyl sul-
fide, emodin, indole-3-carbinol, metformin, quercetin,
silibinin, and thymoquinone), lucifer yellow, neutral red
(NR), dimethylsulfoxide (DMSO), glucose, formalde-
hyde, inorganic salts for preparation of phosphate-buff-
ered saline [PBS and PBS supplemented with 0.68 mM
calcium chloride and 0.49 mM magnesium chloride
(CaMgPBS)] and culture medium preparation were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Ace-
tonitrile, acetic acid, and ethanol were obtained from
Lach-ner (Neratovice, Czech Republic). Stock solutions
of GJIC inhibitors were prepared in acetonitrile except
TPA, which was dissolved in ethanol. CPAs were dis-
solved in DMSO. All aqueous solutions were prepared
using Milli-Q water produced with a Millipore Synergy
water production device (Merck Millipore, Billerica, MA,
USA).

Cell culture

WB-F344 rat liver epithelial nontumorigenic cells were
obtained from Drs. Grisham and Tsao, University of
North Carolina (26). The cells were grown in a so-called
CCD medium (C. C. Chang’s D-medium) developed by
C. C. Chang (27). CCD medium was prepared from
Eagle’s Minimum Essential Medium (MEM) (Formula
M3024, Sigma-Aldrich) supplemented with 1 g/l sodium
bicarbonate, 7.635 g/l sodium chloride, 1 mM sodium
pyruvate (Gibco, Life Technologies, Carlsbad, CA, USA),
2 mM L-glutamine (Gibco), with concentrations of all
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vitamins and essential amino acids increased 1.5 times by
addition of Gibco’s MEM vitamin solution and MEM
essential amino acids solution, and concentrations of all
nonessential amino acids were increased two times by
addition of Gibco’s MEM nonessential amino acids solu-
tion. All components were dissolved in Milli-Q water,
and the medium was sterilized by filtration through a
polyethersulfone filter with a pore size 0.1 mm (VWR
Int., Radnor, PA, USA) and then supplemented with 5%
(vol/vol) fetal bovine serum (Biochrom S0615, Merck
Millipore). The cells were routinely cultured in 75 cm2

tissue culture flasks (TPP, Trasadingen, Switzerland) in a
humidified 5% CO2 atmosphere at 37 C, and passaged
every other day using trypsin-ethylenediaminetetraacetic
acid (Life Technologies) for cell detachment.

GJIC evaluation

WB-F344 cells were seeded at a density of 20–40£103

cell/cm2 on 35-mm-diameter tissue culture Petri
dishes (Sterilin, Newport, UK) and cultured for 48 or
72 h to reach complete confluence before the addition
of the chemical. Confluent cultures were exposed to
the selected CPA or DMSO for 30 min or 24 h, fol-
lowed directly by the addition of a tumor promoter,
environmental toxicant, or corresponding solvent
(acetonitrile or ethanol) for 15 min. In addition to
solvent controls, a negative control of cells not treated
with any chemical was included in each experiment to
account for solvent effects, where solvent concentra-
tions did not exceed 1% (vol/vol). All chemicals
selected as inhibitors of GJIC were previously shown
to induce rapid dysregulation of cell-cell communica-
tion, and their effects on GJIC occurring within 10–
30 min of exposure were shown to be mediated via
different signal transduction mechanisms: TPA and
lindane inhibited GJIC via mitogen-activated protein
kinase-extracellular receptor kinase 1/2 (MAPK-
ERK1/2)-dependent mechanism, fluoranthene, and
DDT through a phosphatidylcholine-specific phos-
pholipase C (PC-PLC)-dependent mechanism, PFOA
through a mixed, both ERK1/2 and PC-PLC-depen-
dent mechanism, and pentachlorophenol via mecha-
nism independent of ERK1/2 and PC-PLC (25). In
order to evaluate the ability of CPAs to target the
specific signal transduction pathway implicated in the
mechanism of rapid dysregulation of GJIC induced
by a given inhibitor, we focused on the attenuation of
GJIC after 15 min of exposure to a GJIC inhibitor.
The scalpel loading-dye transfer (SL-DT) technique
used for the evaluation of GJIC was adapted after the
scrape-loading method (28) and carried out according
to the previously published protocol (29). Briefly, the

exposed cells were washed three times with
CaMgPBS. Then 1 mg/ml of lucifer yellow dilithium
salt diluted in CaMgPBS was added to the cells. By
gently pressing the surgical scalpel blade against the
dish bottom, the lucifer yellow was introduced into
the cell monolayer (three parallel scalpel injections
were made per dish). The dye was allowed to diffuse
through gap junctions for 3 min, followed by a thor-
ough rinse of cells with CaMgPBS and a fixation step
with a 4% (vol/vol) formaldehyde solution in PBS. A
representative microscopic image of the lucifer yellow
dye transfer was taken from each cut at 200£ magni-
fication using an Olympus IX51 microscope equipped
with DP72 CCD camera (Olympus, Hamburg, Ger-
many). The extent of GJIC was evaluated using
ImageJ (version 1.50e) software as an area of the cells
stained with lucifer yellow dye. The average fluores-
cence area in the positive control treated with 70 mM
fluoranthene for 15 min was subtracted from each
treatment. The adjusted areas of individual treatments
were compared with the adjusted area of the vehicle
control and expressed as a percentage of GJIC in
vehicle control (% control). Each experiment was
repeated at least three times independently.

Cell viability assay

WB-F344 cells were seeded onto 96-well microplates
(TPP) at the same seeding densities as for GJIC evalua-
tion and cultured for 48–72 h to reach confluence. The
selected CPAs or DMSO (max. 1%, vol/vol) were then
added to the cells and incubated for 1 or 24 h. The effects
of chemicals on cell viability were evaluated using the NR
uptake assay. A solution of 150 mg/ml NR dye, that is, 3-
amino-7-(dimethylamino)-2-methylphenazine hydro-
chloride, in a serum-free culture medium was prepared,
equilibrated in a CO2 incubator, and filtered through a
0.22 mm polyethersulfone syringe filter (Merck Milli-
pore). Cells were rinsed twice with PBS, NR solution was
added, and the cells were incubated for 1 h in a CO2

incubator to allow dye uptake. After incubation, the cells
were rinsed three times with PBS to remove extracellular
NR. Intracellular NR was extracted from the cells by the
addition of 1% glacial acetic acid in 50% ethanol. After
15 min of incubation on an orbital shaker, the absor-
bance was measured at 540 nm (reference wavelength D
690 nm) using a TECAN Genios spectrophotometer
(TECAN, M€annedorf, Switzerland). After subtraction of
the blank value, NR dye uptake in an individual treat-
ment was compared with negative control and expressed
as percentage of viability. Each experiment was carried
out in triplicate and repeated at least three times
independently.
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Results

Selection of CPA concentration for experiments with
GJIC inhibitors

In the first set of experiments, effects of the selected
CPAs on viability of WB-F344 cells was evaluated
(Figure 1) along with their effects on GJIC (Figure S1).
This was done to establish a suitable concentration that
was neither cytotoxic nor inhibitory of GJIC. Curcumin,
emodin, and thymoquinone induced the most pro-
nounced cytotoxic effects, when a significant decrease
of cell viability was elicited after a 1 h exposure to con-
centrations of >50 mM, with even more pronounced
effects observed after 24 h exposure (Figure 1B, D, I).
Emodin and curcumin also inhibited GJIC
(Figure S1A). Concentrations of 1 mM curcumin and
10 mM of emodin and thymoquinone were found to be
both nontoxic (Figure 1B, D, I) and noninhibitory of
GJIC (Figure S1B) up to a 24 h exposure and thus
selected for experiments with the GJIC inhibitors. Quer-
cetin and silibinin at 100 mM concentration reduced
neither cell viability (Figure 1G, H) nor GJIC
(Figure S1B) after 1 h exposure, and were used for a
30 min pretreatment. However, a 100 mM concentra-
tion of silibinin and quercetin was cytotoxic after 24 h
exposure, which was manifested by silibinin-induced
decrease of the NR dye uptake (Figure 1H) and querce-
tin-induced increase of cell membrane permeability
leading to extensive cell staining with lucifer yellow in
SL-DT assays (data not shown). Concentrations of
50 mM silibinin and 25 mM quercetin were found to be
noncytotoxic and used for 24 h cell pretreatment. Simi-
larly to quercetin, indole-3-carbinol did not decrease
NR dye uptake (Figure 1E), but at concentrations
>25 mM it increased permeability of the cell membrane
for lucifer yellow in SL-DT assay (data not shown).
Indole-3-carbinol at a concentration of 10 mM was not
observed to induce any effect in SL-DT assay
(Figure S1B) and thus selected for further experiments.
Cinnamic acid, diallyl sulfide, and metformin did not
affect cell viability (Figure 1A, C, F) or GJIC at concen-
trations up to 5 mM. The final concentrations of these
CPAs were selected in preliminary experiments with
GJIC inhibitor lindane (data not shown). The final sum-
mary of concentrations of CPAs used for experiments
with GJIC inhibitors is given in Table 1.

Selection of GJIC inhibitor concentration

The selected tumor promoters and environmental toxi-
cants rapidly inhibited GJIC within 15 min exposure
(Figure S2). The lowest concentrations of GJIC inhibitors
sufficient to repeatedly induce nearly complete inhibition

of GJIC (<20%) were used for experiments with CPAs,
as indicated in Figure S2 and summarized in Table 1.

Effects of CPAs on chemically induced inhibition of
GJIC

Median GJIC levels in the cells treated with a GJIC inhib-
itor alone were compared with median GJIC levels in the
cells first pretreated with CPAs and then treated with the
GJIC inhibitor. The observed differences (DGJIC) ranged
from slightly negative or positive values (DGJIC <10%),
indicating none or only a weak effect, up to 78%, which
corresponds to almost complete prevention of GJIC inhi-
bition (Table 1). Out of the 54 different combinations of
nine CPAs with six GJIC inhibitors, at least mild (DGJIC
>10%) and statistically significant (P � 0.05) attenuation
of GJIC inhibition by CPA pretreatment was observed
for 24 unique combinations of a specific CPA and
GJIC inhibitor. Such a significant preventive effect was
observed for 20 different pairs of CPA-GJIC inhibitor in
the case of 30 min pretreatment with a CPA, and for 11
different pairs in the case of 24 h pretreatment (Table 1).

CPAs elicited the most pronounced effects on inhibi-
tion of GJIC induced by lindane, when all CPAs signifi-
cantly attenuated effects of lindane after 30 min
pretreatment (Figure 2A). However, these preventive
effects became less frequent and pronounced with pro-
longed time of CPA pretreatment, where only quercetin
and silibinin induced significant effects, but weaker than
the 30 min pretreatment (Figure 2A). Quercetin and sili-
binin were also the only CPAs showing significant effects
on TPA-induced inhibition of GJIC, again with more
pronounced effects observed after a 30 min pretreatment
in comparison with the 24 h incubation with CPA
(Figure 2B). A similar pattern was observed for PFOA,
where attenuation of GJIC inhibition by quercetin, silibi-
nin, and also curcumin was apparent only in the 30 min
pretreatment, but neither CPA elicited significant effects
after a 24 h pretreatment (Figure 2C).

Also inhibition of GJIC induced by pentachlorophe-
nol was prevented more efficiently by a 30 min pretreat-
ment with curcumin and metformin, whereas the effects
of quercetin and silibinin were comparable for both
30 min and 24 h pretreatment (Figure 2D).

A different pattern was observed in experiments with
fluoranthene and DDT, where attenuation of GJIC inhi-
bition was more frequent when the cells were exposed to
CPAs for 24 h (Figure 2E, F). Effects of fluoranthene on
GJIC were prevented by a 24 h pretreatment with curcu-
min, diallyl sulfide, emodin, quercetin, and silibinin,
whereas a 30 min pretreatment modulated fluoranthene-
induced inhibition of GJIC only with quercetin and sili-
binin (Figure 2E). Similarly, GJIC inhibition by DDT
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Figure 1. Effects of chemopreventive agents (CPAs) on viability of WB-F344 cells. WB-F344 cells were treated for 1 or 24 h with CPAs: (A)
Cinnamic acid, (B) Curcumin, (C) Diallyl sulfide, (D) Emodin, (E) Indole-3-carbinol, (F) Metformin, (G) Silibinin, (H) Quercetin, and (I) Thym-
quinone. The cell viability was evaluated using the neutral red uptake assay and the results were expressed as % of the negative con-
trol. Data represent medians (circles) with interquartile ranges (error bars) of at least three independent experiments. Sigmoidal
regression was used to plot the concentration-response curves. Dashed vertical lines indicate concentrations selected for experiments
with GJIC inhibitors.
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was prevented by a 24 h pretreatment with cinnamic
acid, diallyl sulfide, metformin, and weakly by quercetin,
while DDT effects were not altered by any CPA after a
30 min pretreatment (Figure 2F).

When comparing effects of individual CPAs, querce-
tin and silibinin were found to attenuate the effects of all
GJIC inhibitors by more than 10% (Table 1), with the
exception of DDT, where only quercetin effects were

observed (Table 1, Figure 2F). Curcumin and metformin
each prevented GJIC inhibition induced by three differ-
ent chemicals (Table 1). Pretreatment for 30 min with
either curcumin or metformin prevented GJIC inhibition
induced by either lindane or pentachlorophenol
(Figure 2A, D). In addition, a 30 min pretreatment with
curcumin significantly blocked GJIC inhibition induced
by PFOA (Figure 2C), whereas a 24 h pretreatment with

Figure 2. Effects of chemopreventive agents (CPAs) on chemically-induced inhibition of gap junctional intercellular communication
(GJIC) in WB-F344 cells. WB-F344 cells were either not pretreated (w/o) or pretreated with different CPAs for 30 min or 24 h, then treated
with an inhibitor of GJIC for 15 min: (A) Lindane, (B) TPA D 12-O-tetradecanoyl-phorbol-13-acetate, (C) PFOA D perfluorooctanoic acid,
(D) Pentachlorophenol, (E) Fluoranthene, (F) DDT D 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane. Concentrations of CPAs were 100 mM
for cinnamic acid (CIA), 1 mM for curcumin, 500 mM for diallyl sulfide (DAS), 10 mM for emodin (EMO), indole-3-carbinol (I3C), 1000 mM
for metformin (MET), 100 mM (30 min) or 25 mM (24 h) for quercetin (QUE), 100 mM (30 min) or 50 mM (24 h) for silibinin (SIL), 10 mM
for thymoquinone (THQ). GJIC was evaluated using scalpel loading-dye transfer assay and expressed as % of the vehicle control. Data
represent medians (bars) and interquartile ranges (error bars) of at least three independent experiments. Dashed horizontal lines indi-
cate interquartile range of the treatment with GJIC inhibitor only (w/o). Values significantly different from the treatment with GJIC inhib-
itor only are labeled by asterisks (Mann-Whitney test, �P�0.05, ��P�0.01, ���P�0.001).
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metformin altered DDT-induced inhibition of GJIC
(Figure 2F). Cinnamic acid, diallyl sulfide, and emodin
prevented effects of two GJIC inhibitors. In addition to
the effects of these CPAs in experiments with lindane
(30 min pretreatment, Figure 2A), cinnamic acid and
diallyl sulfide also attenuated GJIC inhibition induced by
DDT (24 h pretreatment, Figure 2F), whereas a 24 h pre-
treatment with emodin prevented GJIC inhibition
induced by fluoranthene (Figure 2E). Indole-3-carbinol
and thymoquinone elicited effects only against lindane-
induced inhibition of GJIC after a 30 min pretreatment
(Table 1, Figure 2A).

Discussion

Altered connexin expression and function have been
found to play a critical role in carcinogenesis, where
chronic inhibition of GJIC seem to represent an essential
step required for tumor promotion and progression of
initiated cells (9–13). Chronic exposure to environmental
toxicants inducing the inhibition of GJIC probably repre-
sents a very important process involved in the tumor
promotion phase of cancer (1,14), whereas prevention of
GJIC inhibition seems to be crucial for preventing chem-
ically induced tumor promotion (15,30) and might be
one of the key mechanisms contributing to the potential
chemopreventive activity of CPAs. In fact, various plant-
derived products and compounds were reported to pre-
vent inhibition of GJIC induced by model tumor pro-
moters (e.g., hydrogen peroxide, TPA, butylated
hydroxytoluene, or phenobarbital), but the effects of
CPAs on the inhibition of GJIC elicited by environmen-
tally relevant toxicants are much less understood (9).

From the set of CPAs evaluated in this study, attenua-
tion of GJIC inhibition induced by hydrogen peroxide or
TPA has been reported only for quercetin (16,31,32),
indole-3-carbinol (33), and curcumin derivates (34),
whereas curcumin did not prevent TPA-induced inhibi-
tion of GJIC (35). Quercetin was also found to prevent
inhibition of GJIC induced by DDT (16), but the ability
of these CPAs to attenuate the effects of other GJIC
inhibitors represent a novel finding of this study.

The other investigated CPAs, cinnamic acid, diallyl
sulfide, emodin, silibinin, and thymoquinone represent
phytochemicals well-recognized for their antioxidative
and chemopreventive activity (5–7), but there is a lack of
information on their possible effects on connexins or
GJIC. Similarly, a widely used antidiabetic drug, metfor-
min, which is structurally related to French lilac
biguanides, has been recently implicated in cancer che-
moprevention (36,37), but its effects on chemically
induced inhibition of GJIC by environmental toxicants
have not been specifically addressed so far. Our study

thus provides the very first information that prevention
of the chemically induced inhibition of GJIC could be
involved in the chemopreventive effects of these CPAs.
Importantly, these effects relevant to cancer chemopre-
vention were elicited in rat liver epithelial cells, which
possess characteristics of oval cells, that is, multipotent
progenitors of hepatocytes and biliary duct cells, known
to play a crucial role in hepatocarcinogenesis (12,13,38).
Thus, CPAs can not only revert or suppress the pheno-
type of a cell which has already progressed into a neo-
plastic or malignant stage, but they can also directly
counteract chemically induced tumor-promoting events
such as the inhibition of GJIC in the not-yet-tumorigenic
precursors of cancer cells. Such mechanisms relevant for
environmental and food toxicant-induced tumor-pro-
moting events are especially interesting from the whole
chemoprevention perspective, since tumor promotion
represents the rate-limiting step of carcinogenesis, which
can be probably most effectively targeted via dietary
intake of CPAs.

In summary, all CPAs investigated in this study were
found to attenuate inhibition of GJIC induced by one or
more environmental toxicants. Statistically significant
effect on GJIC was observed in 50% of the evaluated
combinations of CPA pretreatment/GJIC inhibitor treat-
ment. These results indicate that in vitro evaluation of
phytochemical or natural product effects on chemically
induced inhibition of GJIC can be used as an effective
tool suitable for in vitro screening for novel compounds
with chemopreventive activity. The effects of CPAs were
elicited by concentrations which were lower by factor of
2 or higher than the lowest concentration found to
decrease cell viability or induce morphological or mem-
brane-permeability changes in WB-F344 cells. Thus, the
observed effects of CPAs were most likely mediated by
modulations of specific biochemical and signaling events,
rather than by eventual cytotoxic stress reaction to CPAs,
which might possibly interfere with the action of GJIC
inhibitors. Indeed, our experiments revealed that attenu-
ation of chemically induced inhibition of GJIC does not
seem to be a general activity shared by all different
CPAs, since there were substantial qualitative and quan-
titative differences in the ability of individual CPAs to
attenuate the effects of different chemicals inhibiting
GJIC through different mechanisms.

Antioxidative activity has been implicated as the
principal mechanism responsible for prevention of
hydrogen peroxide-dependent inhibition of GJIC by
different CPAs (31,39–41). Such activity could explain
also the observed attenuation of lindane-induced inhi-
bition of GJIC in this study, since all investigated
CPAs have been associated with antioxidative activity
and with reduction of oxidative stress. Moreover,
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lindane was found to inhibit GJIC via the MAPK-
ERK1/2 pathway activated through a redox-dependent
mechanism (25,42,43). However, despite sharing a
similar ERK1/2-dependent mechanism of GJIC inhibi-
tion with lindane (25,44), the effects of TPA on GJIC
are most likely not dependent on formation of free
radicals (45,46). Therefore, a different mechanism was
probably responsible for the preventive effects of
quercetin and silibinin. PFOA inhibits GJIC through
MAPK-ERK1/2 and PC-PLC-dependent pathways and
antioxidants including resveratrol, N-acetylcysteine,
and 2-ascorbic acid prevent this inhibition (24,25).

Such an implication of the redox-dependent mecha-
nism of GJIC inhibition suggested that the investigated
CPAs would prevent PFOA-induced inhibition of GJIC
due to their antioxidative activity, as observed in lin-
dane-induced inhibition of GJIC. However, only three
CPAs, namely quercetin, silibinin, and curcumin, pre-
vented inhibition of GJIC by PFOA. Thus, these effects
could be due to modulations of specific mechanisms of
redox signaling regulating GJIC rather than due to non-
specific antioxidative activities. Since the effects of
CPAs on ERK1/2-dependent or codependent inhibitors
of GJIC, that is, TPA, lindane, and PFOA, were mani-
fested already after 30 min pretreatment with a CPA,
this indicates that attenuation of GJIC inhibition was
mediated via rapid biochemical and molecular mecha-
nisms, probably involving not only modulations of
redox signaling or oxidative stress, but also interactions
of CPAs with cellular receptors or signal transduction
enzymes controlling GJIC. Such rapid mechanisms
could be responsible for the effects of metformin and
curcumin on GJIC dysregulation caused by pentachlo-
rophenol, which inhibits GJIC via a mechanism inde-
pendent of ERK1/2 and PC-PLC activity (25).
Significant effects observed after 30 min pretreatment
with CPAs usually had a transient character and
became less pronounced or diminished with prolonged
24 h incubation with a CPA.

