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Abstract

A problem in developmental toxicology is the massive loss of life from fertilization through 

gastrulation, and the surprising lack of knowledge of causes of miscarriage. Half to 2/3rds of 

embryos are lost, and environmental and genetic causes are nearly equal. Simply put, it can be 

inferred that this is a difficult period for normal embryos, but that environmental stresses may 

cause homeostatic responses that move from adaptive to maladaptive with increasing exposures. 

At the lower 50% estimate, miscarriage causes greater loss-of-life than all cancers combined 

or of all cardio- and cerebral-vascular accidents combined. Surprisingly, we do not know if 

miscarriage rates are increasing or decreasing. Overshadowed by the magnitude of miscarriages, 

are insufficient data on teratogenic or epigenetic imbalances in surviving embryos and their 

stem cells. Superimposed on the difficult normal trajectory for peri-gastrulation embryos are 

added malnutrition, hormonal, and environmental stresses. An overarching hypothesis is that 

high throughput screens (HTS) using cultured viable reporter embryonic and placental stem 

cells (e.g., ESC and TSC that report status using fluorescent reporters in living cells) from the 

pre-gastrulation embryo will most rapidly test a range of hormonal, environmental, nutritional, 

drug and diet supplement stresses that decrease stem cell proliferation and imbalance stemness/
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differentiation. A second hypothesis is that TSC respond with greater sensitivity in magnitude 

to stress that would cause miscarriage, but ESC are stress-resistant to irreversible stemness loss 

and are best used to predict long-term health defects. DevTox testing needs more ESC and TSC 

HTS to model environmental stresses leading to miscarriage or teratogenesis and more research 

on epidemiology of stress and miscarriage. This endeavor also requires a shift in emphasis on pre- 

and early gastrulation events during the difficult period of maximum loss by miscarriage
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Introduction

We will assert in this review that both earliest stem cell lineages of the post-implantation 

embryo, placental trophoblast stem cells (TSC) and embryonic stem cells (ESC), can 

undergo stress-induced loss of potency largely commensurate with a stress-induced decrease 

in growth. Our goal is to understand how these two lineages can be evaluated in vitro 

to emulate toxicant-induced miscarriage or birth defects, but pejorative toxicant effects on 

maternal tissues such as the endometrium, pituitary, and corpus luteum will not be a focus. 

The focus here will also be on pre- or early-gastrulation and teratogenesis or miscarriages 

arising during these periods. Early development from fertilization through early gastrulation 

is the period of major loss of pregnancy in humans as 60% of human embryos are lost 

by Gestation Day (GD)18 of human embryo after fertilization), the approximate stage of 

first human heart contraction. GD18 is also the approximate end of detection of pregnancy 

solely by chemical means and the start of pregnancy detection by ultrasound (Goldstein et 

al., 1988). Only 10% of the 70% total loss of embryos occurs after the start of “clinical 

pregnancy” detected by ultrasound.

Approximately half of early embryo loss is due to genetic and half to environmental causes. 

This suggests that this is a difficult period for the normal embryo to traverse and adverse 

stimuli may divert energy from normal development contributing to embryo loss for 60% 

of the embryos (Fig.1A). There are also unknown fractions of embryos that experienced no 

stress stimuli, or those that survive stress stimuli but with some level of epigenetic or lineage 

imbalance. Difficulty in traversing a stage of pregnancy is one indicator of sensitivity to 

embryo loss, lineage imbalance and epigenetic deviation

Another indicator is the necessity of events leading to and mediating function necessary 

to the conceptus. To understand necessity, a brief review of the functional groupings of 

knockouts during short periods of developmental time is useful and this is best understood 

by analyzing lethal knockouts affecting similar functions (Fig.1F–H, blue asterisks). Three 

periods of lethality are indicated by gene knockouts expressed in specific developing 

parenchymal tissue and organs and necessary for their functions; a first period of lethality 

at (mouse embryo day after fertilization) ~(E)5.5 of uncertain function, a second period 

at ~E8.5 of several integrated functions necessary to overcome oxygen-diffusion limited 

development – beating heart, closed vascular system and 1red blood cells and a third period 
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at ~E11.5 (with some earlier lethality’s) when fetal size requires a fully-functioning placenta 

(Copp, 1995).