However, significant effects of quercetin and silibinin
on GJIC inhibition induced by pentachlorophenol or flu-
oranthene, a PC-PLC-dependent inhibitor of GJIC (25),
remained similar or became even more pronounced with
an increase of the pretreatment time with a CPA at 24 h.
The mechanisms underlying chemopreventive effects,
manifested after 24 h incubation with a CPA, included
probably more permanent modulations of processes and
signal transduction pathways responsible for GJIC dysre-
gulation, possibly involving altered expression of genes
involved in gap junction assembly and GJIC control.
Moreover, one needs to consider metabolization, trans-
formation, or degradation of the tested compounds dur-
ing the incubation, since transformation products of

CPAs might elicit different activities or target different
biochemical and molecular events than the parental
compounds, and eventually become responsible for the
observed differences between 30 min and 24 h pretreat-
ments with CPAs. Therefore, future studies should focus
on further characterization of pharmacokinetics and
pharmacodynamics of the individual CPAs in relation to
their effects on GJIC. Interestingly, 24 h pretreatment
with CPAs induced more pronounced attenuation of
GJIC in comparison with 30 min pretreatment almost
exclusively in the case of GJIC inhibition elicited by
ERK1/2-independent but PC-PLC-dependent inhibitors,
namely DDT and fluoranthene (25). GJIC dysregulation
induced by these toxicants was most effectively attenu-
ated by 24 h pretreatment with cinnamic acid, diallyl sul-
fide, emodin, metformin, quercetin, or silibinin. Since the
same CPAs were observed to attenuate also ERK1/2-
dependent inhibitors, but more effectively after a 30 min
pretreatment, it indicates that the same CPA can protect
GJIC inhibition induced via multiple mechanisms. These
observations support the previous findings of Sovadi-
nova et al. from experiments with resveratrol (25), and
strongly suggest that attenuation of chemically induced
inhibition of GJIC is probably a very specific outcome
depending on CPA-induced biochemical and molecular
events and their specific interactions and cross-talks with
signal transduction pathways dysregulating GJIC in
response to a GJIC inhibitor. Finally, these studies dem-
onstrate that there will be few, if any, “universal” CPAs
against all cancers. However, in vitro assessment of CPA
effects on chemically induced inhibition of GJIC can pro-
vide mechanistic clues to their chemopreventive effects,
and thus represents a possible tool not only for rapid
identification of novel chemopreventive compounds, but
also for further characterization of mechanisms responsi-
ble for their chemopreventive activity.
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a b s t r a c t

As the range of applications for carbon nanotubes (CNTs) rapidly expands, understanding

the effect of CNTs on prokaryotic and eukaryotic cell systems has become an important

research priority, especially in light of recent reports of the facile dispersion of CNTs in

a variety of aqueous systems including natural water. In this study, single-walled carbon

nanotubes (SWCNTs) were dispersed in water using a range of natural (gum arabic,

amylose, Suwannee River natural organic matter) and synthetic (polyvinyl pyrrolidone,

Triton X-100) dispersing agents (dispersants) that attach to the CNT surface non-covalently

via different physiosorption mechanisms. The charge and the average effective hydrody-

namic diameter of suspended SWCNTs as well as the concentration of exfoliated SWCNTs

in the dispersion were found to remain relatively stable over a period of 4 weeks. The

cytotoxicity of suspended SWCNTs was assessed as a function of dispersant type and

exposure time (up to 48 h) using general viability bioassay with Escherichia coli and using

neutral red dye uptake (NDU) bioassay with WB-F344 rat liver epithelia cells. In the E. coli

viability bioassays, three types of growth media with different organic loadings and salt

contents were evaluated. When the dispersant itself was non-toxic, no losses of E. coli and

WB-F344 viability were observed. The cell viability was affected only by SWCNTs dispersed

using Triton X-100, which was cytotoxic in SWCNT-free (control) solution. The epigenetic

toxicity of dispersed CNTs was evaluated using gap junction intercellular communication

(GJIC) bioassay applied to WB-F344 rat liver epithelial cells. With all SWCNT suspensions

except those where SWCNTs were dispersed using Triton X-100 (wherein GJIC could not be

measured because the sample was cytotoxic), no inhibition of GJIC in the presence of

SWCNTs was observed. These results suggest a strong dependence of the toxicity of
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SWCNT suspensions on the toxicity of the dispersant and point to the potential of non-

covalent functionalization with non-toxic dispersants as a method for the preparation of

stable aqueous suspensions of biocompatible CNTs.

ª 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The discovery (Iijima, 1991) and subsequent extensive char-

acterization of carbon nanotubes (CNTs) have revealed a class

of materials with extraordinary electrical, mechanical, and

thermal properties (Tasis et al., 2006). The wider application of

CNTs in electronic, optical, sensing, and biomedical fields has

been impeded by the low solubility of as-produced CNTs in

polar liquids and by the strong tendency of CNTs to aggregate

due to hydrophobic–hydrophobic interactions (Lin et al., 2004).

Dispersing CNTs and ensuring long-term stability of CNTs

suspended in a liquid medium have proved especially chal-

lenging for aqueous systems.

1.1. Dispersing CNTs in aqueous media

Recent efforts on the development of efficient and facile

methods of dispersing CNTs in aqueous media have been

focused on the hydrophilization of CNT with molecules that

bind to the CNT surface non-covalently (O’Connell et al., 2001;

Bandyopadhyaya et al., 2002; Star et al., 2002; Islam et al., 2003;

Moore et al., 2003; Didenko et al., 2005; Wang et al., 2005;

Bonnet et al., 2007; Grossiord et al., 2007; Hyung et al., 2007; Liu

et al., 2007). Such non-covalent functionalization has great

promise as the modification-induced changes in the elec-

tronic and mechanical properties of CNTs are minimized

(Yang et al., 2007). Various surfactants (Islam et al., 2003;

Moore et al., 2003; Grossiord et al., 2007), synthetic polymers

(e.g., polyvinyl pyrrolidone (O’Connell et al., 2001; Didenko

et al., 2005), poly(ethylene glycol) (Vaisman et al., 2006), pol-

yphosphazene (Park et al., 2006)), natural organic matter

(NOM) (Hyung et al., 2007; Liu et al., 2007; Saleh et al., 2009),

biomolecules (e.g., proteins (Karajanagi et al., 2006; Zong et al.,

2007), aminoacids (Georgakilas et al., 2002), DNA (Enyashin

et al., 2007)), and carbohydrates (e.g., cyclodextrines (Dodziuk

et al., 2003), amylose (Bonnet et al., 2007), starch (Star et al.,

2002), and GA (Bandyopadhyaya et al., 2002)) have been eval-

uated as dispersants for CNTs. Dispersion via non-covalent

functionalization is based on the direct contact between

a CNT and a dispersant molecule (Liu et al., 1998; Grossiord

et al., 2007). Such modification of the CNT surface facilitates

the disaggregation (i.e. debundling) of CNT bundles into

smaller diameter bundles (Liu et al., 1998) or even individual

CNTs (O’Connell et al., 2002; Hyung et al., 2007) and leads to

the stabilization of suspended CNTs via steric or electrostatic

repulsion mechanisms or both. (See Supporting Documenta-

tion (SD), Section S.1.1, for a brief review of mechanisms of

non-covalent functionalization of CNTs.)

The dispersion of CNTs in water has been enhanced by

mixing (Didenko et al., 2005; Hyung et al., 2007), sonication

(Bandyopadhyaya et al., 2002; Liu et al., 2007; Salzmann et al.,

2007), or mixing followed by sonication (O’Connell et al., 2001,

2002; Star et al., 2002; Islam et al., 2003; Moore et al., 2003;

McDonald et al., 2006; Grossiord et al., 2007). These treatments

were applied both in the absence (Salzmann et al., 2007) and in

the presence of solubilizing agents: NOM (Hyung et al., 2007),

Triton X-100 (Islam et al., 2003), Triton X-405 (Chappell et al.,

2009), PVP-1300 (Didenko et al., 2005), GA (Bandyopadhyaya

et al., 2002), and starch (Star et al., 2002). A three-step

approach to solubilizing single-walled carbon nanotubes

(SWCNTs) with amylose was suggested by Kim et al. (Kim

et al., 2004): dispersion of SWCNT in water by sonication fol-

lowed by treatment with amylose in dimethylsulfoxide

(DMSO)–H2O mixture, followed by sonication allowing for

molecularly controlled encapsulation of CNTs.

1.2. Stability of CNT suspensions in water

Previous studies of the long-term changes in suspensions of

dispersed CNTs have focused on monitoring changes in the

concentration of suspended CNTs (Jiang and Gao, 2003; Tseng

et al., 2006; Lee et al., 2007; Marsh et al., 2007). By measuring

UV–vis absorption at certain wavelength: 253 nm (Jiang and

Gao, 2003), 300 nm (Sinani et al., 2005), 500 nm (Bahr et al.,

2001; Lee et al., 2007), 530 nm (Marsh et al., 2007), and 800 nm

(Hyung et al., 2007) the change in the concentration of sus-

pended CNTs with time was determined.

Aqueous suspensions of non-functionalized CNTs are

known to be unstable. There are considerable quantitative

differences, however, in the reported stability data for non-

functionalized CNTs. The concentration of unmodified multi-

walled carbon nanotubes (MWCNTs) suspended in deionized

water was reported to decline 86 % over 2 h in one study

(Marsh et al., 2007) and only 50% over 500 h in another study

(Jiang and Gao, 2003). The suspensions of unmodified SWCNTs

in deionized water were found to completely precipitate after

only 4 h (Tseng et al., 2006).

It was found that non-covalent modification of CNT

surface drastically improved the stability of CNT suspensions

(Jiang and Gao, 2003; Tseng et al., 2006; Hyung et al., 2007; Lee

et al., 2007; Marsh et al., 2007). The stability of the suspension

of non-covalently functionalized CNTs was found to be

a function of the type (Hyung et al., 2007; Lee et al., 2007) and

concentration (Chappell et al., 2009) of the dispersant, CNT

length (Marsh et al., 2007) and the presence of inorganic salts

in the solution (Saleh et al., 2009). SWCNTs stabilized with

oligothiophene-terminated poly(ethylene glycol) produced

suspensions that were significantly more stable than CNTs

dispersed in water with the aid of sodium dodecyl sulfate

(SDS) and Pluronic F127 (Lee et al., 2007). CNT suspensions in

model Suwannee River NOM (SRNOM) solutions and in

Suwannee River water were found to be considerably more

stable than suspensions of CNTs dispersed in 1% aqueous

solution of SDS (Hyung et al., 2007). Chappell et al. showed
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that the stability of MWCNTs dispersed using two types of

humic acids, Triton X-405, Brij 35, and SDS was enhanced in

dose-dependent manner (Chappell et al., 2009). In a study of

the aggregation kinetics of MWCNTs in aquatic systems,

Suwannee River humic acid was shown to significantly

enhance stability of MWCNTs suspensions in the presence of

monovalent and divalent salts (Saleh et al., 2009). While

studying the stability of MWCNTs in water, Marsh and co-

workers (Marsh et al., 2007) observed that wrapping of the

annealed CNTs with 1% SDS or charge doping increased their

stability in the suspension; the authors demonstrated that

shorter CNTs form more stable dispersions than longer CNTs

of the same diameter. In summary, there is growing evidence

that by the appropriate choice of a dispersant that modifies

CNT surface non-covalently, highly stable CNT suspensions

can be produced. However, to date there have been no systematic

investigations that correlated long-term changes in size and charge

of CNTs dispersed via non-covalent functionalization with the

dispersion stability.

1.3. Toxicity of CNTs

1.3.1. Toxicity of CNTs towards eukaryotic cells: cytotoxicity
Most nanomaterial toxicity studies have been performed with

mammalian cells, in particular with lung and skin cell

cultures reflecting the understanding that the most likely

routes of an organism’s exposure to nanomaterials are

respiratory and dermal contact. With the development of

methods of CNT dispersion in aqueous media, the assessment

of the toxicity of such dispersed CNTs becomes very impor-

tant in view of their increased mobility and potential to enter

water supplies. While the toxicity of CNTs was studied with

respect to the type of the CNT (MWCNT versus SWCNT) (Ding

et al., 2005; Jia et al., 2005; Kang et al., 2008a), surface func-

tionalization (Sayes et al., 2006; Yu et al., 2007; Meng et al.,

2009; Yun et al., 2009), CNT length (Muller et al., 2005; Kang

et al., 2008b; Simon-Deckers et al., 2008), exposure dose

(Cherukuri et al., 2006; Flahaut et al., 2006; Sayes et al., 2006;

Kang et al., 2007; Pulskamp et al., 2007; Yang et al., 2008, 2009;

Ye et al., 2009), degree of purification (Fiorito et al., 2006;

Flahaut et al., 2006; Elias et al., 2007; Simon-Deckers et al.,

2008), and degree of dispersion (Wick et al., 2007), only very

limited information exists on the biocompatibility of CNTs as

a function of surface coating.

Several hypotheses have been put forth to explain the likely

pathways of CNT toxicity: (i) oxidative stress induced by the

formation of reactive oxygen species (ROS) generated at the

surface of CNTs (Manna et al., 2005; Yang et al., 2008; Ye et al.,

2009); (ii) the presence of residual catalyst, which is used during

the CNT manufacturing process (Kang et al., 2008a);

(iii) physical contact between a CNT and a cell (Kang et al., 2007);

or (iv) a combination of these factors (Kang et al., 2008a). The

dispersant used for the stabilization of CNTs in suspension was

suggested as another possible cause of the observed nanotube

toxicity (Sayes et al., 2006) (See SD, Section S.1.2 for a brief

review of possible mechanisms of CNT toxicity).

In most studies of the toxicity of non-covalently func-

tionalized CNTs the dispersants were surfactants. In vivo

assessment of the toxicity of SWCNTs modified with Pluronic

F108 administered intravenously to rabbits showed the

absence of the acute toxicity (Cherukuri et al., 2006). Pluronic

F-127-coated MWCNTs did not affect cell viability, apoptosis,

and ROS formation in mouse and human neuroblastoma cells

(Vittorio et al., 2009), and mouse cerebral cortex (Bardi et al.,

2009). In contrast, MWCNTs dispersed using Pluronic F68

caused cell death, changes in cell size and complexity, ROS

production, interleukin-8 (IL-8) gene expression and nuclear

factor (NF)-jB activation (Ye et al., 2009). CNTs dispersed using

Tween 80 were toxic to mesothelioma cells (Wick et al., 2007),

led to an inflammation of murine allergic airway with

augmented humoral immunity (Inoue et al., 2009), and

induced inflammatory and fibrotic responses when intra-

cheally administrated to rats (Muller et al., 2005). More ROS

were observed upon exposure of human lung epithelial or

primary bronchial epithelial cells to SWCNTs dispersed using

dipalmitoylphosphatidylcholine, a major component of lung

surfactant (Herzog et al., 2009), as compared to dipalmitoyl-

phosphatidylcholine-free samples. Low toxicity was observed

in in vivo experiments when SWCNTs were dispersed using

Tween 80 and intravenously injected into mice (Yang et al.,

2008). In another study, SWCNTs dispersed in 1% SDS aqueous

solution showed no cytotoxicity with respect to the human

alveolar epithelial cells (Wörle-Knirsch et al., 2006). CNTs

dispersed using Pluronic PF-127 solution did not affect

viability, apoptosis and ROS generation in the human neuro-

blastoma cells after 3 days of incubation; however, cell

proliferation decreased as incubation time increased to 2

weeks (Vittorio et al., 2009). In the only paper that mentioned

the potential toxicity effect of the dispersant, the authors

suggested that excess surfactant was responsible for the

observed increase in toxicity; in this work, the controlled

exposure of cells to 1% Pluronic F108 produced a 10% decrease

in the cells viability (Sayes et al., 2006).

Very little is known about the effect of non-covalent wrapping

with dispersants other than surfactants on the biocompatibility of

CNTs. In vitro cytotoxicity of CNTs wrapped with poly(methyl

vinylketone) decorated with a-N-acetylgalactosamine (Chen

et al., 2006), nano-1 peptide (Chin et al., 2007) and cholesterol-

end-capped poly(2-methacryloyloxyethyl phosphorylcholine)

(Xu et al., 2008) were examined after their contact with human

lung epithelial-like cells, normal skin fibroblasts and human

umbilical vein endothelial cell line. No impact on cell growth

and proliferation was demonstrated in all three cases. Cyto-

toxicity of GA-stabilized MWCNTs upon exposure to A549 cells

was observed by LDH, XTT and MTT bioassays in (Simon-

Deckers et al., 2008). Two possible reasons were hypothesized

to be responsible for this effect: (i) increased availability of GA-

stabilized MWCNTs and (ii) different intercellular accumula-

tion pathway of GA-stabilized MWCNTs as compared to when

carbon nanotubes were exposed in bundles.

1.3.2. Toxicity of CNTs towards eukaryotic cells: genotoxicity
and epigenetic toxicity
Most toxicological studies of CNTs focused on the evaluation of

cytotoxicity (Sayes et al., 2006; Elias et al., 2007; Gutierrez et al.,

2007; Kang et al., 2007; Wick et al., 2007; Kang et al., 2008a,b;

Yang etal., 2008; Bardi etal., 2009; Herzog et al., 2009; Inoue et al.,

2009; Kang et al., 2009; Vittorio et al., 2009; Yang et al., 2009).

However, genotoxicity (Kang et al., 2008a; Di Sotto et al., 2009;

Lindberg et al., 2009; Wirnitzer et al., 2009; Yang et al., 2009) and
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epigenetic toxicity (see SD, Section S.1.3) (Upham et al., 1994);

(Trosko et al., 1998) are other possible causes of cell damage or

other adverse effects. The genotoxicity of SWCNTs dispersed

using fetal bovine serum at (5–10) mg/mL concentration, with

respect to primary mouse embryo fibroblasts was demon-

strated using Comet assay (Yang et al., 2009). In another recent

study, CNTs (dispersed in BEGM cell culture medium and sub-

jected to ultrasonication) induced a dose-dependent increase in

DNA damage as indicated by Comet assay and caused a signifi-

cant increase in micronucleated cells (micronucleus assay) in

human bronchial epithelial cells (Lindberg et al., 2009). Kang

et al. observed high levels of stress-related gene products in

Escherichia coli upon its exposure to CNTs, with the quantity and

magnitude of expression being much higher in the presence of

SWCNTs (Kang et al., 2008a); in this study CNTs were either

deposited on a PVDF membrane surface or dispersed in saline

solution. No mutagenic effect was observed in Salmonella

microcosme test with baytubes� (high purity MWCNTs

agglomerates, sonicated 10 min in deionized water) (Wirnitzer

et al., 2009) and in bacterial reverse mutation assay (Ames test)

with Salmonella typhimurium TA 98 and TA 100 strains and

with E. coli WP2uvrA strain exposed to MWCNTs dispersed in

DMSO (DiSotto et al., 2009). There have been no reports to date on the

epigenetic toxicity of carbon nanomaterials.

1.3.3. Toxicity of CNTs in prokaryotic cells
Most toxicity studies have focused on the effect of CNTs on

mammalian cell lines. Only limited information exists on the

cytotoxic effects of CNTs towards bacterial cells. Recently,

antimicrobial activity of SWCNTs (Kang et al., 2007, 2008a,

2009) and MWCNTs (Kang et al., 2008a,b, 2009) either sus-

pended in aqueous solution (Kang et al., 2007, 2008a) or

deposited on the surface of a PVDF microfilter (Kang et al.,

2007, 2008a,b, 2009) towards gram-negative bacteria (E. coli

and Pseudomonas aeruginosa (Kang et al., 2007, 2008a,b, 2009)

and gram-positive (Staphylococcus epidermidis and Bacillus sub-

tilis (Kang et al., 2009)) bacteria was reported. It was suggested

that membrane damage to the cells was caused by the direct

physical contact between the CNT and cell (Kang et al., 2007)

or by a combination of direct physical contact and oxidative

stress (Kang et al., 2008a). No effect on the percentage of E. coli

inactivation was observed upon exposure of SRNOM-stabi-

lized SWCNTs as compared of SWCNTs dispersed in the

absence of SRNOM (Kang et al., 2009). Significant antimicrobial

activity of CNTs composite films against Staphylococcus aureus

and Staphylococcus warneri was reported in a separated study

(Narayan et al., 2005). In contrast to the findings of above

studies, no inhibition of E. coli growth and proliferation was

reported in a study where microchannel-structured MWCNTs

scaffolds were immersed into the culture medium with the

cells (Gutierrez et al., 2007).

1.4. Effect of growth media on the toxicity of
nanoparticles

The existing literature highlights the importance of the

growth media in cytotoxicity testing and links the apparent

cytotoxic effect of the nanomaterial to the salt and organic

content of the culture and related physicochemical charac-

teristics of the nanomaterial (Lyon et al., 2005; Tong et al.,

2007). Lyon et al. showed that in media with high salt

content, the size of nC60 aggregates tends to increase as

compared to that observed in low salt media (Lyon et al.,

2005). In another study, MWCNTs were found to stimulate

growth of unicellular protozoan Tetrahymena pyriformis in

growth medium, which contained proteose peptone, yeast

extract, and glucose; the increase in growth was attributed to

the formation of peptone-MWCNTs conjugates, which were

taken up by the microorganism (Zhu et al., 2006). While the

aforementioned studies indicate that salt and organic

composition of the medium, in which exposure studies are

performed, may influence the interaction of CNTs with

bacteria, there have been no studies that comparatively evaluated

CNT toxicity in growth media with different organic loadings and

salt contents.

1.5. Objectives of this study

This study addressed some of the knowledge gaps identified

above. Aqueous suspensions of SWCNTs functionalized by

a range of non-covalently bound dispersants of natural (NOM,

GA, amylose) and synthetic (PVP, Triton X-100) origin, were

prepared and evaluated in terms of their physicochemical and

toxicity properties. The study pursued the following

objectives:

(i) To evaluate the long-term stability and its physicochemical

determinants for non-covalently functionalized SWCNTs as

a function of dispersant type. The evolution of the concen-

tration, size, and charge of suspended SWCNTs was

studied over the period of 28 days.

(ii) To assess time-dependent cytotoxicity of non-covalently func-

tionalized SWCNTs with respect to bacteria and mammalian

cells as a function of dispersant type and growth media. The

effect of SWCNTs on E. coli was studied by measuring cell

viability after 3 h, 24 h, and 48 h of exposure in three

types of growth media with different organic loadings

and salt contents. The cytotoxicity of dispersed SWCNTs

towards mammalian cells was assessed in NDU bioassay

with rat liver epithelial cells after 30 min and 24 h of

incubation.

(iii) To assess time-dependent epigenetic toxicity of non-covalently

functionalized SWCNTs as a function of dispersant type. In this

study, we evaluated epigenetic toxicity of the SWCNTs to

rat liver epithelial cells as a function of dispersant type in

GJIC bioassay after 30 min and 24 h of incubation.

2. Approach

The set of chemically diverse dispersants was chosen based

on their demonstrated effectiveness in solubilizing CNTs

(Bandyopadhyaya et al., 2002; O’Connell et al., 2002; Star et al.,

2002; Islam et al., 2003; Moore et al., 2003; Hyung et al., 2007;

Liu et al., 2007) and potential adverse effects (Burnette, 1960;

Chourasia and Jain, 2004; Dayeh et al., 2004; Schmitt et al.,

2008). NOM, GA and PVP have LD50 doses of (54.8–58.5) mg

(intravenous administration in mice) (EMEA, 1999), 2,000 mg

(oral administration in rats) (Schmitt et al., 2008), and

100,000 mg (oral administration in rats) (Burnette, 1960) per kg
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of body weight, respectively. Amylose has been reported to be

used in a colon-specific drug delivery due to its low toxicity

and high biodegradability (Chourasia and Jain, 2004). Triton

X-100 was reported to be toxic to protozoa, fish, and

mammalian cells (Dayeh et al., 2004).

Three batches of dispersed SWCNTs were prepared. The

first batch was used to comprehensively evaluate the long-

term stability of SWCNT suspensions over a period of 4 weeks

in terms of concentration, effective hydrodynamic diameter,

and z-potential of stabilized SWCNTs.

The second batch was used to evaluate the viability of E.

coli cells after their contact with dispersed SWCNTs by the

quantification of colony forming units. To elucidate the

effects of ionic and organic composition of the growth

medium, the cytotoxicity of the SWCNTs suspended in three

growth media of different organic and salt compositions

was evaluated. First, in order to assess the acute cytotox-

icity of dispersed SWCNTs, we conducted experiments in

0.1 M NaCl. Then, in order to investigate the effect of

SWCNTs on the ability of E. coli form colonies over time, we

employed three types of growth media: (i) LB medium with

higher organic chemical and salt content, (ii) MD medium

with low salt content and organic load, and (iii) 0.1 M NaCl

solution.

The third batch was used to evaluate cyto- and epigenetic

toxicity of the dispersed SWCNTs against rat liver epithelial

cells by the (i) NDU and (ii) GJIC bioassays. The NDU assesses

cell viability by measuring the accumulation of neutral red

dye in lysosomes, which depends on the cell’s capacity to

maintain pH gradients through the maintaining membrane

integrity and production of adenosine triphosphate. The

amount of dye incorporated by the cell is quantified spectro-

photometrically (Borenfreund and Puerner, 1985). The NDU

bioassay has been used to assess cytotoxicity of CNTs (Flahaut

et al., 2006). The GJIC bioassay (Borenfreund and Puerner,

1985; Weis et al., 1998; Herner et al., 2001; Satoh et al., 2003)

utilizes the ability of epigenetic tumor promoters to alter level

of GJIC (Yamasaki, 1990; Trosko et al., 1991). The degree of GJIC

was quantified by measuring the distance (area) the fluores-

cent dye (�1200 Da) travels (occupies) between the cells after

a given time. Both NDU and GJIC bioassays were carried out

with WB-F344 rat liver epithelial cells exposed to dispersed

SWCNTs for different periods of time. The WB-F344 cell line

was chosen because these normal diploid rat liver epithelial

cells have already used in numerous studies of cytotoxic or

epigenetic effects (e.g., Herner et al., 2001) thus allowing us to

have a comparative basis.

3. Materials and methods

3.1. CNTs

SWCNTs (purity> 90%), produced by catalytic chemical vapor

deposition, were obtained from Cheap Tubes, Inc (Brattleboro,

VT) and used as received. The SWCNTs were used as obtained,

allowing us to mimic what might occur in the environment.

As indicated by the manufacturer, the SWCNTs had an inside

diameter in the range of 0.8 nm to 1.6 nm, an outer diameter in

the range of 1 nm to 2 nm and were 5 mm to 30 mm in length.

3.2. Non-covalent functionalization: dispersants and
dispersion procedures

3.2.1. Dispersants
Gum arabic (approx. 250 kDa; a complex mixture of saccha-

rides and glycoproteins obtained from the acacia tree), PVP

(approx. 29 kDa), Triton X-100 (approx. 625 Da; polyethylene

glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether) and amylose

(molecular weight not specified; a polymeric form of glucose

and a constituent of potato starch) were purchased from

Sigma–Aldrich (Milwaukee, WI). SRNOM reverse osmosis

isolation was obtained from International Humic Substances

Society (St Paul, MN). The molecular structure of dispersants

used in this study is presented in Fig. 1.

3.2.2. Dispersion procedure
Aqueous solutions of PVP, Triton X-100 were prepared by

dissolving PVP (40 mg) and Triton X-100 (0.4 mL) in 40 mL of

water and adjusting the pH of both solutions to 7 with 0.1 M

HCl. The aqueous solution of GA was prepared by mixing 1 g of

GA in 50 mL of water and adjusting the pH of the mixture to 7

with 0.1 M HCl; this mixture was left to settle for 24 h and then

40 mL of supernatant was collected for use in the stability or

toxicity studies. To prepare NOM solutions, two flasks of

40 mL of water, each containing 8 mg of NOM, were stirred for

24 h. Each solution was then filtered through a 0.22 mm filter

under vacuum. The pH of one solution was kept at its original

value (approx. 3.5) while the pH in another solution was

adjusted to 7 with 0.1 M NaOH. SWCNTs were added to the

above solutions to result in a 1 mg (SWCNT)/mL loading and

were sonicated in Aquasonic 50 T water bath (VWR Scientific

Products Corp, West Chester, PA) for 20 min.

SWCNTs were dispersed with amylose based on modified

version of the three-step approach reported by Kim et al. (Kim

et al., 2004). SWCNTs (40 mg) were sonicated in 25 mL of water

(pH 7) at approximately 75 W for 5 min using Sonicator 3000

(Misonix, Inc., Farmingdale, NY) equipped with a microprobe.

100 mg of amylose in 6.28 mL of DMSO were prepared and

added to the sonicated suspension of SWCNT in water so that

the DMSO/water ratio was 20% by volume. The resulting

mixture was sonicated for another 5 min in order to remove

the excess amylose and DMSO. The suspension was soni-

cated, centrifuged and refilled with water four times (See SD,

Section S.2.3).

Following the sonication, SWCNTs suspensions were

divided into 12 mL aliquots and each aliquot was transferred

into 15 mL centrifuge tube. After 24 h standing time, the top

4 mL of each suspension was withdrawn in order to be used in

the stability or toxicity studies. Overall, three batches of

dispersed SWCNT suspensions were prepared and were used,

correspondingly, for 1) the study of the long-term stability of

SWCNTs suspensions, 2) the general viability bioassay with

E. coli, and 3) NDU and GJIC bioassays.

3.3. Physicochemical characterization of SWCNT
suspensions

In order to quantitatively assess the long-term stability

SWCNT suspensions, a combination of characterization

methods was employed.
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3.3.1. UV–vis spectrophotometry. Quantification of SWCNTs
concentration in suspension
The absorbance of SWCNT suspensions over the (200–800) nm

wavelength range was measured over a period of 4 weeks

(Multi-spec 1501, Shimadzu, Kyoto, Japan). For each type of

SWCNT suspension prepared, the absorbance of SWCNT-free

solution of the corresponding dispersant was used as

a baseline.

SWCNT suspensions used in our toxicity studies likely

contained both individual and bundled SWCNTs. In fact, DLS

measurements indirectly confirmed (see Section 4.2) the

presence of dispersed SWCNT bundles and direct TEM

imaging (see SD, Section S.3.3, Fig. S5) also showed the pres-

ence of SWCNTs bundles (note that TEM results need to be

interpreted with caution as evaporation-induced aggregation

could have contributed to bundling during TEM sample

preparation). Incomplete exfoliation is the most likely and

most environmentally relevant scenario; unfortunately, it also

entails difficulties with quantifying the total concentration of

suspended nanotubes as larger CNT bundles tend to separate

from the suspension.

In this study, we used UV–vis spectrophotometry to esti-

mate the concentration of exfoliated SWCNTs in suspensions.

It is known that only fully exfoliated SWCNTs absorb in the

(200–1200) nm wavelength range. Bundled NTs do not absorb

significantly in this range due to the tunnel coupling between

metallic and semiconductive SWNTs (Lauret et al., 2004;

Grossiord et al., 2007). Therefore, the UV absorbance by

a SWCNT suspension can be used to selectively measure the

concentration of individually dispersed (i.e. fully exfoliated or

debundled) SWCNTs.

To determine the concentration of suspended exfoliated

SWCNTs, we first prepared a separate set of suspensions with

ten-fold reduced SWCNT loading with respect to the CNT

loading used in long-term stability and toxicity studies. Four

suspensions (with PVP, NOM pH 3.5, NOM pH 7, and GA used
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as dispersants) with 10-fold reduced SWCNT content (0.1 g/L)

were prepared using the same procedures as described in

Section 3.2 except that they were subjected to rigorous, pro-

longed sonication for 1 h at power of (70–80) W using horn

sonicator (Sonicator 3000, Misonix, Inc., Farmingdale, NY). No

settling of SWCNTs was observed over the short term

following the application of this treatment indicating

complete dispersion of SWCNTs. UV–vis absorbance spectra

were recorded at different dilutions and a calibration curve for

absorption at 500 nm (Bahr et al., 2001; Huang et al., 2002;

Sinani et al., 2005; Lee et al., 2007; Salzmann et al., 2007) as

a function of concentration was constructed, and coefficient

of molecular extinction, 3, was determined. This coefficient

was used to estimate the concentration of exfoliated SWCNTs

in suspensions used in long-term stability and toxicity

experiments. Note that by subjecting suspended SWCNTs to

a very intense sonication treatment we aimed at maximizing

the extent of exfoliation; however, it was not possible to

ascertain that the exfoliation was complete. Thus coefficients

of molecular extinction and exfoliated SWCNT concentrations

determined using the recorded calibration curves were esti-

mated values. SWCNT characteristics measured upon the

preparation of CNT suspensions are given in Table S1 in SD.

3.3.2. Size and charge of dispersed SWCNTs
The effective hydrodynamic diameter and z-potential of sus-

pended SWCNTs were determined after 1, 4, 7, 14, 21, and 28

days of settling. The size and charge were measured by

dynamic light scattering (DLS) and phase analysis light scat-

tering techniques, respectively (ZetaPALS, BI_MAS Option,

Brookhaven Instrument Corp., Holtsville, NY). The Smo-

luchowski equation was applied to convert the measured

electrophoretic mobility of dispersed SWCNT to z-potential.

Transmission electron microscopy (TEM) imaging was used as

an auxiliary method to aid in the interpretation of dynamic

light scattering data (see SD, Sections S.2.5 and S.3.4).

3.4. Toxicity assessment: E. coli viability assay

3.4.1. Media preparation
Luria–Bertani (LB) growth medium was prepared according to

the standard procedure (Atlas, 1993). Minimal Davis medium

with 90% reduced potassium phosphate concentration

(MD medium) was prepared (Fortner et al., 2005). 0.1 M NaCl

solution was prepared by dissolving 9 g of NaCl in 1 L of water

(pH 7) and autoclaving it for 15 min at 1 bar and 121 �C. For the

toxicity assessments, each component of LB, MD and NaCl

media was prepared in 4-fold higher concentration as

compared to original protocol and the aliquot part of the cor-

responding medium was added to SWCNTs suspension

(as further described in ‘‘Quantification of cell viability’’

Section). Luria–Bertani Petri plates were prepared according to

the published method (Atlas, 1993).

3.4.2. Preparation of E. coli culture
E. coli K12 stock was prepared in glycerol and stored at �80 �C.

Prior to use, the stock was defrosted, and 30 mL of LB medium

were inoculated with 5 mL of the stock. After overnight growth

at 37 �C, 5 mL of this suspension was spread onto LB agar plate

and cultured at 37 �C. Once distinct colonies were formed, the

agar plate was transferred to the refrigerator and kept at 4 �C

for up to one month. E. coli suspensions to be used in SWCNT

cytotoxicity studies were prepared by scraping one colony

from the surface of a Petri plate by aseptic loop and immersing

the loop into 10 mL of LB or MD media in a 50 mL centrifuge

tube. Tubes were placed on a shaker in an incubator 37 �C for

12 h. When 0.1 M NaCl was used as an exposure medium in

colony forming units bioassay, E. coli were first grown in the LB

medium, centrifuged for 5 min at 2250 rpm and washed with

0.1 M NaCl as follows: the supernatant was decanted and

replaced with an equal volume of 0.1 M NaCl, vortexed and

resuspended by centrifugation. The washing procedure was

repeated twice, presuming that after this treatment most of

the remaining organic constituents of LB medium were

removed from the E. coli suspension.

3.4.3. Quantification of cell viability
The SWCNTs suspension (1.425 mL), growth medium (475 mL)

and 100 mL of the stock E. coli suspension were transferred into

a 15 mL centrifuge tube and incubated under gentle shaking at

37 �C. Samples were taken after 3, 24, and 48 h and a series of

dilutions (104–106) was prepared for each sample. Five samples

of 10 mL and 20 mL from each dilution were placed onto an agar

plate and incubated at 37 �C until distinct colonies developed.

Colony forming units (CFU)/1 mL were calculated for each

sample. Each experiment was run in triplicates with negative

(bacterial suspension with the corresponding amount of

ultrapure water) and vehicle (solution of the corresponding

dispersant) controls, herein called vehicle control I and

vehicle control II, respectively. The results are reported as

a fraction of control (FOC)� standard deviation (STD), calcu-

lated as the ratio of the average number of colonies grown

after E. coli exposure to SWCNTs suspensions or vehicle

control II to the average number of colonies grown in vehicle

control I plates.

3.5. Toxicity assessment: neutral red dye uptake
bioassay

For the NDU bioassay we adapted a published procedure

(Borenfreund and Puerner, 1985; Weis et al., 1998; Satoh et al.,

2003). A solution (0.015 w/v) of neutral red dye (3-amino-7-

(dimethylamino)-2-methylphenazine hydrochloride) in

D-medium was incubated at 37 �C for 2 h and filtered through

a 0.22 mm syringe filter (Millipore Corp., New Bedford, MA) to

remove undissolved dye and ensure sterile conditions.

Confluent WB-F344 cells (see SD, Section S.2.6 for details on the

preparation of the cells) were exposed to 500 mL of each of

SWCNTs suspension and incubated at 37 �C for 30 min and 24 h

under gentle shaking in a humidified atmosphere containing

5% CO2. After cells were exposed to SWCNTs, the exposure

medium was removed by aspiration and the cells were washed

with 1 mL of phosphate saline buffer (PBS). Following washing,

2 mL of the neutral red dye solution per plate was added and

the cells were incubated for 1 h at 37 �C in the humidified

atmosphere containing 5% CO2. Upon incubation, the cells

were rinsed three times with PBS, and 2 mL of aqueous solution

containing 1% acetic acid and 50% ethanol was added to each

plate to lyse the cells. 1.5 mL of the lysate was transported into

2 mL microcentrifuge tube and the optical density was
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recorded at 540 nm using a Beckman DU 7400 diode array

detector (Beckman Instruments, Inc., Schaumburg, IL). The

background absorbance was measured at 690 nm and then

subtracted from the original absorbance. Each experiment was

conducted in triplicates. The neutral red dye uptake was

reported as the FOC (absorption of neutral red in the chemically

treated sample divided by the absorption of neutral red in the

nontreated control I sample). FOC values of 1.0 indicates non-

cytotoxic response while FOC values<0.8 indicate that less dye

was absorbed by cells and that chemical is cytotoxic at that

dose (El-Fouly et al., 1987; Satoh et al., 2003).

3.6. Toxicity assessment: gap junction intercellular
communication (GJIC) bioassay

The principles of GJIC bioassay were originally described in

(Borenfreund and Puerner, 1985) and further developed in

(Weis et al., 1998; Herner et al., 2001; Satoh et al., 2003).

SWCNTs suspensions (500 mL) were introduced to the cell

culture plates with confluent WB-F344 cells and incubated for

30 min and 24 h at 37 �C in humidified atmosphere containing

5% CO2 under gentle shaking. Then, cells were washed with

PBS solution and 1 mL of 0.05% solution of Lucifer yellow

fluorescent dye in PBS buffer was added to each plate. Three

different scrapes were made on the bottom of a cell culture

plate using a surgical steel scalpel blade. The dye was absor-

bed through the monolayer of confluent cells. The transfer of

dye through gap junctions lasted 3 min, followed by a thor-

ough rinse with PBS solution to remove extracellular dye. Cells

were fixed with 0.5 mL of 4% formalin solution in PBS. The

migration of the dye in the cells was observed at 200�
magnification using a Nikon epifluorescence microscope

equipped with a Nikon Cool Snap EZ CCD camera and the

images were digitally acquired using a Nikon NIS-Elements

F2.2 imaging system. The fluorescence area of the dye

migration from the scrape line was quantified using Image J

1.40 g (a public domain Java image processing program, http://

rsbweb.nih.gov/ij/index.html). Each experiment was per-

formed in duplicate with same controls as in the NDU

bioassay. Data are reported as the FOC, which is the ratio of

the area of dye spread in the chemically treated sample to the

area of dye spread in the vehicle control I samples. A FOC

value of 1.0 corresponds to full communication between cells,

FOC values of (0.5–0.9) represent partial GJIC inhibition,

(0.3–0.5) values correspond to significant inhibition of the GJIC

and values <0.3 denote complete inhibition of the GJIC (Weis

et al., 1998). Student’s t-tests at 95% confidence interval were

run for all three bioassays to determine whether the differ-

ence between the results obtained in the control I plates and

the results in the tested plates were significant.

The concentrations of SWCNTs upon addition to suspen-

sion of cells in the general E. coli viability bioassay, and in NDU

and GJIC bioassays are reported in Table 1.

4. Results and discussion

The knowledge of the evolution of physicochemical properties

(e.g., charge and size) of dispersed CNTs can provide insights

into the basis for both CNT stability and possible toxicity.

4.1. Concentration of dispersed SWCNTs in suspensions

First, SWCNTs were suspended directly in ultrapure water

without a dispersant; this suspension was used as a control.

After sonication for 20 min, the mixture became a lightly

colored suspension that completely separated into a dark

subnatant layer and a clear supernatant after only 1 h of

settling. In contrast, 20 min of sonication of the SWCNT–water

mixture in the presence of a dispersant produced relatively

stable colored suspensions (see SD, Fig. S1) that precipitated

gradually with the precipitation rate varying as a function of

the type of dispersant. The amount of the precipitate that

formed at the bottom of a centrifuge tube visibly increased

with settling time for all types of SWCNT suspensions.

Immediately after sonication, all SWCNT suspensions

prepared using the different dispersants appeared black. After

4 weeks of settling, in suspensions of NOM-stabilized and

amylose-stabilized SWCNTs the color of the aqueous solution

of the dispersant was revealed. After 7 weeks of settling, the

color change could be detected in all samples with the

suspension of amylose-stabilized SWCNTs (see SD, Fig. S1)

undergoing the most dramatic change to an almost trans-

parent supernatant phase (Figure S1 (b)).