Later, with more lethal knockout phenotypes to analyze, it was suggested that the first period 

was due to two alternate functional insufficiencies, basic biochemical processes that were 

sustained before E5.5 by maternal effects mRNA from the oocyte, and extra-embryonic 

endoderm (XEN) function necessary to maintain the inner cell mass (ICM-epiblast)/ESC 

lineage (Rappolee, 1999). XEN lineages start with the primitive endoderm delaminating 

from the ICM, with parietal endoderm migrating subjacent to the outer trophectoderm, 

and primitive endoderm converting to nutritive visceral endoderm essential for embryos 

survival (Puscheck et al., 2015; Rappolee, 1999). Early on XEN is required to directly 

provide nutrition to the embryonic ectoderm, but yolk sac endoderm function is needed 

by E5.5 in mouse and has started by GD7.0 in humans (Malassine et al., 2003). In 

mammals the choriovitelline placenta arises primarily as a nutrition-acquiring tissue of 

visceral endoderm and trophectoderm and is largely superseded for this function and for 

oxygen acquisition by the hemochorial placental after chorioallantoic fusion (Enders, 2009). 

Periods of development that have necessary function indicate sensitive periods that are 

especially vulnerable to embryo loss and imbalance.

After stem cells arise in the embryo, energetics of their early rapid growth are sustained by 

aerobic glycolysis and Warburg effects anabolism (Vander Heiden et al., 2009). Although 

mitochondria are largely deprived of Acetyl-CoA, segments of the citric acid cycle are 

still important for production of anabolic intermediates and α-ketoglutarate (Chakrabarty 

and Chandel, 2021), important in maintaining pluripotency (Carey et al., 2015). In fact in 

late oogenesis in mouse, approximately 150,000 mitochondria are replicated (although only 

4,000 are needed for early post fertilization embryogenesis) and sustain the embryo through 

many cell divisions (Wai et al., 2010) of the mouse embryo. Mitochondrial replication is 

not required until late mouse gastrulation and early organ anlagen at approximately E8.5 

as indicated by the mtDNA polgA gene knockout which is lethal by E7.5–8.5 (Hance 

et al., 2005; St. John et al., 2010). As mitochondrial function increases at E8.5, oxygen 

is provided for increasing Ox Phos by a functioning circulatory system. Similarly, as 

parenchymal function increases after gastrulation there is a conversion of the choriovitelline 

to hemochorial placenta leading up to the necessity of placental function indicated by 

placental gene knockout lethality from E10-E11.5 (Copp, 1995). However, unlike humans, 

the function of the mouse choriovitelline placenta continues at reduced levels throughout 

pregnancy (Ross and Boroviak, 2020).

In this review, we focus on the myriad stresses that cause miscarriage and teratogenesis in 

the pre-gastrulation through early gastrulation embryo. In the internal milieu stresses from 

too little nutrition and too little leptin, or too much stress hormones adrenaline and cortisol 

that slow the growth of preimplantation embryos in vitro and in vivo (Puscheck et al., 2015; 

Yang et al., 2017a) and are exacerbated by environmental stress from the external milieu.

Here we focus on the ESC and TSC and their early progeny lineages. For TSC this is 

more easily studied in mouse than in human as ~10 lineages and stages or restricted stem 

cell potency have been identified (Yang et al., 2017a). In humans many cell types have 
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been inferred by position within the fetal-maternal placental domains (Turco and Moffett, 

2019), and a recent single cell (sc)RNAseq study identified 12 clusters of possible placental 

cell lineages in a Uniform manifold approximation projection (uMAP) analysis performed 

on human peri-implantation embryos (GD3-GD14)(Castel et al., 2020). However, there 

is no definitive or precise localization of lineages derived from the fetal placenta from 

proliferative cytotrophoblasts (CTB) in human as has been done in mouse for TSC and 

later restricted stem cells in the lineage like ectoplacental cone (EPC) stem cells. Thus the 

12 clusters from an early human embryo derived by UMAP have not yet been localized 

positions at various distances from the stem cell source as in mouse. Nor has lineage 

tracing been done. This is one of the challenges of moving from transcriptional marker 

characterization to characterizing functional lineages in vivo.

Growth decrease is associated with loss of initial stemness state of highest potency of 

previously unstressed ESC and TSC and increase in differentiation (Puscheck et al., 2015). 

But, in response to similar stress exposures, ESC and TSC have different magnitudes of the 

same response to first differentiated lineage available to them. One stress that increases the 

tendency to enter the first lineage in TSC, increases the tendency to enter the second lineage 

in ESC (Rappolee et al., 2010; Ruden et al., 2022; Xie et al., 2010). Isolated cultured ESC 

or TSC are similar in having the highest states of baseline potency, ESC have the highest 

pluripotency and TSC have the highest multipotency, early before stress in culture and early 

in the conceptus before stem cells with more limited potency arise (Puscheck et al., 2015). 