The UV–vis absorption measurements were performed to

determine the concentration of suspended exfoliated

SWCNTs as a function of settling time. The calibration curves

for the intensity of the absorbance at 500 nm as a function of

SWCNT concentration (see Section 2.3) were recorded for all

suspensions (see SD, Fig. S2) except for amylose-stabilized

SWCNTs. Because of the observed loss of SWCNTs during

centrifugation/washing steps for amylose-dispersed SWCNTs

(see SD, Section S.2.3), the concentration of amylose-

dispersed SWCNTs could not be measured. The calibration

curves were linear (R2� 0.99). The extinction coefficients for

suspensions of SWCNTs dispersed using GA-, PVP-, Triton

X-100-, NOM (pH 3.5)-, and NOM (pH 7) were determined to be

1.81� 10�2, 1.97� 10�2, 2.51� 10�2, 2.54� 10�2, and 2.70� 10�2

(L mg�1 cm�1), respectively. The concentration of exfoliated

SWCNTs in suspension as a function of settling time is given

in Fig. 2a.

The dispersion and exfoliation of SWCNTs bundles in the

presence of GA and PVP was attributed to the wrapping of

a long polymeric chain around the nanotube core (Bandyo-

padhyaya et al., 2002; Didenko et al., 2005), whereas supra-

molecular encapsulation was hypothesized as the mechanism

of CNT modification by helical amylose (Kim et al., 2004).

Table 1 – Concentrations of the SWCNTs upon addition to
cells in the general viability bioassay with E. coli, NRDU
bioassay, and GJIC bioassay.

Solubilizer Concentration
of SWCNTs in

general E. coli viability
bioassay, mg/L

Concentration
of SWCNTs in

NRDU and GJIC
bioassays, mg/L

NOM pH 3.5 68.27 11.22

NOM pH 7.0 40.12 11.93

PVP 77.38 23.42

GA 142.91 34.97

Triton X-100 107.19 26.43
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Triton X-100 stabilizes nanotubes by the formation of hemi-

micelles that cover nanotube surface with benzene rings

providing p–p stacking between the surfactant molecule and

nanotube core (Islam et al., 2003). The exfoliation (debundling)

of SWCNTs in the presence of SRNOM was suggested to occur

through the interaction of the aromatic moieties of natural

organic matter and nanotube surface (Hyung et al., 2007; Liu

et al., 2007; Hyung and Kim, 2008). Despite the differences in

the physiosorption mechanisms responsible for the stabili-

zation of CNTs in aqueous suspensions, all dispersants were

effective, albeit to somewhat different extents.

For all SWCNT suspensions, the calculated values of the

concentration of exfoliated SWCNTs correlated well to the

visual observations described above. As seen from Fig. 2a, the

dispersion efficiency in terms of the concentration of

dispersed SWCNTs was a function of the type of the disper-

sant, with GA producing suspensions having highest

concentration of SWCNTs. The data were consistent among

the three prepared batches of SWCNTs (see SD, Table S1).

Didenko et al. (Didenko et al., 2005) suggested that after

covering one single carbon nanotube with a long polymeric

molecule, the remaining strands would react with other

uncovered or partially covered SWCNTs thus bundling several

nanotubes together. We speculate that this mechanism where

one polymer molecule links two or more nanotubes may be

responsible for the higher dispersing efficiency of GA (by far

the largest molecule among the target dispersants) towards

SWCNTs compared to other dispersants. This hypothesis is

supported by the measurements of the effective hydrody-

namic diameter (Fig. 2b), and the estimation of the length of

suspended particles with the size and the length of GA/

SWCNTs being higher than those of PVP, Triton X-100 and

SRNOM (both pHs). As the measured diameter of GA-stabilized

SWCNTs aggregates (which could also be expected to be

rather porous) was still relatively small, gravity settling did

not lead to a significant removal of GA-stabilized SWCNTs

from the dispersion.

When comparing the solubilizing ability of SRNOM at

different pH, one could see that SRNOM is a more efficient

dispersant at pH 3.5 than at pH 7. This is consistent with the

findings by Huyng et al. (Hyung and Kim, 2008) who reported

that adsorption of SRNOM to MWCNTs increased when pH

decreased due to more compact and coiled conformation of

NOM at acidic pHs. When pH increases, carboxylic and

phenolic groups of SRNOM deprotonate resulting in higher

electrostatic repulsion between a CNT and a SRNOM molecule

and, as a consequence, in a lower amount of organic matter

adsorbed on the CNT surface. The better dispersion of
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Fig. 2 – The time-dependent characterization of (a) estimated concentration of the exfoliated SWCNTs in the dispersion,

(b) effective diameter and (c) z-potential of dispersed SWCNTs, and (d) z-potential of dispersants alone (-B- for GA/SWCNTs,

-,- for PVP/SWCNTs, -6- for NOM3.5/SWCNTs, -:- for NOM7/SWCNTs, --- for Triton X-100/SWCNTs, -C- for Amylose/

SWCNTs). Notes: (1) The z-potential measurement was not conducted for amylose solution, because amylose is not water-

soluble under room temperature. (2) Reported are results of only those measurements that were statistically significant, i.e.

when sufficiently high photon count rates were recorded in dynamic light scattering measurements. (3) The absorption by

suspensions of amylose-stabilized SWCNTs was not measured because the nanotube content in these suspensions could

not be precisely determined; this was due to the incomplete separation at the centrifugation step of the suspension

preparation process.
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SWCNTs at pH 3.5 could also be attributed, in part, to the steric

hindrance imposed by SRNOM when a higher surface density

of NOM on the surface of CNT bundles results in stronger

repulsion between CNTs. This observation is supported by the

long-term z-potential measurements (Fig. 2c), where the

surface charge of stabilized SRNOM/SWCNTs at pH 3.5

became less negative up to day 7, and then stabilized with

increasing settling time. At the same time the surface charge

of SWCNTs dispersed in SRNOM solution at pH 7 gradually

increased after day 5. Indeed, had the electrostatic repulsion

been the sole mechanism of SWCNTs stabilization in SRNOM

solutions, the surface charge on the SWCNTs would have

more rapidly become less negative at pH 3.5 than at pH 7. In

summary, in terms of the effectiveness of SWCNT stabiliza-

tion, the dispersants were ranked as follows: GA>Triton

X-100> PVP>NOM (pH 3.5)>NOM (pH 7).

4.2. Hydrodynamic size of dispersed SWCNTs

The hydrodynamic size of CNTs in a suspension is an

important characteristic that affects the stability and,

possibly, toxicity of dispersed CNTs. It should be noted that

the effective hydrodynamic diameter of suspended SWCNTs

measured using DLS can only be used as a very rough esti-

mate. While the DLS data are interpreted with the assumption

that the primary scatterers are spherical with an aspect ratio

of 1, dispersed SWCNTs are long and tubular, with a very high

aspect ratio (see SD, Fig. S3). To obtain a better approximation

of the size distribution of dispersed SWCNT, the multimodal

size distribution model was used. TEM imaging was employed

to obtain auxiliary information on the size and morphology of

stabilized SWCNT. Even though the measurement of effective

hydrodynamic diameter cannot be relied on to compare the

sizes of suspended SWCNTs in different dispersion media,

these measurements can be used to compare how the average

particle size for a given dispersant changes with settling time.

The values of effective diameter as a function of time for

different SWCNT suspensions are given in Fig. 2b.

Generally, the effective size of SWCNTs dispersed using

Triton X-100, GA and NOM did not change significantly with

increasing settling time (Fig. 2b). In the case of amylose-

dispersed SWCNTs, a slight decrease in the effective size was

observed due to settling of larger and unstable SWCNT

aggregates, which left behind more uniformly sized smaller

amylose-stabilized CNT clusters. The concentration of

SWCNTs in the suspension was negatively correlated with the

effective size of SWCNT. The notable apparent exception was

the suspension of SWCNTs dispersed using GA. However, it

should be noted that the aqueous suspension of GA

contained GA colloids of the size that was 1) comparable to the

size of dispersed SWCNTs and 2) decreased during the 4 weeks

of settling (see SD, Fig S5). Thus, the effective size measure-

ments for SWCNTs dispersed using GA should be interpreted

with caution.

4.3. Charge of dispersed SWCNTs

For all suspensions, the z-potential of dispersed SWCNTs was

negative and nearly constant over the entire duration of the

experiment (Fig. 2c and SD, Table S1). Each z-potential

measurement for SWCNT suspensions was accompanied by

a measurement of the z-potential of the dispersants in

a SWCNT-free aqueous solution (Fig. 2d). After 1 d, only the GA

solution scattered light sufficiently to enable a statistically

meaningful z-potential measurement. After 4 d, solutions of

NOM (pH 7), PVP, and Triton X-100 also scattered light
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Fig. 3 – Viability of E. coli in (a) 0.1 M NaCl, (b) LB medium,

and (c) MD medium. Exposure time: (a) 3 h, (b) 48 h, (c) 48 h.

Open, hatched and cross-hatched bars correspond to

control I, control II and dispersed SWCNTs. In the case of

amylose ultrapure water was used as control.
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sufficiently. After 7 d, all the dispersants except for NOM (pH

3.5) achieved acceptable count rates during z-potential

measurements. The gradual change in the scattering ability of

the dispersant solutions may correspond to the aggregation of

the dispersant molecules. The dispersants were ranked in

order from the most to the least negative z-potential of

dispersed SWCNTs: NOM (pH 7)>NOM (pH 3.5)>GA z Triton

X-100> PVP z amylose. The highly negative charge of NOM-

stabilized SWCNTs was likely due to the charge of NOM. The

low stability of amylose-dispersed SWCNTs could be attrib-

uted to the combination of low surface charge and steric

repulsion between stabilized SWCNTs in the dispersion.

4.4. Assessment of cell toxicity in prokaryotic and
eukaryotic systems

4.4.1. General viability bioassay with E. coli (prokaryotic)
Immediately after E. coli cells were exposed to SWCNTs sus-

pended in growth medium as well as after 3 h of exposure, no

SWCNT aggregation was visually observed (see SD, Table S2)

in experiments with all three types of the media – 0.1 M NaCl,

MD (medium with lower salt organics content) and LB

(medium with higher salt and organics content). After 24 h of

incubation, limited precipitation was observed for all SWCNT

suspensions in LB and MD media. After 48 h of incubation

more precipitation occurred in each type of media.

No inhibition of E. coli colony forming ability was observed

after 3 h of incubation with amylose-, NOM-, GA- and PVP-

stabilized SWCNTs in 0.1 M NaCl (Fig. 3a). The FOC values did

not decline in any of these samples and no significant differ-

ence in the influence on CFU counts was found between

dispersed SWCNTs and solutions of corresponding disper-

sants. When the bacteria suspension was brought in contact

with Triton X-100-stabilized SWCNTs, approx. 25% loss of the

cell viability was measured as compared to vehicle control I

samples. However, there was no statistical difference between

FOC of Triton-stabilized SWCNTs and the control (solution of

Triton X-100 only). It remains unclear if the observed cyto-

toxicity of the these suspensions was due to i) SWCNTs

stabilized by Triton X-100 or ii) the residual ‘‘free’’ (i.e. not

associated with suspended SWCNTs) Triton X-100 potentially

present in the solution or iii) the combined effect of both

Triton X-100/SWCNT and dissolved Triton X-100. The

complete separation of the Triton X-100/SWCNT and

dissolved Triton X-100 could not be accomplished using

centrifugation. Even for very long centrifugation times, the

supernatant had grayish color indicating that some fraction of

SWCNTs was not removed.
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Fig. 4 – Neutral red dye uptake by WB-F344 cells as a function of dispersant type (a – 30 min, b – 24 h of exposure). Open,

hatched and cross-hatched bars correspond to control I, control II and dispersed SWCNTs. In the case of amylose control I

and control II were ultrapure water.

Fig. 5 – Representative phase contrast images of WB-F344 cells incubated with 500 mL of H2O (control I), 500 mL of Triton X-100

(control II) and 500 mL of Triton X-100-stabilized SWCNTs. Black dots observed in Control II and Triton X-100-solubilized

SWCNTs samples correspond to dead WB-F344 cells. All images were taken at 2003 magnification. Scale bar is 50 mm.
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The ability of E. coli to grow and to form colonies in the

presence of amylose-, GA-, PVP-, and NOM-stabilized SWCNTs

in LB medium mimicked both control samples regardless of

the contact time (see SD, Fig. 3b and Fig. S6). On the contrary,

21 and 18 % mortality rates after 3 h of incubation were

observed for E. coli in Triton X-100/SWCNTs suspension and

Triton X-100 solution, respectively. After 24 h of contact, the

number of colonies grown on the Petri plates decreased by

30 % when bacteria were in contact with Triton X-100-stabi-

lized SWCNTs and by 27 % when bacteria were in Triton X-100

only solution (see SD, Fig. S6) as compared to vehicle control I

plates. As the exposure time increased to 48 h, E. coli resumed

its growth; with FOC of both Triton X-100 suspensions

approaching values for vehicle control I sample (Fig. 3b). When

dispersed SWCNTs were tested in MD medium, no losses in

cell viability for amylose-, GA-, PVP- and NOM-stabilized

SWCNTs were measured (Fig. 3c; also see SD, Fig. S7). In the

case of Triton X-100 suspensions, the reduction in E. coli

survival was observed after 3 h of exposure; comparable

losses of the E. coli viability were also observed for both Triton

X-100-stabilized SWCNTs and the Triton X-100 only solution.

However, after 24 h of exposure, fewer E. coli colonies were

Fig. 6 – Representative phase contrast (upper row) and UV epifluorescent (bottom row) images of WB-F344 cells incubated

with 500 mL of H2O (control I), 500 mL of NOM pH 3.5 (control II) and 500 mL of NOM-stabilized SWCNTs (pH 4). All images were

taken at 2003 magnification. Bright dots correspond to cells that absorb the dye; the absorption is indicative of cellular

health. All images were taken at 2003 magnification. Scale bar is 50 mm.
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Fig. 7 – GJIC in WB-F344 cells as a function of dispersant type (a – 30 min, b – 24 h of exposure). Open, hatched and

cross-hatched bars correspond to control I, control II and dispersed SWCNTs. In the case of amylose control I and control II

were ultrapure water.
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observed on Petri plates from suspensions of Triton X-100-

stabilized SWCNTs and Triton X-100 solution only (vehicle

control II) (33 and 44 %, respectively) (see SD, Fig. S7). As the

incubation time increased to 48 h, bacterial CFU counts in the

presence of both Triton X-100 samples increased and

approached that of vehicle control I samples (Fig. 3c).

As was previously mentioned, the exposure of Triton

X-100-stabilized SWCNTs to MD medium for 24 h resulted in

formation of large flake-like aggregates, which settled out of

the suspension. It is possible that this low salt medium

induced specific interactions between bacterial cells and

Triton X-100-coated SWCNTs, which were suppressed in the

medium having a higher ionic strength. This led to a larger

decrease in E. coli viability in these samples in comparison

with the losses in Triton X-100 solution only. Damaged or dead

cell attached to the SWCNTs aggregates and formed debris at

the bottom of the testing tubes. The simultaneous effect of

bacterial and nanoparticles settling out of the solution has

been previously described (Tang et al., 2007) where the

response of Shewanella oneidensis to C60–NH2 nanoparticles

was studied.

The fact that we observed inhibition of E. coli viability after

24 h of exposure in MD medium and did not observed this

effect in LB medium highlights the importance of growth

medium in cytotoxicity testing. Similarly, E. coli exposure to

SWCNTs, stabilized with amylose, GA, PVP and NOM (both pH)

did not affect CFU counts in any of the three media pointing to

the importance of the dispersant in the assessments of

biocompatibility of CNTs.

4.4.2. NDU cytotoxicity bioassay on eukaryotic cells
The assessment of cytotoxicity was determined by the

viable uptake of neutral red into F344-WB rat liver epithelial

cells. Nonviable cells lack the ability to absorb this dye.

Results (Fig. 4) indicated that SWCNTs dispersed using NOM

(pH 3.5), NOM (pH 7), GA, amylose and PVP were not

cytotoxic. However, Triton X-100 detergent induced

a significant cytotoxic effect independent of SWCNTs. This

latter observation can also be seen under phase contrast

microscopy of cells treated with Triton X-100 for 30 min

(Fig. 5). The morphology of the cells drastically changed

from that of the normal control cells, in which the cells

became clearer due to loss of most cytosolic contents,

except for the cell nuclei. After a 24 h treatment with Triton

X-100, the cells completely detached or solubilized from the

culture plates (data not shown).

4.5. Assessment of epigenetic toxicity on eukaryotic cells:
GJIC bioassay

A representative fluorescent micrograph of the GJIC assay

after treatment with (NOMþ SWCNTs) is shown in Fig. 6.

The migration of the fluorescent dye through several cell

layers is an indicator that the gap junction channels are

open. After WB-F344 cells were incubated with dispersed

SWCNTs suspensions for (1) 30 min and (2) 24 h, there was

no significant affect on GJIC for all suspensions tested

(Fig. 7). Due to Triton X-100-stabilized SWCNTs being

cytotoxic, GJIC was not measured in cells exposed to this

mixture. Also, when cells were examined under phase

contrast, no changes in size and shape of the individual

cells were detected (Fig. 6). Hence, it can be concluded that

under these experimental conditions WB-F344 cells exposed

to dispersed SWCNTs retain normal intercellular commu-

nication irrespective of the applied treatment.

5. Conclusions

The stability of aqueous suspensions of SWCNTs non-cova-

lently functionalized by a range of natural (gum arabic,

amylose, Suwannee River natural organic matter) and

synthetic (polyvinyl pyrrolidone, Triton X-100) dispersants

that bind to SWCNT surface via different physiosorption

mechanisms was evaluated. Despite the differences, all

SWCNT suspensions remained relatively stable over a period

of 4 weeks as indicated by the evolution of the concentration

of suspended exfoliated SWCNT and by the fact that both the

average effective hydrodynamic diameter and z-potential of

suspended SWCNTs were relatively constant. The epigenetic

toxicity of dispersed SWCNTs was evaluated for the first time

using a gap junctional intercellular communication assay

with WB-F344 rat liver epithelial cells resulting in no inhibi-

tion by SWCNTs non-covalently functionalized using GA, PVP,

amylose, and SRNOM. There were no cytotoxic effects of these

SWCNTs suspensions on either the prokaryotic, bacterial (E.

coli), or eukaryotic (WB-F344 rat liver epithelial) cell types.

Only when the dispersant itself was toxic, were losses of cell

viability observed. Bacterial CFU counts or neutral red

uptake was affected only by SWCNTs dispersed using Triton

X-100, which showed cytotoxicity in the SWCNT-free

solution (vehicle control II). The results suggest a strong

dependence of the toxicity of SWCNT suspensions on the

toxicity of the solubilizing agent and point to the potential of

non-covalent functionalization with non-toxic dispersants as

a method for the preparation of aqueous suspensions of

biocompatible CNTs.
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Gap junctional intercellular communication (GJIC) is an important mechanism that is involved and affected in
many diseases and injuries. So far, the effect of nanosecond pulsed electric fields (nsPEFs) on the communication
between cells was not investigated. An in vitro approach is presented with rat liver epithelial WB-F344 cells
grown and exposed in a monolayer. In order to observe sub-lethal effects, cells were exposed to pulsed electric
fields with a duration of 100 ns and amplitudes between 10 and 20 kV/cm. GJIC strongly decreased within
15 min after treatment but recovered within 24 h. Gene expression of Cx43 was significantly decreased and as-
sociatedwith a reduced total amount of Cx43 protein. In addition,MAP kinases p38 and Erk1/2, involved in Cx43
phosphorylation, were activated and Cx43 became hyperphosphorylated. Immunofluorescent staining of Cx43
displayed the disassembly of gap junctions. Further, a reorganization of the actin cytoskeleton was observed
whereas tight junction protein ZO-1 was not significantly affected. All effects were field- and time-dependent
and most pronounced within 30 to 60 min after treatment. A better understanding of a possible manipulation
of GJIC by nsPEFs might eventually offer a possibility to develop and improve treatments.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Pulsed electric fields applied to living cells can induce different bio-
logical effects depending on pulse duration and field strength. Pulses
in the range of milli- to microseconds primarily affect the outer mem-
brane, while shorter pulses with duration in the nanosecond range
have a more pronounced effect on subcellular structures. Interest in
the study of pulsed electric field exposures arises mainly from the po-
tential to induce different biological responses which can be exploited
formedical applications. Among those successfully in use in the hospital
already are electrochemotherapy by using reversible electroporation
[1–5] and tissue ablation by irreversible electroporation [6,7]. Both
methods use rather long electrical pulses of microsecond or even milli-
second duration. Pulsed electric field exposures with individual pulse
durations that are short compared to the charging time of the outer
membrane, i.e. nanosecond pulsed electric field (nsPEF) exposures,
have been found to induce apoptosis in cancer cells and are currently in-
vestigated with respect to cancer treatment [8–13].

The development of medical therapies is associatedwith the need of
a deeper understanding of interactions between pulsed electric fields
and cells. Although the fundamental and direct mechanism must be

an effect on charges and dipoles of cellular constituents, subsequent bio-
chemical responses and their complex relationship are deciding on the
fate of a cell. A distinction between first or direct physical mechanisms
and induced secondary or indirect biochemical processes is sought
after to establish a chain of events but often difficult to establish [14,
15]. Investigations on themechanisms of the interaction of pulsed elec-
tric fields with cells were so far mostly done on single cells. Some of the
studied effects are for example the formation of pores in the plasma
membrane, the release of calcium from intracellular stores or the break-
down of the cytoskeleton [14,16–21]. Conversely, in animal studies in
particular the possibility for cancer treatments was intensively investi-
gated [10,12,22]. However, between the study of single cells and the
complex responses of tumors in an animal, only little is known about
the direct effects of nsPEF on cells that are connected and communicate
with each other in a tissue.

Gap junctional intercellular communication (GJIC) is important for the
regulation of cell growth control, differentiation and apoptosis. An im-
paired cell-cell communication is a crucial factor in many diseases such
as skin diseases, deafness and cataract [23,24]. Furthermore, it plays an
important role in cancer and metastasis formation as well as in wound
healing [25–35]. Direct communication betweenmammalian cells is me-
diated by gap junctions. These arewater-filled pores that directly connect
adjacent cells. One connexon (hemichannel) consists of six connexin (Cx)
proteins and two connexons form one gap junction (GJ). 21 members of
the Cx-gene family are known in humans and 20 in mice, with the
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encoded proteins named after theirmolecularweight, e.g. Cx43. GJs allow
the diffusion of ions or signaling molecules with a size up to 1 kDa to ad-
jacent cells. Cell-cell communication is not only regulated by the amount
of GJs in themembrane but also by their opening state (gating). Theopen-
ing state is influenced by different factors such as Cx phosphorylation,
membrane polarization and intracellular pH-value and calcium level
[36,37]. Cx phosphorylation by mitogen-activated protein (MAP) kinases
including extracellular signal regulated kinases (Erk), p38 and C-Jun N-
terminal kinases (Jnk) represents probably the most characterized and
studied mechanism of GJIC regulation [38–40].

NsPEFs applied to cells can induce the breakdown of the cytoskele-
ton [20,41,42]. An intact actin and microtubule cytoskeleton is neces-
sary for building and degradation of GJs. After the chemically induced
disruption of the cytoskeleton connexin proteins accumulate in the cy-
toplasm while the amount of membrane-bound connexin decreases.
Thus, inhibition of the cytoskeleton is expected to affect GJIC either di-
rectly by influencing the mechanisms of the channel transfer or indi-
rectly by disturbing the correct assembly of the GJs [43].

For the study of nsPEF-induced effects on GJIC and the mechanisms
involved in its regulation, the rat liver epithelial cells WB-F344 [44]
were grown and exposed in monolayers. These non-cancer, stem-like
cells have a high expression of Cx43 and, unlike most other cell lines,
communicate strongly via GJs in vitro. This cell line has been widely
used as amodel system for the study of gap junctional intercellular com-
munication by Trosko et al. [45–49].

The aim of our experiments was to investigate the effects of sub-le-
thal exposure conditions. Therefore, we chose a pulse length of 100 ns
that has often been used in animal studies [11,13,50,51] and rather
mild field strengths of ≤ 35 kV/cm. After the application of trains of 20
pulses to confluent monolayers, GJIC and related parameters and
markers were investigated, including gene and protein expression of
Cx43 and activation of differentMAP kinases. In addition, Cx43 distribu-
tion and actin cytoskeleton rearrangements that are directly related to
ability of cells to communicate were determined.

2. Materials and methods

2.1. Cell culture

WB-F344 cell line was derived from normal adult male Fischer 344
rat liver by J.W. Grisham and M.S. Tsao of the University of North Caro-
lina at Chapel Hill, Chapel Hill, NC, USA [44], and the culturewas obtain-
ed from Prof. J. E. Trosko, Michigan State University, East Lansing, MI,
USA.WB-F344 cells are diploid, non-tumorigenic, possessing character-
istics of normal liver progenitor or bipolar stem cells, whose
intrahepatic transplantation into adult syngenic F344 rats results in
the morphologic differentiation of these cells into hepatocytes and in-
corporation into hepatic plates [52]. WB cells express Cx43 and have
been extensively characterized for alterations of GJIC in the absence
and presence of well-known tumor promoters, growth factors, tumor
suppressor genes, and oncogenes [28].

WB-F344 cells were cultured in low-glucose DMEM (#8950614),
supplemented with 2 mM L-glutamine, 5% fetal calf serum and 1% pen-
icillin/streptomycin (#4211014) (all purchased from PAN-Biotech
GmbH, Aidenbach, Germany) in a humidified CO2 (5%) incubator. Cells
were seeded in 12-well plates. Exposures were done after 48 h of cell
growth, when a confluent monolayer was achieved.

2.2. Experimental setup

The experimental setup (Fig. 1) for the application of electric pulses
to a monolayer consists of the in-house developed pulse generator, the
power supply (FX20R15, Glassman, High Bridge, NJ), a fast oscilloscope
(TDS3054, Tektronix, Beaverton, OR) and a high voltage probe (P5100A,
Tektronix). The pulse-generator is based on the Blumlein concept and
delivers pulses with a duration of 100 ns [53]. The electrode

configuration consists of two parallel stainless steelwiresfixed in a plas-
tic cylinder that was tightly fitting in the well of a 12-well plate. The
wires have a diameter of 0.8 mm and a gap distance of 5 mmmeasured
from the center of each electrode. The electric field was applied by
slightly impressing the electrodes into the monolayer until the elec-
trodes touched the bottom of the well. 20 pulses with amplitudes be-
tween 5 and 35 kV/cm were applied.

2.3. MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT)was addedwithin 2–10min after treatment to analyze the respira-
tory activity of the cells which correlates with cell viability. When a con-
fluent monolayer was achieved cells were exposed to nsPEFs in cell
culturemedium. Then, cell culturemediumwas replaced by 500 μl medi-
um and 50 μl MTT-solution (5mg/ml in PBS; AppliChem, Darmstadt, Ger-
many). After 2 h of incubation at 37 °C the MTT-solution was removed
and the monolayers were washed once with HBSS. The cells were then
lysed with a cell lysing buffer (99.4 ml DMSO, 0.6 ml acetic acid (100%),
10 g SDS). After 5 min incubation time and 5 additional minutes on a
shaker the absorbance of the lysate was measured at 550 nm with a ref-
erence wavelength of 700 nm (Infinite M200 PRO, Tecan, Männedorf,
CH). In each experiment, the weighted absorption values were deter-
mined in triplicates for each set of exposure parameters.

2.4. Scrape loading/dye transfer assay

Scrape loading/dye transfer (SLDT) assay was performed to investi-
gate cell-cell communication [54]. After a certain incubation period of
the nsPEF treated cell monolayers medium was removed and replaced
by 0.05% Lucifer Yellow (L0259, Sigma-Aldrich, Taufkirchen, Germany)
and 0.1% dextran conjugated Texas Red (10,000 MW, D-1828,
Invitrogen, Darmstadt, Germany) dissolved in PBS. A razor blade was
used tomake a scrape across the treated cells whichwere then incubat-
ed for 2min to allow dye uptake by the damaged cells along the scratch.
If the cells are connected by functional GJs, the GJ-permeable Lucifer
Yellow (LY) diffuses to adjacent cells whereas the GJ-impermeable
Texas Red-Dextran (TR-Dx), which serves as loading control and to ex-
clude dye uptake due to electroporation, remains only in the damaged
cells. Afterwards, cells were rinsed with PBS and fixed with 4% para-
formaldehyde. Finally, monolayers were observed under a fluorescent
microscope (Axio Observer D1, Carl Zeiss, Berlin, Germany).

The fluorescent area of the LY migration from the scrape line was
quantified by using MATLAB. For this purpose, fluorescence images
were converted into black-and-white-images by defining a threshold-
value which determined the brightness at which pixels were converted
into black and white, respectively. This threshold was kept the same for
the evaluation of each experiment. The fluorescent areas of the LY chan-
nel of the treated cells were then normalized to the areas of the control

Fig. 1. Overview of the experimental setup with pulse generator, electrode configuration
and high voltage probe. Electrodes are embedded in a nylon-cylinder to apply the
electric pulses to a monolayer in a 12-well plate.
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cells. The fluorescent area of TR had a mean value of 5% which was
subtracted from the fluorescent area of LY to quantify only the cells
that were involved in GJIC.

2.5. Immunofluorescent staining

Cellswere seededon glass cover slips (#630-1597, 13mmdiameter,
VWR, Darmstadt, Germany) placed in the wells of a 12-well plate to ob-
serve the distribution of Cx43, F-actin and ZO-1 inWB-F344 cells by im-
munofluorescent staining. Cells were treated with nsPEFs when a
confluent monolayer was formed. After a desired post-treatment

incubation period cells were fixed with 4% paraformaldehyde and
permeabilized with 0.25% Triton X-100 in PBS. Afterwards, cells were
incubated at 4 °C overnight with Phalloidin-FITC (Phalloidin, Fluoresce-
in Isothiocyanate Labeled, Sigma-Aldrich, Taufkirchen, Germany) to
stain the actin cytoskeleton, together with the primary Cx43-antibody
(Cell Signaling #3512, Frankfurt am Main, Germany), diluted in 1%
(w/v) BSA/PBS solution to block the unspecific binding sites. The tight
junction protein ZO-1 was stained the same way as described above
but with the primary antibody rabbit-anti-ZO-1 (QA213066, Life Tech-
nologies, Darmstadt, Germany, 1:200 in 1% BSA/PBS) and without con-
currently staining of F-actin.

Fig. 3.MTT assay of a controlWB-F344monolayer (a) and after exposure to 20 pulses of 100 ns and 5 kV/cm (b), 15 kV/cm (c) and 25 kV/cm (d) before cell lysis. Thewhite arrows point at
the positions of the electrodes. Only the cell survival of the cells between the electrodes was affected.

Fig. 2. Color-coded simulation of the electric field distribution of the experimental setup (a) and electric field distribution on the surface of the substrate where the cells are attached (b).
For the simulation an applied voltage of 10 kV was set, a gap distance of 5 mm between the electrodes and relative permittivities of 80 for water and of 2 for the substrate.
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The following day, cells were incubatedwith the secondary antibody
conjugated with Alexa Fluor 546 (A-11035, Life Technologies) and
Hoechst 33342 to stain the nuclei. Finally, samples were observed
under a confocal microscope (TCS SP5, Leica, Wetzlar, Germany).

2.6. Quantitative real-time PCR

After nsPEF treatment, cells were washed twice with PBS. For each
time point and field strength cells of all wells of one 12-well plate
were collected, but only the cells between the electrodes were scraped
off for gene analysis. Total RNA was isolated with the RNA MiniKit
(Bio&Sell, Feucht, Germany) according to the manufacturer's instruc-
tions. 1 μg RNA was transcribed into cDNA with the Transcriptor First
Strand Synthesis Kit (Hofmann-La Roche AG, Basel, CH) according to
the manufacturer's instructions. Subsequently, quantitative real-time
PCR (qPCR) was done with the RealTime ready Catalog assay GAJ1 for
Cx43 and RPL13A for the housekeeping gene, respectively (Hofmann-
La Roche AG, Basel, CH), using 100 ng of cDNA. The protocol of the
LightCycler 480 (Hofmann-La Roche AG, Basel, CH) included pre-incu-
bation at 95 °C for 10 min, 45 cycles at 95 °C for 10 s, annealing for
30 s at 60 °C, and an amplification step at 72 °C for 1 s.

Final values for gene expression in the treated samples were deter-
mined as the ratio of the gene expression in the respective sample relat-
ed to the control.

2.7. Western blot

Cells were collected the same way as for gene expression analysis.
After centrifugation, pellets were suspended in 60 μl lysis buffer

containing 50 mM Tris, 10 mM EDTA and 1% SDS, and sonicated twice
before 15 μl of 5× Laemmli buffer were added. Samples intended for
the analysis of p38 and Erk1/2 were heated for 5 min at 95 °C, samples
for Cx43 analysis were incubated for 1 h at 37 °C. 30 μl of each sample
(typically about 1 μg/μl) was loaded on Criterion™ TGX Stain-Free™
Precast Gels (Bio-Rad, Hercules, CA). After gel electrophoresis, the TGX
Stain-Free™ gels were activated by UV-light to visualize total protein
content and then imaged with the Bio-Rad Gel Doc EZ System.

PVDF membranes (Bio-Rad) were equilibrated for 30 s in 96% etha-
nol, before the separated proteinswere blotted on themembranes with
the Trans-Blot Turbo Transfer System and imaged with the Gel Doc EZ
System. The membranes were blocked for 30 min in a blocking solution
of 5% (w/v) non-fat dry milk in Tris-buffered saline with 0.1% of Tween
20 (TBST). After the blocking step themembraneswere incubated over-
night with the primary antibody diluted 1:1000 in blocking solution at
4 °C, followed by incubation with secondary horseradish peroxidase
(HRP)-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch,
West Grove, PA) diluted 1:10,000 in blocking solution for 1 h at room
temperature. Following, primary antibodies were used, all purchased
from New England Biolabs (Ipswich, MA): Cx43 (#3512), p38
(#8690), phosphorylated p38 (#4511), Erk1/2 (#9102), phosphorylat-
ed Erk1/2 (#4370). Membranes blotted with p38 and Erk1/2 proteins
were used twice, first for the detection of the phosphorylated and
then of the non-phosphorylated form. Therefore, membranes were in-
termittently incubated with harsh stripping solution (62.5 mM Tris,
1% SDS, 100 mM β-mercaptoethanol, pH 6.7) for 20 min at 70 °C. The
Cx43-antibody detects total, i.e. phosphorylated as well as non-phos-
phorylated, Cx43.

AmershamECL Select (GEHealthcare, Chalfont, UK)was used for the
detection of the target proteins, according to the manufacturer's proto-
col. Chemiluminescent signals were visualized with ImageQuant LAS
4000 (GE Healthcare). Data were evaluated using ImageQuant TL Soft-
ware (GE Healthcare). Chemiluminescence intensities of specific pro-
tein bands were normalized to Stain-Free™ fluorescence intensity of
total protein in the corresponding lane. Normalization to total protein
has been repeatedly demonstrated to bemore reliable and robustmeth-
od for quantitation of Western blot data than normalization to highly
abundant housekeeping proteins loaded in saturating quantities in a
typical Western blot experiment [55,56]. In addition, possible changes
in many cytoskeletal proteins typically used as a loading control
(actin, tubulin) were expected in response to nsPEF treatment, thus
standardized method of total protein normalization based on TGX
Stain-Free™ technology was used. Data normalized to total protein
were then normalized to control.

2.8. Statistics

For the evaluation of the MTT, the SLDT, the qPCR and the Western
blot data at least 3 independent experiments for each field strength
and time point were performed. Significance was analyzed by one-

Fig. 5. SLDT assay performed on a control WB-F344 monolayer reveals the propagation of the GJ-permeable dye Lucifer Yellow (a) and the GJ-impermeable dye Texas Red-Dextran (b).
While Texas Red-Dextran remains in the damaged cells along the scrape, Lucifer Yellow diffuses to adjacent cells. In (c) the overlay of the two channels is shown (scale bars: 100 μm). (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 4. Viability of WB-F344 cells exposed to 20 pulses of 100 ns and 5–35 kV/cm
determined by MTT assay. The diagram shows the mean values ± SE normalized to
control, n = 4 (independently repeated experiments).
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way ANOVA with Dunnett's post-hoc test with significance levels of p-
value b 0.05 (*), p-value b 0.01 (**) and p-value b 0.001 (***).

3. Results

3.1. Electric field distribution

Two parallel wires with a diameter of 0.8 mm each were used as
electrodes. The cylindrical electrodes are rather large compared to the
size of cells. Furthermore, the electrodes are placed on top of the cells,
slightly impressing into the monolayer. Altogether, this results in

some inhomogeneities of the applied electric fields. To estimate the
electric field through the monolayer the electric field distribution was
simulated with the static electric field simulation software EStat (Field
Precision LLC, Albuquerque, NM) with following parameters: gap dis-
tance between the electrodes of 5 mm, relative permittivity for water
equals 80, a relative permittivity of the substrate of 2 (which is in the
range of the material of cell culture dishes), and an applied voltage of
10 kV (Fig. 2).

Fig. 2a shows the color-coded electric field distribution for high volt-
age pulses applied in water. A cross section of the electric field in the
plane of the monolayer, i.e. close to the substrate is shown in Fig. 2b.

Fig. 6. Impact of nsPEFs on gap junctional intercellular communication intensity. WB-F344 cells were exposed to 20 pulses of 100 ns and 10, 15 or 20 kV/cm. a) Microscopy images of the
SLDT assay 15, 30 and 60 min after nsPEF treatment (scale bars: 100 μm). The figure shows the overlay images of the Lucifer Yellow and the Texas Red channel. b) Evaluated data of the
SLDT assay 5, 15, 30, 60 min and 24 h after pulse application. GJIC is affected in a time- and field strength-dependent manner. Data are given as mean values of percentage normalized to
control ± SD.
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In a homogenous electric field one would expect a field strength of
20 kV/cm for an applied voltage of 10 kV. For the used wire electrodes
that are large in diameter compared to the gap distance, the electric
field is slightly higher by about 8% close to the electrodes in comparison
to the center of the area of exposure. The simulation shows that overall,
the electric field can still be approximated from the applied voltage di-
vided by the nominal electrode distance (center to center) for a width
of about 5 mm within reasonable accuracy, especially taking into ac-
count fluctuations in pulse amplitude and also with respect to compar-
ison of different parameters. Accordingly, for an applied voltage of
10 kV, in themiddle between the electrodes the electric field remains al-
most constant over a wide distance at a value close to 20 kV/cm.

3.2. Cell viability

Cell survival for different exposure parameters was determined by
MTT assay after application of 20 high voltage pulses with field
strengths of 5, 10, 15, 20, 25, 30 and 35 kV/cm. Fig. 3 shows typical ex-
amples of exposed monolayers after incubation with MTT but before
adding cell lysis buffer. The purple color represents the accumulation
of insoluble formazan formed by respiratory activity of the cells and
thus their viability. The white arrows point out the position of the elec-
trodes during exposures.

For cells thatwere treatedwith higher field strengths (15 and 25 kV/
cm, Fig.3c and d) a small gapbetween the electrode positions andwhere

Fig. 7. Staining of Cx43 (red) and actin (green) in a control WB-F344 monolayer (a) and 5, 30 and 60 min after application of 20 pulses of 100 ns and 20 kV/cm (b–d). The images in the
second column show an enlarged part of the images of the first column. The actin cytoskeleton is reorganized in a time-dependent manner, also Cx43 distribution changes with time
(nuclei are labeled blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the electric field starts to have impact on the enzyme activity is visible.
Close to the position where the electrodes had contact with the mono-
layer, the cells did not seem to be affected. This is in agreement with
the decreased electric field closer to the contact points as shown by
the field simulation (Fig. 2).

After cell lysis, the photometrically measured values of the treated
areaswere put in relation to thenon-treated areas. Therefore,wells con-
taining only non-treated cells were used for control and the mean ab-
sorption value of these wells was set to 100% cell survival. The
exposed area of the monolayer, i.e. the area between the electrodes,
amounts to 23.5% of the whole well area and correspondingly the
non-treated part to 76.5%. With these fractions the response and viabil-
ity in the treated area could be calculated using the following equation
with x as absorption of the treated area: absorption (whole well) =
0.765 · ctrl + 0.235 · x.

Fig. 4 shows the mean values with standard errors for the corre-
sponding number of surviving cells in the treated areas of 4 indepen-
dent experiments. The results show that viability of WB-F344 cells
remained at control level for an applied field strength up to 15 kV/cm.
About 88% of the exposed cells survived exposures with an amplitude
of 20 kV/cm. For higher field strengths, viability continuously decreases
from 77% for a field strength of 25 kV/cm to a value of about 27% for a
field strength of 35 kV/cm.

To ensure that cells fluoresce due to cell-cell communication and not
due to pore formation in the membrane, the possibility of electropora-
tion was analyzed by propidium iodide (PI) uptake (3 μM diluted in
complete medium) for field strengths up to 20 kV/cm. PI was added to
the medium above the cells before and 5, 10 and 15 min after exposure
to the high voltage pulses and incubated for 10min. But even when the
cells were treated in presence of PI, no increase of PI-positive cells was
detectable indicating that for the chosen exposure parameters no pore
formation in the outer cell membrane occurred (data not shown).

3.3. Cell-cell communication

Based on the results on the viability of cells, field strengths
of ≤ 20 kV/cm were chosen for exposures to study GJIC since most of
the cells (88%) survive the treatment with this amplitude. GJIC was
assessed by SLDT assay at 5, 15, 30, 60 min and 24 h after nsPEF treat-
ment. Dye distribution in a control WB-F344 monolayer is illustrated
in Fig. 5. The Lucifer Yellow channel represents the dye transfer through
GJ-communicating cells (Fig. 5a) and the Texas Red channel depicts the
cells where the GJ-impermeable dye was introduced by the razor blade
cut (Fig. 5b). Cells that took up both dyes are colored in yellow (Fig. 5c,
channels merged).