Also, each stem cell type reports a continuum of mild chronic or acute life-threatening 

effects in culture. We hypothesize that when performing high throughput screening (HTS), 

the TSC lineage is more sensitive to a given stress and responds acutely by irreversibly 

differentiating which would lead to death of the embryo. In contrast, the ESC lineage and its 

markers are less stress-sensitive and more likely to report sublethal effects to the same stress 

that lead to chronic, sublethal pre- and post-natal effects. This would lead to embryo survival 

and chronic poorer health. Thus, studies with limited stimulus and marker sets suggest that 

the TSC HTS is more likely to report miscarriage and the ESC HTS, carefully assayed and 

analyzed, to report longer term chronic health effects. In this review we discuss and analyze 

data to support these interpretations.

We define stress as any hormonal, nutritional, medicinal, mutagenic, biophysical, or 

environmental stimulus that decreases normal developmental trajectories of cell proliferation 

and sequential lineage differentiation. However, of the first two stem cell lineages arising 

soon after fertilization, TSC have a much larger completion, at a given time after stress, of 

stress-forced differentiation to parenchymal function (Awonuga et al., 2011; Ruane et al., 

2018a; Xie et al., 2014; Yang et al., 2016), than ESC (Guo et al., 2010; Hu et al., 2017; Li 

et al., 2019; Ruden et al., 2022; Slater et al., 2014). For example, after 3 days of similar 

biological stress levels, hyperosmotic stress induced 1% of bright 1st lineage XEN cells 

overriding ESC stemness, but hypoxic stress induced 27% of 1st lineage mouse trophoblast 

giant cells overriding TSC stemness (Fig.2).

Early after fertilization the blastomeres of the cleavage stage embryo, prior to compaction, 

are totipotent and are thus able to form all cell lineages in the conceptus. These totipotent 

cells produce two extraembryonic lineages the yolk sac extraembryonic endoderm (XEN) 
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and extraembryonic ectoderm (placenta), as well as the embryo proper from the ICM/

naïve pluripotent ESC lineage in culture. The ICM epithelializes to produce a slightly 

less pluripotent embryonic ectoderm with a restricted formative pluripotent ectoderm that 

no longer produces XEN but produces the 3 germ layers and all future lineages of the 

embryo and fetus(Kalkan et al., 2017). In mouse ESC cultured in ground state naïve 

pluripotency a subpopulation of Hex+ cells are totipotent and can produce both TSC and 

XEN lineages (Morgani et al., 2013), and RPS28 high transcription cluster is reported to 

be highly expressed in cleavage stage embryos, and cultured ESC and TSC, suggesting 

a marker set with some characteristics of totipotency (Han et al., 2018a). Oct4/Pou5f1 

(i.e., octamer binding Pou homeodomain transcription factor) is the master regulator of 

pluripotency expressed at low levels in oocytes and cleavage stage embryos and expressed 

at high levels during lineage segregation of the ICM/ESC lineage. Oct4 remains functional 

during gastrulation in lineage patterning but is lost by late gastrulation (Han et al., 2018a) 

when each germ layer is multipotent.

After compaction, the first cellular differentiation event that produces the first epithelium, 

outer cells in the epithelium gives rise, in a few cell divisions, to TSC that are multipotent 

and can produce approximately ten lineages in mouse (Simmons and Cross, 2005; Simmons 

et al., 2007; Simmons et al., 2008), but fewer lineages have been characterized in human 

placenta. It should be noted that the three multipotent germ layers derived from the ESC 

lineage at gastrulation ultimately yield approximately 200 lineages in the adult (Alberts, 

2015), however multipotent TSC yield only 10 placental lineages.

TSC allocate in the blastocyst at the 5th cell division (Chai et al., 1998; Tanaka et al., 1998), 

after co-expression of TSC and ESC establishing transcription factors in single cells at the 

3rd and 4th cell divisions is resolved by polar signaling that re-enforces the TSC lineage in 

outer apical cells (Jedrusik et al., 2008; Niwa et al., 2005; Shahbazi et al., 2016; Zhu et al., 

2020). Lack of polar signaling induces ESC in the cells of the ICM.