Different numbers of pulses were applied and the effect on GJIC was
tested. The application of 1 pulse (20 kV/cm) had no effect while the ap-
plication of 100 pulses with a field strengths of 15 kV/cm showed the
same effect on cell-cell communication as 20 pulses with 20 kV/cm
leading to the inhibition of GJIC (data not shown). For the study of the
more pronounced dependency on field strength, a number of 20 pulses
but field strengths of 10, 15 or 20 kV/cmwere chosen. Fig. 6a shows the
overlay microscopy images of the SLDT assay performed on WB-F344
cells 15, 30 and 60 min after nsPEF treatment. The evaluated data for
all examined time points were normalized to the control and plotted
in a graph (Fig. 6b).

GJIC has changed in a time- and field strength-dependent manner.
5 min after exposure of cells to nsPEFs an amplitude of 10 kV/cm did
not affect GJIC whereas field strengths of 15 and 20 kV/cm already
lowered intensity of cell-cell communication by about 15 to 30%, re-
spectively, in comparison with the control cells. Decrease in GJIC was
most pronounced 15 min after nsPEF treatment. Application of pulses
with an amplitude of 20 kV/cm resulted in an almost complete inhibi-
tion of GJIC. Afield strength of 10 kV/cmdecreased cell-cell communica-
tion intensity to a value of about 60%, for exposures to 15 kV/cm about
5% of the initial GJIC was retained. 30 min after treatment

communication intensity rose again to about 80, 30 and 10% for 10, 15
and 20 kV/cm. One hour after treatment, cells that were exposed to
10 kV/cm reached almost control level again, whereas cells that were
treatedwith 15 and 20 kV/cm still had a decreased cell-cell communica-
tion intensity of about 70 and 40%, compared to control. 24 h after expo-
sure to nsPEFs no reduced GJIC was detectable anymore for all applied
field strengths, showing that the cells survived the investigated field
strengths without suffering lasting harm.

Fig. 9.Quantitative real time PCR for determination ofmRNAexpression of Cx43.WB-F344
cells were treated with 20 pulses of 100 ns and 10, 15 and 20 kV/cm. Fold changes
normalized to control (dashed line) are given as mean values ± SD.

Fig. 8. Staining of ZO-1 (orange) in a control WB-F344 monolayer (a) and 15 min after
application of 20 pulses of 100 ns and 20 kV/cm (b). No significant changes of ZO-1
could be detected after exposure to nsPEF compared to control (nuclei are labeled blue;
scale bars: 50 μm). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3.4. Immunofluorescent detection of Cx43, F-actin and ZO-1

In order to elucidate themechanisms underlying the decreased GJIC
after nsPEF treatment, intracellular location of Cx43 and integrity of the
actin cytoskeleton were analyzed by immunofluorescent staining. Fig. 7
shows the staining of a control WB-F344 monolayer and monolayers 5,
30 and 60 min after exposure to 20 pulses of 100 ns and 20 kV/cm.

Cells that were not treated showed distinct large and bright spots of
Cx43 in the membrane, indicative of GJ plaques, while only little Cx43
could be seen in the cytoplasm (Fig. 7a). Stained actin fibers showed

an evenly distributed intact cytoskeleton with well-defined bundles
that are aligned across the entire cell body. For monolayers that were
exposed to pulsed electric fields, Cx43 localization was largely unaffect-
ed 5 min after nsPEF treatment (Fig. 7b). Cx43 proteins were still inte-
grated in the outer cell membrane but GJ plaques appeared a bit
smaller compared with the control and more Cx43 was observed in
the cytosol of the treated cells. Only few well-aligned actin fibers
could be found anymore. 30min after exposure almost no Cx43was vis-
ible in themembrane any longer but had apparently translocated to the
intracellular volume (Fig. 7c). Cell boundaries that had been outlined by

Fig. 10. Western blot analysis for determination of Erk1/2 activation 15 min (a), 1 h (b) and 6 h (c) after application of 20 pulses of 100 ns and 10, 15 and 20 kV/cm. Fold changes
normalized to control (dashed line) are given as mean values ± SD.
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Cx43 staining in the controls could no longer be distinguished. Further-
more, the actin cytoskeleton was restructured while cell morphology in
general remained unchanged (data not shown). Actin filaments were
broken into shorter segments and less organized, i.e. orientedmore ran-
domly compared to control cells. 60 min after exposure (Fig. 7d), more
Cx43 spots were found again but not yet all were integrated into the
plasma membrane. The diffuse fluorescence across the cytosol that
hinted at degraded Cx43 decreased in comparison with the results ob-
served 30min after treatment, indicating a recovery. However, the fluo-
rescence signal was still stronger when comparedwith the control. Also
the cytoskeleton had recovered 60 min after exposure compared to the
situation after 30 min although the actin bundles were not yet as orga-
nized as in the control cells.

The staining results for cells that were treated with a field of 15 kV/
cm were similar to the effects described for the treatment with 20 kV/
cm but in general less pronounced (data not shown).

Furthermore, the tight junction protein ZO-1 was stained in order to
exclude that cells detached fromeach other due to nsPEF treatment thus
inhibiting communication between cells. In the control monolayer cells
were clearly outlined by thin lines of ZO-1 (Fig. 8a). 15 min after expo-
sure to 20 kV/cm boundaries between the cells appear a bit ruffled but
cells were not separated from each other (Fig. 8b).

3.5. Quantification of Cx43 gene expression

Gene expression of Cx43was analyzed by quantitative real-time PCR
(qPCR) to determine if degradationof Cx43 thatwas observed in stained
cells after nsPEF treatment is associated with a decreased mRNA level.
Cells were treated with 20 pulses of 100 ns and 10, 15 and 20 kV/cm
and incubated for 0.5, 1, 3, 6, 24 and 48 h.

Results showed a long lasting andfield strength-dependent effect on
Cx43 gene expression. Expressions were decreased for almost all inves-
tigated time points and for all applied field strengths (Fig. 9). The largest
changes weremeasured for cells treatedwith 20 kV/cmwithin 1 h after
exposure. Cx43 gene expression decreased to 55% of the initial value
within 30min after treatment and after 1 h to about 45%. 3 h after treat-
ment gene expression had increased almost to control level again, at
least for cells treated with a field strength of 20 kV/cm before levels
were decreasing again to a value of about 70% after 6 h. Even 24 h
after nsPEF treatment, Cx43 transcript levels were still lowered by
about 40% compared to control and increased only slightly again within
48 h after exposure. The changes in Cx43 gene expression in the cells
treated with field strengths of 10 and 15 kV/cm were similar to mono-
layers treatedwith 20 kV/cmbut changes between different time points
were less pronounced.

3.6. Analysis of MAP kinase activity and Cx43 phosphorylation

GJIC is regulated by the number of GJs in themembrane aswell as by
their opening statewhich in turn can be affected by thephosphorylation
of connexin or the activation of MAP kinases. Therefore, phosphoryla-
tion levels of Cx43 and activation of p38 and Erk1/2 were investigated
by Western blotting 0.5, 1, 3, 6 h, and in the case of Cx43 also 24 h
after application of 20 pulses of 100 ns and 10, 15 and 20 kV/cm.

3.6.1. Activation of Erk1/2
The analysis of Erk1/2 showed a significantfield strength-dependent

activation of Erk2 within 15 min after treatment in cells exposed to 15
and 20 kV/cm (Fig. 10a). In cells treated with 20 kV/cm, the amount of
phosphorylated Erk2 was increased about 9-fold compared to control.
In the case of 10 and 15 kV/cm phosphorylation was enhanced about
2-fold and 3-fold, respectively. The amount of phosphorylated Erk1
was only slightly increased for all investigated field strengths. 1 h after
nsPEF treatment activation of Erk2 declined compared to 15 min after
treatment but was still increased about 6-fold in cells treated with
20 kV/cm (Fig. 10b). In cells exposed to 10 and 15 kV/cm amount of

phosphorylated Erk2 was in the range of the control level. Erk1 was
not changed at all 1 h after treatment. 6 h after application of nsPEFs
no activation of Erk was detectable anymore for all investigated field
strengths, neither for Erk1 nor Erk2 (Fig. 10c).

3.6.2. Activation of p38
Analysis of p38 (Fig. 11) showed no activation for up to 3 h after ex-

posure to nsPEFs. The amount of phosphorylated p38 was even slightly
below control level. However, p38 was significantly activated in a field
strength-dependent manner 6 h after treatment. In cells exposed to
10 kV/cm, the amount of phosphorylated p38 was increased about 3-
fold compared to control. In cells treated with 15 kV/cm activation
was increased about 4.5-fold and after application of pulses with a
field strength of 20 kV/cm 5.5-fold compared to control.

Fig. 11.Western blot analysis for determination of p38 activation 15 and 30 min and 1, 3
and 6 h after application of 20 pulses of 100 ns and 10, 15 and 20 kV/cm. Fold changes
normalized to control (dashed line) are given as mean values ± SD.

Fig. 10 (continued).
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3.6.3. Phosphorylation and total amount of Cx43
Protein analysis of Cx43 showed 3 distinct bands reflecting the dif-

ferent phosphorylation states. The P0 band represents the non-phos-
phorylated, P1 the phosphorylated and P2 the hyperphosphorylated
state. Hyperphosphorylation of Cx is associated with inhibition of GJIC.

Analysis of Cx43 after nsPEF treatment revealed a field strength-de-
pendent hyperphosphorylation of Cx43. 30 min after exposure
hyperphosphorylation increased about 2.5-fold for cells treated with
10 and 15 kV/cm, and about 3-fold in cells treated with 20 kV/cm (Fig.
12a). The amount of non-phosphorylated (P0) and phosphorylated
Cx43 (P1) decreased about by half compared to control for all investi-
gated field strengths. 6 h after exposure, there was almost no change
of the phosphorylation pattern compared to control for all applied

field strengths (Fig. 12b). 24 h after application of the high voltage
pulses, phosphorylation increased again (Fig. 12c). In cells treated
with 10 kV/cm the amount of hyperphosphorylated Cx43 increased
about 3-fold compared to control. In cells exposed to 15 kV/cm P2 was
about 2-fold enhanced and for 20 kV/cm about 2.5-fold.

Furthermore, changes in the total amount of Cx43 after nsPEF
treatment were determined by totaling the values of the P0, P1 and
P2 bands (Fig. 13). 30 min after exposure the total amount of Cx43
was significantly reduced by more than half compared to control in
cells exposed to 15 and 20 kV/cm. In cells treated with 10 kV/cm
Cx43 level was decreased by about 40%. 24 h after application of
pulses total amount of Cx43 was in the range of control level for all
investigated field strengths.

Fig. 12.Western blot analysis of Cx43 protein expression and phosphorylation pattern 30min (a), 6 h (b) and 24 h (c) after exposure to nsPEFs of 10, 15 and 20 kV/cm. Band P0 represents
the lowest phosphorylation state, P2 the hyperphosphorylated state. Fold changes normalized to control (dashed line) are given as mean values ± SD.
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4. Discussion

The results show that exposures to nanosecond pulsed electric fields
temporarily change the ability of cells to communicate through gap
junctions in a time- and field strength-dependent manner. The fact
that cell-cell communication in general can be affected by electric fields
has already been demonstrated. The exposure of pre-osteoblastic
MC3T3-E1 cells to extremely low-frequency electromagnetic fields of
0–15 G at 60 Hz and 2.3279mV/m decreased GJIC during their prolifer-
ative phase, while the amount and distribution of Cx43 remained un-
changed [57]. Western blotting and RT-PCR of breast carcinoma cells
after the application of ‘energy controllable steep pulses’ (ECSP) showed
a higher expression of Cx43 in the cells compared to control [58]. In con-
trast, we demonstrated a significantly decreased level of Cx43mRNA up
to 1 h after exposure to nsPEF correlating with the concurrently signifi-
cantly reduced total amount of Cx43. Changes in Cx43 mRNA and pro-
tein level are occurring very quickly in our experiments. Altogether,

changes appear too fast to be explained simply by the downregulation
of gene expression which normally takes rather hours than minutes.
In comparison to the extended exposure to much lower electric fields
this suggests that nsPEFs lead to rapid degradation of Cx43 mRNA and
proteins.

Recent research findings and molecular dynamics studies indicate
that nsPEFs could have a direct effect on proteins [59,60]. These effects
could be mediated by rather fast rise times of the applied electric fields
(or high frequency components when describing exposures in the time
domain), as reviewed by Beebe [61]. However, detailed interaction
mechanisms still need to be investigated. Accordingly, nsPEF might
also have a direct effect on the degradation of Cx43mRNA and proteins
that are involved in the synthesis. The cytoskeletonmight be affected in
a similar manner. However, it is difficult to distinguish this potential ef-
fect from other processes that might disturb the cell's biochemistry and
distinguish a single primary effect. Our study in fact confirms that the
complex relation of differentmechanismhas to be considered for an ap-
propriate description of effects.

The downregulation of Cx43 mRNA lasted much longer than the de-
crease of the corresponding protein level which might be explained as
follows. In general, the levels of mRNA and resulting functional protein
do not necessarily correlate. As the protein accumulates in the cells, it
may act as a repressor of further transcription and signaling because
its expression is not needed at a certain stage. Accordingly, it has been
suggested that Cx43 can regulate its ownproduction [62].Moreover, ex-
pression of a certain protein might be more or less effective depending
on translation of mRNA and post-translational modifications. As Cx43
mRNA is typically expressed at low level under basal conditions, we as-
sume that cells may produce enough Cx43 protein after a certain time
despite decreased mRNA levels after nsPEF treatment.

The changes in GJIC could be mediated by several mechanisms that
could be directly affected by nsPEFs or instigate a secondary response
that is ultimately responsible for the transient decrease. In particular,
phosphorylation of Cx43, activation ofMAP kinases and the disassembly
of the cytoskeleton have been identified as possible key targets.

Phosphorylation of Cx43 is a regulatory eventwhich is involved in GJ
assembly, gating, internalization and degradation [63–65]. The induced
effects depend on many factors such as connexin and cell type, species,
phosphorylation site and the phosphorylation inducing kinases [40]. Ac-
tivation of MAP kinases represents one of the principal mechanisms re-
sponsible for the regulation of GJIC via the phosphorylation of Cx43
which can lead to the closure of GJs and Cx43 internalization. Treatment
of cells with 12-O-tetradecanoylphorbol-13-acetate (TPA) has been
shown to activate protein kinase C (PKC) which in turn activated the
MAP kinase Erk. The activation of Erk then led to the induction of
Cx43 hyperphosphorylation and GJ internalization and finally resulted
in the inhibition of GJIC [66]. In another study it was demonstrated
that after exposure of cells to anisomycin, a protein synthesis inhibitor,
two other MAP kinases namely p38 and JNK were activated. GJIC was
subsequently decreased with an enhanced phosphorylation level of
Cx43 and a reduced number of GJs. In this case JNK was unlikely to be
involved in the process whereas the activation of p38 had an important
role [67]. Like the experiments that are described here, both studies
were carried out with WB-F344 cells, establishing this pathway. Fur-
thermore, the activation of MAP kinases by nsPEFs has already been
demonstrated, although for a different cell line. Suspended HeLa cells
were exposed to electric pulses with similar parameters as chosen for
the study presented here. Both, Erk and p38 were strongly activated
within 15 min after exposure [68]. In our experiments we also found a
significant activation of Erk within 15 min after nsPEF treatment
(Fig. 10). But in comparison to the results published for HeLa cells, we
obtained an activation of p38 only 6 h after treatment. This might be
explained by the fact that the HeLa cells were exposed in suspension
and not as a monolayer. Another possibility is that the effects of
nsPEFs could be cell-type specific and the same treatmentmight induce
different effects in different cell lines.

Fig. 13.Quantification ofWestern blot analysis of Cx43protein expression 30min and24h
after exposure to nsPEFs of 10, 15 and 20 kV/cm. Fold changes normalized to control
(dashed line) are given as mean values ± SD.

Fig. 12 (continued).
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Activated Erk as well as p38 can induce a hyperphosphorylation of
Cx43. This was observed in our experiments (Fig. 12). Phosphorylation
of Cx43 was detected 30 min after exposure to nsPEF and again after
24 h, whereas the phosphorylation pattern was almost unchanged 6 h
post-treatment. The activation of MAP kinases as well as the
hyperphosphorylation of Cx43 can lead to the disassembly of GJs from
the plasma membrane [66,67], which corresponds to the observations
after the nsPEF treatment in our experiments. 30 min after exposure al-
most no GJs could be found in themembranematching the strongly de-
creased cell-cell communication. 6 h after nsPEF treatment we obtained
activation of p38 and after 24h a hyperphosphorylation of Cx43but GJIC
was not changed at that point. This might be explained as follows: The
early hyperphosphorylation of Cx43 might have been induced by Erk
whereas the hyperphosphorylation after 24 hmight have been induced
by p38. Different modulators can phosphorylate different phosphoryla-
tion sites of Cx43 resulting in different effects. Furthermore, a change in
connexin phosphorylation does not necessarily result in the inhibition
of cell-cell communication. Moreover, it has been reported that some
chemicals inhibiting GJIC also activate MAP kinases, but their inhibitory
effects are MAPK-independent andmediated via activation of phospha-
tidylcholine-specific phospholipase C or via not-yet identified mecha-
nisms [69–72]. Thus, more details on mechanisms responsible for the
inhibition of GJIC in response to nsPEFs should be further elucidated in
future studies.

For the assembly and degradation of GJs an intact cytoskeleton is
necessary. Therefore, the inhibition of GJIC could be an indirect effect
of nsPEFs on the integrity of the cytoskeleton. Our staining results
hinted to a disturbance of the actin fibers (Fig. 7) but not a complete
breakdown of the cytoskeleton as described by Stacey et al. [20]. Distur-
bances of actin filaments might have contributed not only to
disassembling of GJs and altered Cx43 degradation but represent struc-
tural fluctuations in the cell. These in turn might result in MAP kinase
activation. Hence even the effect on the cytoskeleton might again only
promote the mechanisms that are associated with MAP kinase activa-
tion and phosphorylation of Cx43.

In addition to cytoskeletal interactions, proper formation and func-
tion of GJs depends to some degree also on other type of cellular junc-
tions such as tight junctions which maintain the tight connections and
cohesions between the cells in themonolayer. Moreover, connexin pro-
teins are known to directly interact with tight junction proteins such as
ZO-1 [73,74]. Therefore, we investigated the effect of nsPEFs on the ad-
hesion of cells to each other. We stained the tight junction protein ZO-1
to examine if nsPEF treatment leads to any disturbances of tight junc-
tionswhichmight be responsible for cell detachment and disassembling
of GJs. However, we could not detect any significant changes compared
to control except that the cell boundaries looked a little bit more ruffled
(Fig. 8). Cells did not seem to separate, thus, a mechanical separation of
the adjacent cells most likely was not responsible for the observed de-
crease in cell-cell communication.

Another possible mechanism that is known to be affected by nsPEF
and which could have a subsequent effect on the inhibition of GJIC is
the depolarization of membranes with an associated possible voltage
gating of gap junctions [75,76]. Connexins appear indeed to be sensitive
to voltage-dependent conformational changes,whichmight represent a
putative mechanism responsible for the observed effects [77–79]. Volt-
age gating bypulsed electricfieldswas also suggested byKotnik et al. for
the application of electroporation pulses of 200 μs and 1 kV/cm [80].
However, for the exposure conditions that were studied here, i.e. pulsed
electric fields of 100 ns and with field strengths ≤ 20 kV/cm, no electro-
poration was actually observed. GJIC inhibition due to depolarization of
themembrane is on biological timescales a very fastmechanismand GJ-
channel closure should occur within tenths of a second [81]. Despite the
likely fast charging of the plasma membrane by nsPEFs, it is doubtful if
the transmembrane potential changes that can be induced by nsPEF-ex-
posures can be sustained long enough to be responsible for voltage gat-
ing or a direct conformational change of the GJs [82]. Conversely,

triggering an indirect slower effect seems to be more likely and we
did indeed observe that GJIC was still only slightly affected by nsPEFs
5 min post-treatment, but a maximum inhibition was observed after
15min. These results thus indicate that inhibition of GJIC was notmedi-
ated by a rapid depolarization-dependent mechanism. The possible in-
crease of intracellular calcium concentration could be a possible
trigger for a secondary effect resulting in decreased GJIC by closing the
GJs. The release of calcium from intracellular stores has been observed
even for nsPEF exposures that were not leading to the poration of the
outer membrane [19]. However, further and intricate studies are neces-
sary to elucidate this potential correlation in more detail.

Altogether, the assessment and comparison of differentmechanisms
that could explain the observed inhibition of GJIC by nsPEFs strongly
suggests that for the described exposures, the phosphorylation of
Cx43 is the most likely reason. This process is likely to be initiated by
the activation of the MAP kinase Erk1/2. With typical timescales for
the expression of kinases the communication through GJs is then recov-
ering again. How the effect of nsPEFs on MAP kinases is mediated by
nsPEFs needs to be explored in detail.