The first differentiated lineage is different for ESC and TSC, and slightly different 

between humans and mice. For mice and high quality pluripotent human ESC, first 

lineage differentiation is primitive endoderm differentiation into platelet growth factor 

receptor (Pdgfra)-alpha-positive cells (aka extraembryonic endoderm or XEN cells)(Artus 

and Chazaud, 2014; Artus et al., 2010). It should be noted that mouse XEN arises from 

ICM/ESC lineage before implantation, but in human embryos this event does not occur 

until shortly after implantation. For human ESC, the first lineage differentiated from TSC is 

syncytiotrophoblasts that secrete anti-luteolytic human chorionic gonadotropin (hCG)(Kelly 

et al., 1991), although cytotrophoblasts make some hCG (Kovalevskaya et al., 2002). But 

first lineage differentiated from mouse TSC is trophoblast giant cells (TGC) that secrete 

placental lactogen (PL)1, the antiluteolytic hormone for mice.

In many aspects of the stress-forced override of stemness, TSC have a much higher 

sensitivity to many stresses that force stemness loss and 1st differentiated lineage gain. In the 

following paragraphs, three aspects will TSC, and ESC stress sensitivity will be explored. 

TSC have an approximate order of magnitude higher tendency to complete stress-forced 

differentiation after stemness loss, than ESC (Fig.2). In this comparison, hypoxic stress at 
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0.5% O2 used to study TSC and hyperosmotic stress 200mM sorbitol to study ESC create 

equivalent decreased growth, but an adaptation that precludes long-term apoptosis. The 

equivalence of biological effects on diminishing growth with little persistent apoptosis of 

these two levels of the two stresses has been shown for TSC and ESC (Puscheck et al., 2015; 

Slater et al., 2014; Xie et al., 2007; Xie et al., 2014; Zhong et al., 2010; Zhong et al., 2007). 

Normoxia at 2% O2 for embryos and TSC have been defined in previous reviews and 0.5% 

O2 has been defined as hypoxic stress (Bolnick et al., 2017; Yang et al., 2017a). There is 

some apoptosis by embryos and TSC adapt to 0.5% O2, but do not grow at normal rates. 

Similarly hyperosmotic stress has been defined in ESC, TSC and embryos previously and 

200–300mM sorbitol (used to create hyperosmotic stress) creates growth suppression and 

increasing apoptosis at higher doses in this range, but cells adapt and don’t grow (Puscheck 

et al., 2015; Slater et al., 2014; Xie et al., 2007; Zhong et al., 2007). The equivalence of 

hypoxic and hyperosmotic stress in TSC and hyperosmotic and hypoxic stress in ESC is also 

supported by reports that imbalanced differentiation -often to the first lineage, overriding 

baseline cultured stemness, requires stress-activated protein kinases (aka SAPK, MAPK8/9, 

and JNK) (Awonuga et al., 2011; Ji et al., 2010; Puscheck et al., 2015; Slater et al., 2014; 

Xie et al., 2014). SAPK is necessary to mediate homeostatic ESC responses to other stresses 

(Byun et al., 2013).

Throughout this review we refer to the sequential choice of the 1st and 2nd lineages available 

to multipotent TSC or pluripotent ESC, where the baseline lineage is the 0th lineage. 

TSC appear to begin or complete differentiation to the 1st lineage differentiated function 

in response to a broader array of types of stress than ESC (Puscheck et al., 2015). TSC 

undergo large scale irreversible differentiation, where >50% of the total population is forced 

by stress to differentiate to the 1st lineage (aka, trophoblast giant cells, TGC), despite the 

presence of growth factors that normally preserve the baseline (e.g., 0th lineage) stemness 

state (Fig.2)(Yang et al., 2016). Whereas ESC, when induced by a normal morphogen, or 

forced to differentiate to the 1st lineage despite stemness-maintaining growth factors, also 

create a “wormhole” mechanism to reverse to a state like baseline 0th lineage pluripotency 

or to re-express gene clusters representing an earlier totipotent state (Amano et al., 2013b; 

Falco et al., 2007; Sharova et al., 2016; Zalzman et al., 2010a) or an important intermediate 

state during reprogramming of differentiated to pluripotent stem cells (Cheng et al., 2020). 