Decreased GJIC is often associated with the development of cancer.
In many tumors, cell-cell communication between the tumor cells
themselves as well as between tumor cells and their surrounding
healthy cells is inhibited [29,83,84]. As nsPEFs decrease GJIC, it remains
to be investigated if exposure of cells to electric fields might induce
some malignant transformation of cells. However, for the transient na-
ture of the inhibition of GJIC, a lasting consequence for healthy cells
does not seem to be likely unless the reduced communication gives
rise to other effects. Conversely, a reduced GJIC could be advantageous
in the treatment of other conditions, such as for example wound
healing. Cx43 has been found upregulated in certain chronic wounds
[31,85–87], and its downregulation has been reported to accelerate
wound healing [88,89]. The challenge for the development of respective
therapies based on nsPEF will be the transient nature of the inhibited
GJIC but should be explored in dedicated studies.
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Introduction

Pulsed electric fields (PEFs) can trigger different bio-
chemical and biophysical pathways in cells. Pulses in the 
range of milli- to microseconds primarily affect the outer 
membrane, while shorter pulses with a duration in the 
nanosecond range can also affect subcellular structures 
(Beebe et al. 2003). Since nanosecond pulsed electric fields 
(nsPEFs) can induce apoptosis, they are of interest for the 
treatment of tumors. Their efficacy was proven in several 
animal studies for solid tumors (Beebe et al. 2010; Breton 
and Mir 2012; Chen et al. 2010; Kolb and Stacey 2012). In 
this context, one of the best-studied pulse lengths is 100 ns 
(Chen et al. 2012; Nuccitelli et al. 2012, 2010; Wu et al. 
2014). Therefore, this pulse duration was also chosen for 
the study presented here. During treatments, it is likely that 
not all cells are exposed to fields leading to their death. The 
exposure might still cause lasting and adverse changes. We 
investigated how normal cells, in particular their elastic-
ity, are affected after exposure to 100-ns pulses with rather 
mild field strength so that all cells survive. nsPEFs were 
applied to cells in monolayers, serving as a simple tissue 
model in which the cells are stabilized by interactions with 
their neighbors and with the extracellular matrix. Mon-
olayers thus should recapitulate mechanical properties and 
responses of adherent cells more relevantly than measure-
ments in single cells.

The elasticity of cells is directly connected to malig-
nancy and invasiveness of cancer cells. Accordingly, 
invasive cancer cells generally display a lower elastic 
modulus (Young’s modulus, YM) than their non-invasive 
counterparts (Cross et al. 2008; Jonas et al. 2011; Lekka 
et al. 1999). Hence, the metastatic potential of cancer cell 
lines has been predicted from their elasticity (Swaminathan 

Abstract Nanosecond pulsed electric fields (nsPEFs) 
applied to cells can induce different biological effects 
depending on pulse duration and field strength. One known 
process is the induction of apoptosis whereby nsPEFs are 
currently investigated as a novel cancer therapy. Another 
and probably related change is the breakdown of the 
cytoskeleton. We investigated the elasticity of rat liver epi-
thelial cells WB-F344 in a monolayer using atomic force 
microscopy (AFM) with respect to the potential of cells to 
undergo malignant transformation or to develop a poten-
tial to metastasize. We found that the elastic modulus of 
the cells decreased significantly within the first 8 min after 
treatment with 20 pulses of 100 ns and with a field strength 
of 20 kV/cm but was still higher than the elasticity of their 
tumorigenic counterpart WB-ras. AFM measurements and 
immunofluorescent staining showed that the cellular actin 
cytoskeleton became reorganized within 5 min. However, 
both a colony formation assay and a cell migration assay 
revealed no significant changes after nsPEF treatment, 
implying that cells seem not to adopt malignant charac-
teristics associated with metastasis formation despite the 
induced transient changes to elasticity and cytoskeleton 
that can be observed for up to 1 h.
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et al. 2011; Xu et al. 2012). It was demonstrated that the 
elastic modulus of cancerous human bladder cells was 
about one magnitude smaller compared to their non-tumo-
rigenic counterpart (Lekka et al. 1999). Metastasizing cells 
from patient samples from lung, breast and pancreas were 
more than 70% softer than healthy cells from the same 
organs (Cross et al. 2007). Another study on patient effu-
sion cells revealed a similar result with tumor cells being 
about 80% softer than healthy cells (Cross et al. 2008). 
The investigation of ovarian cell lines with different meta-
static potentials showed that cancer cells with the highest 
metastatic potential were five times softer than cancer cells 
with the lowest potential (Swaminathan et al. 2011). The 
cytoskeleton, in particular actin fibers, is the main structure 
responsible for the stiffness of cells. Furthermore, stiffness 
inversely correlates with migration and invasion. A change 
in cell stiffness might be associated with the remodeling 
of the actin cytoskeleton when the cytoskeletal structure 
changes from an organized to irregular network (Xu et al. 
2012).

That nsPEFs can induce the breakdown of the cytoskele-
ton in mammalian cells was already shown by Stacey et al. 
who exposed cervical carcinoma cells HeLa to a single 
60-ns pulse with a field strength of 15 kV/cm. They could 
demonstrate a ruffling of the cell membrane and a round-
ing of the cell within 4 min after pulsed electric field appli-
cation but without killing the cells (Stacey et al. 2011). 
Hence, the cytoskeleton eventually had to have recovered. 
Chopinet et al. investigated the effect of electroporation 
pulses on the cytoskeleton and the elasticity of single Chi-
nese hamster ovary (CHO) cells. They found a decrease of 
about 40% of the elastic modulus that is based on an inner 
effect related to cytoskeleton destabilization (Chopinet 
et al. 2014, 2013). In another study, also done with sin-
gle CHO cells but with nanosecond pulses, Thompson 
et al. showed likewise a significant decrease of the elastic 
modulus and an incomplete dissipation of the actin cortex 
(Thompson et al. 2014). However, it has to be noted that 
results obtained by AFM measurements display a great 
variety since they depend on different factors. This needs 
to be considered with respect to the comparison of the 
observations. The data in the above-mentioned studies were 
evaluated for different indentations of the cantilever, which 
have to be chosen according to tip shape and cell state.

However, so far it is not determined if cells grown and 
exposed in a monolayer become softer after the application 
of nsPEFs or if neighboring cells possibly stabilize each 
other, preventing a general decrease of their elasticity. Fur-
thermore, it is conceivable that cells which were exposed to 
sublethal PEFs become softer which might suggest a malig-
nant transformation and the potential to form metastases.

In this study, we therefore aimed to determine if the 
elastic modulus of cells in a monolayer, especially of 

normal cells, treated by nsPEFs approaches the elastic 
modulus of their tumorigenic counterpart and if these 
cells in consequence show a tumorigenic behavior such 
as anchorage-independent growth or faster migration.

Materials and methods

Cell line

As our objective was to compare the features of nor-
mal cells with those of tumorigenic cells we have cho-
sen two cell lines from the same origin which are thus 
directly comparable. The first cell line were WB-F344 
cells which are diploid liver epithelial cells derived from 
a normal adult male Fischer 344 rat by J.W. Grisham and 
M.S. Tsao of the University of North Carolina at Chapel 
Hill, Chapel Hill, NC, USA (Tsao et al. 1984). WB-F344 
cells have characteristics of liver progenitor cells capable 
of multiple lineage differentiation (Anderson et al. 2007; 
Fan et al. 2009; Zhou et al. 2010). WB-F344 cells are nor-
mal, non-cancerous cells with developed contact inhibition 
of growth, functional gap junctional intercellular com-
munication (GJIC), inability of anchorage-independent 
growth and they are non-tumorigenic in vivo (De Feijter 
et al. 1990; Hayashi et al. 1998). The cell line WB-ras was 
derived from WB-F344 cells by transformation with H-ras 
oncogene, which resulted in the neoplastic phenotype of 
a WB-ras cell characterized by limited contact inhibition 
of growth, reduced GJIC, increased ability of anchorage-
independent growth and tumorigenicity in vivo (De Fei-
jter et al. 1990; Hayashi et al. 1998). Both cultures were 
obtained from Prof. J. E. Trosko, Michigan State Univer-
sity, East Lansing, MI, USA.

WB-F344 cells were cultured in low-glucose DMEM, 
supplemented with 2 mM l-glutamine, 5% fetal calf 
serum and 1% penicillin/streptomycin (medium and sup-
plements purchased from PAN-Biotech GmbH, Aiden-
bach, Germany).  105 cells were seeded in 35-mm Petri 
dishes and after 24 h, when a confluent monolayer was 
achieved, used to perform the experiments.

WB-ras cells were cultured in a modified Eagle’s min-
imum essential medium (MEM) but with 1 g/l of sodium 
bicarbonate and 7.635 g/l of sodium chloride, 1.5× 
increase in concentrations of all vitamins and all essen-
tial amino acids (except l-glutamine, which remains 
2 mM), 2× increase of non-essential amino acids (i.e. 
final concentration 0.2 mM), and 1 mM sodium pyru-
vate (all supplements purchased from Gibco, Darm-
stadt, Germany). Furthermore, 1% penicillin/streptomy-
cin was added. Samples were prepared the same way as 
WB-F344 cells.
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Nanosecond pulsed electric field treatment

For the generation of the pulses, an in-house-built Blumlein 
pulse generator was used which generates pulses with a 
duration of 100 ns (Fig. 1). The resistance of the monolayer 
together with the medium was similar to the impedance of 
the pulse generator of 100 Ω. This pulse length was cho-
sen because it is often used in animal studies (Beebe et al. 
2011, 2010; Nuccitelli et al. 2012, 2010). The pulses were 
delivered by two parallel stainless steel wire electrodes 
with a diameter of 0.8 mm and a gap distance of 5 mm, 
which were imbedded in a plastic cylinder. Cells were 
exposed to 20 pulses with a field strength of 20 kV/cm in 
full medium by slightly impressing the electrodes into the 
monolayer. The complete experimental setup including 
a simulation of the resulting electric field distribution is 
described in (Steuer et al. 2016).

Atomic force microscopy (AFM) and data analysis

Immediately after nsPEF treatment, cell culture medium 
was replaced by DMEM supplemented with 25 mM 
HEPES (Pan-Biotech, Aidenbach, Germany) to stabi-
lize a neutral pH value during the AFM measurement. 
Subsequently, cells were placed in a Petri dish heater 
(JPK Instruments, Berlin, Germany) set to 37 °C under 
the AFM (Nanowizard 3, JPK Instruments, Berlin, Ger-
many). The cantilever (MLCT, Bruker, Camarillo, CA, 
USA) that was used had a nominal spring constant of 
0.03 N/m and a nominal tip radius of 20 nm. Before each 
experiment, the spring constant was calibrated by thermal 
noise method. The AFM was operated in QI mode [Quan-
titative Imaging, JPK, Berlin (JPK Instruments a; JPK 
Instruments b; Stamov et al. 2015)] with the following 

parameters: Z-length 3 µm; applied force 4 nN; extend/
retract speed 15 µm/s. 64 × 64 force curves (in total 
4096) were recorded in an area of 30 × 30 µm2. Elastic-
ity of treated cells was measured every 5 min for a period 
of 28 min at the same position, starting 8 min after the 
treatment.

Data were analyzed with JPK data processing soft-
ware (Neumann 2008). In a first step, any offset or tilt 
from the baseline of the extend curves was removed 
to find the contact point of the cantilever with the cell 
surface. Subsequently, the cantilever bending was sub-
tracted from the piezo movement to yield the indentation 
of the cantilever into the cell. In the last step, the Hertz 
model was applied to derive the Young’s modulus by 
considering the geometry (shape and angle) of the can-
tilever tip. For the data evaluation, an indentation depth 
of 300 nm was chosen, which should reveal the reaction 
of almost the whole cell without being influenced by the 
substrate. An indentation in the range of 50 nm mainly 
reflects the reaction of the cell membrane, while for an 
indentation deeper than 500 nm, the substrate starts to 
influence the measurement (Neumann 2008; Roduit et al. 
2008). Values were plotted in histograms and fitted with 
a Gaussian function to exclude “outliers” by using Orig-
inPro 8 software (OriginLab Corporation, Northampton, 
MA, USA). For further evaluation, the peak values of the 
Gaussian fits were used. Standard deviations were cal-
culated from the full width of half maximum (FWHM) 
of the Gaussian fit curves. Significance was analyzed by 
an unpaired Student’s t test with significance levels of p 
value < 0.05 (*), p value < 0.01 (**) and p value < 0.001 
(***).

Immunofluorescent staining of the actin cytoskeleton

The actin cytoskeleton was visualized by immunofluores-
cent staining. Cells were cultured on a glass cover slip 
until a confluent monolayer had grown. Then, WB-F344 
cells were treated with nsPEFs and after an incubation 
time of 5, 15, 30 and 60 min, cells were fixed with 4% 
paraformaldehyde and permeabilized with 0.25% Triton 
X-100 in PBS. Afterwards, cells were incubated at 4 °C 
over night with fluorescein isothiocyanate-labeled phal-
loidin (phalloidin-FITC, Sigma-Aldrich, Taufkirchen, 
Germany). The next day, cover slips were rinsed twice 
with deionized water and put upside down on microscope 
slides with the mounting medium Fluoromount™ (Sigma 
Aldrich, Traunstein, Germany). After 24 h, samples were 
observed under a confocal microscope (TCS SP5, Leica, 
Wetzlar, Germany). For comparison, the actin cytoskel-
eton of untreated WB-F344 and WB-ras cells was also 
stained.

Fig. 1  Image of a typical rectangular 100-ns pulse with an amplitude 
of 10 kV generated by an in-house-built Blumlein pulse generator

Author's personal copy



570 Eur Biophys J (2017) 46:567–580

1 3

Cell migration assay

For the investigation of the migration and proliferation 
of nsPEF-treated cells in comparison to untreated cells, 
a scratch assay was performed. Therefore, a scratch was 
made with a pipette tip in a monolayer which resulted in a 
gap of about 600 µm. In the nsPEF-treated monolayers, the 
scratch was made orthogonally to the electrode position. 
Immediately after treatment, medium was exchanged by 
fresh medium and the cell culture plates were incubated at 
37 °C and 5%  CO2 under a microscope (Axiovert 40 CFL, 
Zeiss, Oberkochen, Germany). Images were taken every 
5 min for the next 24 h. Data were evaluated with ZEN 
software (blue edition, Carl Zeiss MicroImaging GmbH, 
Jena, Germany). The gap distance of the scratch was meas-
ured at three different positions in the image in every thirti-
eth picture (corresponding to a progression in time of 2.5 h) 
and gap distance was normalized to the initial gap distance 
of the scratch.

Colony formation assay

To investigate if nsPEF-treated cells undergo malignant 
transformation, a soft agar colony formation assay was per-
formed. For this purpose, WB-F344 cells were suspended 
in a special buffer (2.5 mM  KH2PO4, 10 mM  K2HPO4, 
125 mM saccarose, 2 mM  MgCl2·6H2O2) and exposed to 
nsPEFs in 4-mm electroporation cuvettes (VWR Inter-
national GmbH, Darmstadt, Germany). 5000 cells were 
suspended in 1 ml 0.33% agarose and layered on top of 
a solidified base of 1 ml of 1% agarose in a 6-well plate. 
The cell suspension was covered with a top layer of 1 ml 
of 0.5% agarose. For all layers, agarose was dissolved in 
complete medium. Cultures were fed weekly with 0.5 ml of 
complete medium. Three weeks after plating, colonies were 
stained with a 1:1 mixture of Giemsa stock solution (Carl 
Roth, Karlsruhe, Germany) and methanol. For comparison, 
the assay was also performed with untreated WB-F344 and 
WB-ras cells.

Results

Cell elasticity

The elastic modulus of a randomly chosen patch of 
the monolayer of WB-F344 cells was measured every 
5 min between 8 and 28 min after exposure to nsPEFs. 
Every patch had an area of 30 × 30 µm2 which was large 
enough to cover one cell with parts of its neighboring 
cells. Figure 1a shows a representative example of a cell 
in a nsPEF-treated monolayer. The left column displays 
the topography, i.e. the profile. The center column shows 

the color-coded elastic moduli across the same area and the 
right column shows the correlating distribution (histogram) 
of the elastic moduli in increments of 5 kPa. The histogram 
was fitted with a Gaussian curve, which is assuming a nor-
mal distribution of elastic moduli. (No arguments are found 
for the need to use any other model.) This approach is simi-
lar to the evaluation conducted by Chopinet et al. (2014, 
2013). In addition, the temporal development of the elas-
tic modulus of an untreated monolayer was measured to 
exclude the possibility that elasticity and actin cytoskeleton 
changed only due to the measurement procedure (Fig. 1b).

Changes of the actin cytoskeleton are visible in the topo-
graphic images as well as in the mapping of the elastic mod-
uli (Fig. 1a, left and center column). Well-defined parallel 
actin fibers which span across the whole cell were appar-
ent until 13 min after the treatment (red arrows). Between 
18 and 28 min after the application of the pulsed electric 
fields, the shape of the cell changed considerably. The cell 
became round (but did not lose the contact to its neighbor-
ing cells as evidenced by the elastic moduli images) and 
almost no actin fibers were detectable anymore. The actin 
fibers appeared to be broken into shorter segments. Also, 
the focal adhesions (blue arrows) that mechanically link the 
actin cytoskeleton to the substrate seem disintegrated. The 
loss of actin fiber structure was confirmed by the distribu-
tion of the elastic moduli, depicted in the respective images 
in the center column, which was becoming more diffuse 
13 min after the pulsed electric field treatment. In addi-
tion, cell boundaries could no longer be clearly identified. 
This observation correlates with the measured values of the 
elastic moduli shown in the histograms (Fig. 2a, right col-
umn). In the example presented here, the cells were rather 
soft with an elastic modulus reaching about 62 kPa (the 
peak value of the fitted histogram) 8 min after the treat-
ment. Within 18 min after the application of nsPEFs, the 
cells became stiffer again and the elastic modulus rose to 
110 kPa, then decreased again to about 80 kPa. Also, the 
standard deviations of the elastic moduli values changed 
considerably after exposures. The value increased from 
35 kPa at 8 min after the treatment to 55 kPa after 18 min. 
28 min after the application of nsPEFs, the standard devia-
tion was approaching the value of the initial measurement 
again, although intact actin fibers were not yet visible.

Fig. 2  AFM images of the topography (left column) and the elastic 
moduli (center column) of a WB-F344 monolayer (a) after the appli-
cation of 20 pulses of 100 ns and with a field strength of 20 kV/cm, 
b in comparison to an untreated monolayer. Measurements were per-
formed every 5 min between 8 and 28 min after treatment. The right 
column describes the distribution of the elastic moduli with a Gauss-
ian fit (x axis: YM/xmax: 600 kPa; y axis: counts/ymax: 250). In addi-
tion, the peak values ± standard deviation (SD, derived from the fit-
ted curves) are given. The red arrows point at actin fibers and the blue 
ones at the focal adhesions

▸
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In comparison, an equivalent time series measured in 
the untreated cells barely showed any changes with time in 
topography and in elastic moduli. Cell structure and shape, 
in particular well-defined actin fibers, were clearly visible 
in each image (Fig. 2b, left column) and the elastic moduli 
barely changed (center column). Only the area of the focal 
adhesions increased (blue arrows), at least at the edges of 
the cells. Potential changes in focal adhesions existing at 
the cell’s basal lamina were not accessible for the AFM; 
accordingly, this result does not necessarily reflect the 
cell’s total area of focal adhesions. The structural integrity 
is also reflected in the distribution of the elastic moduli 
(right column). The mean value increased from 85 kPa to 
about 105 kPa. In contrast to treated cells, standard devia-
tions remained largely the same but with generally higher 
values between 47 and 55 kPa.

Altogether, the temporal development of the elastic 
modulus was measured on seven different WB-F344 mon-
olayers, exposed in separate and independent experiments. 
The values for the controls were even determined from 
14 samples for WB-F344 and from 5 samples for WB-ras 
cells. Means of the peak values of the respective Gaussian 
curves are shown in Fig. 3. Individual peak values were 
derived by considering every force-distance curve of each 
overall measurement.

Untreated WB-F344 cells revealed an average elastic 
modulus of about 61 kPa. After the application of the 
pulsed electric fields, cells became significantly softer 
within 8 min, with an elastic modulus barely reaching 
43 kPa. Already 13 min after the treatment, the elastic 

modulus approached the control level again with a value 
of 58 kPa. 18 and 23 min after the treatment, the elas-
tic modulus had increased to 70 kPa and by that slightly, 
but not significantly, exceeded the elastic modulus of the 
control. At the last time point of the measurement, 28 min 
after exposure, cells had regained about the same elastic-
ity as observed for control cells (61 kPa). Hence, for the 
exposure conditions investigated here, transient changes 
in the elasticity of cells can be induced for about half 
an hour. In comparison, tumorigenic WB-ras cells were, 
in general, considerably softer. With a value of about 
20 kPa, the mean elastic modulus of the untreated tumor 
cells equaled about one-third of the value of untreated 
WB-F344 cells and about half of the value of treated 
WB-F344 cells when observed 8 min after the exposure.

Since the elastic moduli were measured in a randomly 
chosen area of the monolayers, the contribution from cell 

Fig. 3  Temporal development of the elasticity of WB-F344 cells 
after the application of 20 pulses of 100 ns and with a field strength 
of 20 kV/cm compared to untreated WB-F344 and untreated WB-ras 
cells. The graph shows the mean values of the peak values from the 
Gaussian fits ± standard deviation (SD). Values for treated WB-F344 
cells were derived from 7 independent experiments, values for 
untreated WB-F344 from 14 and for untreated WB-ras from 5 inde-
pendent experiments. The error bars correspond to the means of the 
standard deviations, which were determined for each measurement 
from the FWHM of the Gaussian fit

Fig. 4  Temporal development of the elasticity determined a across 
the nucleus and b across the border of WB-F344 cells after the appli-
cation of 20 pulses of 100 ns and with a field strength of 20 kV/cm 
compared to untreated WB-F344 and WB-ras cells. The graph shows 
the mean values of the peak values from the Gaussian fits ± standard 
deviation (SD). Values for treated WB-F344 cells were derived from 
7 independent experiments, values for untreated WB-F344 from 14 
and for untreated WB-ras from 5 independent experiments. Attention 
should be paid to the different ranges of the y axis demonstrating the 
softer characteristic above the nucleus
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areas across the nucleus and the cell border was different 
for each investigated area. To distinguish differences stem-
ming from the contribution of the nucleus or from changes 
of structures surrounding it, the effects of nsPEFs on the 
cell elasticity were evaluated for both regions separately 
by selecting sections of 25 × 25 force curves above the 
nucleus and at the border of the cells, respectively. Figure 4 
shows the temporal development of the elastic modulus in 
the area of the nucleus (a) and the cell’s border (b) in com-
parison to untreated WB-F344 and WB-ras cells.

The average elastic modulus above the nucleus of 
untreated WB-F344 cells was 60 kPa. 8 min after the appli-
cation of the nsPEFs, the elastic modulus fell significantly 
by almost half to 36 kPa, before it increased steadily to 
64 kPa within 23 min. 28 min after the exposure, the elas-
tic modulus approached the control level again with a value 
of 57 kPa. In comparison, the elasticity above the nucleus 
of the tumorigenic WB-ras cells was 32 kPa, significantly 
lower than for untreated WB-F344 cells. However, this is 
only slightly, but not significantly, lower than the elastic 
modulus of treated WB-F344 cells 8 min after exposure.

The mean elastic modulus in the region at the border of 
untreated WB-F344 cells was 150 kPa and that for WB-ras 
cells was 120 kPa. While these values are close, it has to 
be considered that WB-ras cells were about twice as soft 
across the nucleus as untreated WB-F344 cells. 8 min 
after the application of the nsPEFs, the elastic modulus of 
treated WB-F344 cells decreased to 80 kPa which is only 
about half of the control level and even lower than values 
for WB-ras. In the following measurements, the elastic 
moduli of the cells’ borders increased only slightly and 
ranged between 90 and 100 kPa, but, in contrast to 8 min 
after exposure, they were not significantly different from 
the control value anymore.

Actin reorganization

The actin fibers were stained to support the results on the 
map of elastic moduli concerning the remodeling of the 
cytoskeleton. Figure 4 shows the fluorescence images 
of WB-F344 monolayers fixed and stained 5, 15, 30 and 
60 min after the treatment with 20 pulses of 100 ns and 

Fig. 5  Immunofluorescent staining of the actin cytoskeleton of a untreated WB-F344, b untreated WB-ras cells and WB-F344 cells c 5 min, d 
15 min, e 30 min and f 60 min after the application of 20 pulses of 100 ns and with a field strength of 20 kV/cm. (Scale bars: 25 µm)
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20 kV/cm (c–f), in comparison to images of untreated 
WB-F344 (a) and WB-ras cells (b).

The actin stress fibers of the untreated WB-F344 cells 
(Fig. 5a) are well-aligned across the entire cell volume, 
showing a high degree of organization. In comparison, 5 min 
after the treatment (Fig. 5c), visible actin filaments were 
shorter, less organized and randomly oriented. After an addi-
tional 10 min (Fig. 5d), only few well-defined stress fibers 
could still be detected. In addition, a high degree of back-
ground fluorescence indicated the presence of oligomeric 
actin in the cytosol. 30 min after the exposure (Fig. 5e), the 
appearance was similar to observations after 5 min. Actin 
fibers were barely aligned and formed a tangled network. 
Compared with images taken after 15 min, the background 
fluorescence had declined. 60 min after the treatment, the 
actin cytoskeleton seemed to recover slowly (Fig. 5f). Actin 
fibers were more organized and cytosolic actin was reduced. 
In contrast, the staining of the actin cytoskeleton of tumo-
rigenic WB-ras cells (Fig. 5b) differs considerably from that 
of WB-F344 cells. In general, no defined actin stress fibers 
could be detected, corresponding to the small elasticity.

Malignancy and metastatic potential

Cell elasticity is a biomarker not only for invasiveness but 
also for malignancy in general. After exposure to nsPEFs, 
the elastic modulus of WB-F344 cells is significantly 
reduced and approaches values comparable to their tumori-
genic counterpart WB-ras (although without quite reaching 
them). Although the changes are transient, we investigated 
if the effect is sufficient for normal cells to instigate other 
tumorigenic characteristics. A scratch assay was performed 
to determine the potential of nsPEF-treated WB-F344 
cells to migrate (Liang et al. 2007). In addition, a soft agar 

colony formation assay was conducted to test for malignant 
transformation.

Migration behavior of untreated WB-F344 and WB-
ras cells and of WB-F344 cells exposed to nsPEFs was 
observed for 24 h. The graph in Fig. 6 shows the overgrown 
distance normalized to the initial gap width with time.

In the first 12.5 h after placing the scratch, the gap in 
the monolayer of the cancer cell line WB-ras was clos-
ing somewhat faster than the gap in the WB-F344 mon-
olayers. This difference in migration velocity was not 
significant. For the same period, nsPEF-treated and con-
trol WB-F344 cells showed a similar migration behav-
ior. During 15 and 24 h after the treatment, proliferation 
and migration of the WB-ras cells seemed to stagnate. 
Finally, 60% of the initial gap distance was overgrown 
while WB-F344 cells kept growing steadily to a value of 
about 70%. However, altogether, no significant difference 
in proliferation and migration between nsPEF-treated and 
untreated WB-F344 and their tumorigenic counterpart 
WB-ras could be detected.

Besides invasiveness, cell elasticity is also a biomarker 
for malignancy. Therefore, WB-F344 cells were exposed 
to nsPEF and tested for anchorage-independent growth 
(Fig. 7).

Three weeks after plating, cells were stained and 
images were taken under a microscope (Fig. 7). Untreated 
WB-F344 cells served as a negative control (Fig. 7a). The 
arrows point at single cells in the gel which survived the 
treatment but did not form any colonies. In contrast, the 
transformed cell line WB-ras did form colonies, visible as 
large black dots (Fig. 7b). NsPEF-treated WB-F344 cells 
also did not form any colonies (Fig. 7c), showing no signs 
of anchorage-independent growth and thus no signs of 
malignant transformation.

Fig. 6  Bars show mean val-
ues ± standard deviation (SD) 
of the overgrown gap distance 
of the scratch in WB-F344 
monolayers treated with 20 
pulses of 100 ns and with a field 
strength of 20 kV/cm compared 
to untreated WB-F344 and 
untreated WB-ras cells along 
time. Values were derived 
from 3 independently repeated 
experiments
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Discussion

The cytoskeleton, in particular actin, is mainly responsi-
ble for the elasticity of a cell (Alberts et al. 2012). During 
carcinogenesis, the elasticity of a cell changes, i.e. cells 
become softer (Jonas et al. 2011; Lekka et al. 1999; Rother 
et al. 2014). The main reason for this is the remodeling of 
the actin cytoskeleton, resulting in a reduced adhesion, a 
more rounded cell shape and a loss of stress fibers (Ben-
Ze’ev 1985; Rao and Cohen 1991). This remodeling is also 
responsible for an increased motility of the cell, with this 
promoting the potential formation of metastases (Olson and 
Sahai 2009; Yamasaki 1991).

Yousafzai et al. found that the highly aggressive breast 
cancer cells MDA-MB-231 which are relatively soft in iso-
lated conditions, become stiffer (comparable to their nor-
mal counterpart) during cell–cell interaction while the less 
aggressive MCF-7 and the normal HBL-100 cells become 
softer. Therefore, they hypothesized that cancerous cells 
might act as normal cells by altering the mechanics of the 
cell environment (Yousafzai et al. 2016). The other way 
round, normal cells might act as cancer cells when their 
mechanical properties are changed. Therefore, the investi-
gation of changes to the cell elasticity for a monolayer is 
warranted for a better understanding of nsPEF affecting 
cells in a tissue.

The immunofluorescent staining showed that the appli-
cation of nsPEFs did induce a reorganization of the actin 
cytoskeleton in normal WB-F344 cells. This correlates with 
the topographic images from AFM measurements. Both 
methods indicate that the actin cytoskeleton was less organ-
ized and that actin fibers were broken into shorter segments 
within a few minutes after exposure to the pulsed electric 
fields. Regarding the overall elasticity of the measured 
area, 8 min after the application of the pulses, the stiffness 
was significantly reduced by about one third compared to 
untreated WB-F344 cells, but treated cells were still about 
twice as stiff as their non-treated tumorigenic counterparts.

The results of the immunofluorescent staining did not 
entirely correspond to the time course of changes to the 
elasticity. The elastic modulus equaled almost the control 
level again within 13 min after the treatment while 1 h 
after the application of the nsPEFs, the actin cytoskeleton 
had not yet completely recovered. Since microtubules and 
intermediate filaments contribute minimally to the elastic-
ity of a cell (Buehler 2013; Haga et al. 2000), other yet 
unknown factors seem to influence the cell elasticity. Struc-
tural changes of the plasma membrane might have led to 
the increase of the elastic modulus, but this possibility has 
to be investigated further. Pakhomov et al. assumed that the 
disintegration of the actin cytoskeleton is a result of cell 
swelling as a consequence of membrane permeabilization 
(Pakhomov et al. 2014). They exposed single CHO cells to 
four 600-ns pulses at 19.2 kV/cm and proved an immedi-
ate cell membrane poration by the uptake of YO-PRO-1. 
The downstream effect of cell swelling and the subsequent 
disassembly of the actin fibers could be prevented by a 
sucrose buffer. However, in our experiments, no membrane 
permeabilization was observed for propidium iodide uptake 
(data not shown). Furthermore, Pakhomov et al. used a 
pulse length that was six times longer than the one that we 
used, and in contrast to the 600-ns pulses, 100-ns pulses 
were probably too short to create pores in the plasma mem-
brane. Besides, we did not observe any change in the cell 
areas. Although a change in height cannot be excluded, we, 
in general, conclude that cell swelling due to electropora-
tion is not responsible for the observed disassembly of the 
cytoskeleton. The exact mechanism which causes the disas-
sembly of the actin cytoskeleton has to be investigated in 
further studies.

For a deeper insight into the effects of nsPEFs on cell 
elasticity, elastic moduli for the area above the nucleus 
and the border of the cells were evaluated separately. The 
development of the elastic modulus measured above the 
cell’s nuclei was very similar to the elastic modulus of the 
overall recording. In both cases, the elastic modulus was 

Fig. 7  Colony formation assay of a untreated WB-F344 cells, b untreated WB-ras cells and c WB-F344 cells treated with 20 pulses of 100 ns 
and with a field strength of 20 kV/cm. Cells were stained with Giemsa 3 weeks after plating
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significantly decreased 8 min after the application of the 
nsPEFs and recovered within the following 13 min. The 
treated cells showed almost the same elasticity above the 
nucleus as the tumorigenic WB-ras cells. In contrast, the 
elastic modulus of the cell border of nsPEF-treated cells 
was by about one third lower compared to those of the bor-
der of WB-ras cells and significantly decreased compared 
to control WB-F344 cells. Within the recorded time frame, 
the elasticity of the treated cells did not recover in the 
border area in comparison to the nuclear region. A likely 
explanation could be that the nucleus itself has a certain 
elasticity and is able to deform and thus to adapt to changes 
of the cell shape (Caille et al. 2002). Hence, the effect of 
the pulsed electric fields could be compensated for by the 
adaptation of the nucleus. Furthermore, the nucleus fills a 
large portion of the cell volume for WB-F344 as well as 
WB-ras cells. Therefore, small values for elastic moduli, as 
presented in Figs. 1 and 2, are mainly determined by char-
acteristics of the nucleus. That the nucleus might provide 
the major contribution to the mechanical properties of cells 
was also suggested by Guilak et al., pointing out the dif-
ferences between cytoplasmic and nucleic properties (Gui-
lak et al. 2000). Yousafzai et al. confirmed this assumption 
by comparing two breast cancer cell lines with different 
aggressiveness with their non-tumorigenic counterparts. 
They found that all cell lines had significantly different 
elasticity values above the nuclear region and the lead-
ing edge but that the nucleus showed a larger contribution 
toward the mechanical architecture (Yousafzai et al. 2016).

Not only the elastic moduli of treated but also those of 
untreated WB-F344 cells had changed by about 20 kPa 
during the recording of the time series. This might be 
attributed to small changes in the environment. The use of 
HEPES might have increased the osmolarity of the medium 
and thus have led to a shrinking of the cells that was not 
noticeable under the microscope, and, consequently, to a 
slight stiffening of the cells. A contribution of temperature 
changes can also not be completely excluded, although all 
media were preheated and Petri dishes were put in a Petri 
dish heater during the measurement. The medium cooled 
down during the transfer of cells to the AFM, thus even-
tually leading to potential changes in the fluidity of the 
plasma membrane and, consequently, to changes of the 
elastic modulus. Furthermore, the AFM measurements 
showed that the focal adhesions of the untreated cells 
became larger with time (Fig. 1b, center column, blue 
arrows). This might be explained by shear stress caused by 
hydrodynamic effects due to pipetting for the exchange of 
the medium, although medium was pipetted very carefully, 
and removed and added only at the edge of the Petri dish. 
Additionally, mechanical stress was induced by the can-
tilever movement during the measurement. Maybe, cells 
tried to compensate for the stress by enlarging their focal 

adhesion areas during the time between individual meas-
urements in the time series. Besides, neither the shape of 
the cells nor the visible structure of the actin fiber skeleton 
had changed. However, changes to the elastic modulus by 
nsPEFs were, in comparison, still much stronger by about 
50 kPa. Nevertheless, both treated cells and controls should 
be affected in the same manner and PEF effects were 
clearly distinguishable.

The results of our study yielded quite high standard 
deviations for the elastic moduli. The main reason for this 
is that the elastic moduli were measured on monolayers, as 
it was the actual goal. The elasticity strongly depends on 
the shape of a cell, in particular if it is round or spread on 
a surface, and, therefore, on the cell density. Round cells 
require only about one fourth of the force that is required 
for spread out cells to achieve the same deformation (Caille 
et al. 2002). Although cells were counted and always the 
same number of cells was seeded into the Petri dishes, the 
cell density of the monolayers had a certain statistical vari-
ation. The dependency of the standard deviations on the 
cell density can be confirmed by the fact that they are in the 
same range for the overall measurement as well as for the 
separately evaluated data from regions above the nucleus 
and the cell border. This also shows that the standard devia-
tions essentially did not depend on the chosen area where 
the elastic moduli have been recorded although depending 
on the spot, more parts of the cell’s border or the nucleus 
were located in this area.

Effects of PEFs on the elasticity of single cells were 
previously described by Thompson et al., who performed 
a study with CHO cells which they exposed to nanosecond 
pulses (50 or 100 pulses, 10 ns, 150 kV/cm). They executed 
the measurements on freshly adhered cells which were still 
round and determined the elastic moduli at an indentation 
depth of the cantilever of 500 nm (Thompson et al. 2014). 
The results showed that the elastic modulus decreased by 
about half and that the actin cytoskeleton partially broke 
down. This corresponds qualitatively and quantitatively 
well with our results despite the considerably shorter pulse 
length and higher field strength. In both Thompson´s and 
our studies, the actin cytoskeleton was restructured after the 
application of the nsPEFs but not completely broken down.

The exposure to much longer electroporation pulses of 
5 ms and a field strength of 400 V/cm was investigated by 
Chopinet et al. also for CHO cells (Chopinet et al. 2013). 
Therefore, they determined the elastic modulus at an inden-
tation depth of the cantilever of 50 nm. The elastic moduli 
of the CHO cells were likewise significantly decreased 
within 8 min after the application of the electric pulses 
and started to recover within 17 min. This is similar to 
our results for shorter nanosecond pulses but in contrast 
to our study, up to 15 min after the treatment, CHO cells 
showed an absence of actin fibers under the membrane 
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which started to recover after 23 min. In comparison, the 
actin cytoskeleton of the WB-F344 cells changed within 
5 min after the application of the nanosecond pulses, but 
actin fibers could be detected at any time of the measure-
ment and only started to recover 60 min after the treatment. 
Accordingly, also in the study on the CHO cells, the tem-
poral development of the elastic modulus did not correlate 
with the changes of the actin cytoskeleton. Chopinet et al. 
assumed that the softening of the CHO cells is a dynamic 
process and that besides the direct effects of the electropo-
ration pulses, other effects must have been induced in the 
cell that affected its elasticity. However, the results of this 
study are not readily comparable with our study as different 
cell lines were used which can react differently to PEFs. 
Moreover, different pulse parameters were investigated 
with a known primary effect on the cell membrane which 
might therefore mediate changes to elasticity and cytoskel-
eton. For electroporation pulses, changes of the osmotic 
pressure have to be considered and hence a swelling of 
the cell which can accordingly affect the elasticity of the 
cell. In addition, elastic moduli were determined at differ-
ent indentation regimes whereby the cell constituents at the 
chosen depth (e.g. membrane composition or actin cortex) 
have an impact on the results.

Cell elasticity is a biomarker for invasiveness as well 
as for malignancy in general. In addition, rapid induc-
tion of cellular events linked to the tumor promotion and 
malignant transformation after the treatment with nsPEFs 
has been reported in our previous study, where nsPEFs 
caused inhibition of GJIC, hyperphosphorylation of gap 
junctional protein connexin43, and activation of mitogen-
activated kinases (MAPKs) Erk1/2 and p38 in WB-F344 
cells (Steuer et al. 2016). The observations that nsPEFs 
can induce several tumor-promoting and carcinogenic 
events—although some of them transient—in a normal 
non-tumorigenic cell line could lead to the assumption 
that nsPEFs might contribute to a malignant transforma-
tion associated with permanent changes in the cell phe-
notype and increase in their tumorigenic features, such as 
anchorage-independent growth of the cells on soft agar 
or changes in their motility. The soft agar colony forma-
tion assay is a semi-quantitative in vitro assay to detect 
malignant transformation of cells induced by chemicals 
or other trigger mechanisms. Transformed cells lose their 
contact inhibition and are therefore able to grow anchor-
age-independently in a gel. In comparison, normal adher-
ent cells require an attachment to a solid surface to grow 
and thus cannot form colonies in a gel. Since in vitro 
ability of anchorage-independent growth as well as cell 
motility correlates well with tumorigenicity in vivo, an 
increase in the frequency of soft agar colony formation 
or in the cell motility in the scratch assay would indicate 
a malignant transformation of non-tumorigenic WB-F344 

cells after the treatment with nsPEFs. This hypothesis 
was not confirmed. Treated WB-F344 cells were not able 
to grow anchorage-independently in the gel and also did 
not show a significant difference in proliferation and 
migration in the scratch assay compared to the untreated 
cells, which indicates that nsPEFs did not induce malig-
nant transformation. Although higher motility of WB-ras 
than WB-F344 cells in a scratch assay was reported by 
Lee et al., their experiments were conducted under the 
arrested growth conditions induced by mitomycin treat-
ment (Lee et al. 2006). The lack of significant difference 
between motility of WB-ras and WB-F344 cells observed 
in our scratch assay conducted under the normal cell cul-
ture conditions could be a result of comparable and rela-
tively high proliferation rates of both cell lines (Hayashi 
et al. 1998), when the initially slower wound closure by 
putatively less motile WB-F344 cells was probably com-
pensated for by their fast proliferation and expansion 
occurring later on (>15 h post treatment).

Regardless the underlying mechanisms, the results 
of the soft agar colony formation assay as well as of 
the scratch assay imply that the application of nsPEFs 
does not seem to be associated with long-term increase 
in cell tumorigenic features. Presumably, changes to the 
mechanical properties that are induced by nsPEFs are too 
short-lived or not decisive, i.e. an indicator for further 
events, to result in the tumorigenic characteristics and, 
for example, also a changed motility. Elasticity already 
began to recover 13 min after the treatment. In addition, 
the elastic modulus was still almost twice as high as that 
of the tumorigenic cells. Besides, actin fibers could still 
be detected after the application of the pulsed electric 
fields while WB-ras cells showed almost no actin fibers 
at all. Similarly, the effects of nsPEFs on GJIC, MAPKs 
and connexin43 had a transient character (Steuer et al. 
2016), which further indicates that these early alterations 
of tumor-promoting and pro-carcinogenic events caused 
by sub-cytotoxic treatments with nsPEFs do not lead into 
the permanent induction of cancer cell behavior or to a 
malignant transformation of normal cells.

Conclusion

The application of nsPEFs to WB-F344 monolayers sig-
nificantly decreased the elastic modulus of the cells to a 
level similar to the elastic modulus of their tumorigenic 
counterpart WB-ras. However, cells did not develop 
tumorigenic features such as the ability of anchorage-
independent growth or an enhanced migration behavior. 
From this point of view, nsPEFs seem to be suitable for 
the treatment of cancer without posing the risk to induce 
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malignant transformation or enhance the metastatic 
potential of healthy cells that were incidentally exposed 
to sub-lethal electric fields. However, it should be noted 
that the results presented herein were obtained by per-
forming experiments with only one cell line. Accordingly, 
these results have to be validated for further, in particular 
human, cell lines and should be extended to in vivo stud-
ies or at least excised tissues.
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