To further define “wormhole” in relationship to other toxicological terms it is not either 

developmental buffering (canalization) or at a threshold dependent tipping point (Frank et 

al., 2018; Shah et al., 2016). Developmental buffering refers to maintenance of the same 

target phenotype despite variation in some genetic or environmental factors (Klingenberg, 

2019) and tipping points in toxicology are the chemical concentrations and durations where 

biological systems like stem cells are perturbed beyond the point of recovery. The wormhole 

we describe is unique as induced in pluripotent stems by retinoic acid treatment or 

hyperosmotic stress (Ruden et al, 2022) but ESC express a mix of ontological gene clusters 

expressed most in highly totipotent 2–8 cell embryos (i.e., the gene cluster is named 2-cell 

embryo like/ aka 2C-EL). The Zscan4 gene family carries out a function of noncanonical 

telomere extension in pluripotent ESC (Amano et al., 2013a; Zalzman et al., 2010a) and 

these are expressed in the same cells first lineage where all trans retinoic acid (ATRA) 

induces XEN markers (Sharova et al., 2016). scRNAseq uMAP analysis suggests these may 
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not be co-expressed in the same cells when hyperosmotic stress induces both marker sets 

in naïve ESC (Ruden et al 2022). Single ESC induced by ATRA that co-express 2C-EL 

cluster and XEN markers can produce pluripotent ESC (Sharova et al., 2016). However, the 

reprogramming from mouse embryonic fibroblasts (MEF) to ESC requires Zscan4f-TET2 

activity but does not generate XEN determining or nutrition acquiring gene function [(Cheng 

et al., 2020) and mmc2/Table S1], suggesting that XEN and Zscan4 coexpression is not a 

necessary bidirectional intermediate in creating pluripotency ESC.

The markers of 0th lineage and 1st lineage are discussed below and encompass the 2-cell 

embryo-like gene cluster expressed in normal stemness (NS) ESC and highly in 2–8 cell 

embryos but also in extraembryonic endoderm (XEN), (Amano et al., 2013a; Han et al., 

2018b; Sharova et al., 2016; Zalzman et al., 2010b). Thus, when modeling early embryo 

loss by miscarriage or early teratogenic effects in the period enabling gastrulation, TSC 

are likely to be more causal and appropriate to predict. Since ESC have more lineages 

to accurately elaborate in an organism that will persist for decades after the placenta is 

lost, its rigorous adherence to a more limited emphasis on necessary 1st lineage function, 

and larger emphasis on maintaining stemness and proliferative potential, is tantamount. 

But toxicological markers are important in each lineage and for ESC may predict the next 

extremely sensitive window of teratogenesis as gastrulation starts. ESC through the 1st 

lineage extraembryonic endoderm (XEN) has an inductive function originating before, but 

active during gastrulation, through the anterior visceral endoderm (AVE) (Ben-Haim et al., 

2006; Torres-Padilla et al., 2007; Zhang et al., 2019).

Intentions and limitations of this review on toxicologic modeling of early embryonic stress 
in models of cultured stem cells from the early post-fertilization, pre-gastrulation embryo.

Stem cells are a rich resource to evaluate for toxicological and teratogenic effects. A 

primary teratogenic principle is that there is a stimulus-driven imbalanced differentiation 

and stunting of one or more parts of the developing organism. During the stress response the 

stem cell pool itself is depleted by stress-diminished growth and increased differentiation to 

compensate for it, especially in TSC. During the stress response, the early and essential first 

lineage function is most important and is chosen in contrast to the alternate downstream 

differentiated lineages available to the stem cell, especially in TSC. Here we discuss 

methods to study and analyze proliferation and differentiation imbalance in simple high 

throughput models of toxicological testing. The focus will be more on testing of simple 

monolayer or multiple layer culture, rather than 3D embryoids or blastoids or gastroids. 

Improvement of accuracy and reproducibility of synthesizing embryoids from TSC, ESC 

and XEN are reviewed elsewhere (Amadei et al., 2021; Deglincerti et al., 2016a; Fu et 

al., 2021; Shahbazi et al., 2019; Simunovic et al., 2019; Sozen et al., 2019; Zhang et 

al., 2019). During development, assays with lower throughput are not typically tested for 

balanced accuracy, ability to avoid false positives and negative, but this testing is needed 

as high throughput is developed (Hartung, 2019; Thomas et al., 2012). Although these 

latter models have higher long-term potential for emulating and testing embryonic stress in 

culture, currently they are more expensive, produce the desired embryoids at low frequency 

and are in an early stage of proof-of-principle for emulation of normal development, let 

alone the ability to be useful in evaluating teratogenic perturbation of normal development. 
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A recent attempt was made by a large consortium of 3D cellular modelling labs to reign 

in sources of variation, like spheroid size (Peirsman et al., 2021), but reducing variation 

is a challenge. Consensus on efficacy of development of embryoid-based HTS will likely 

require reproducible toxicological endpoints and require advances in AI software, lowering 

variation, and overcoming several confounding variables, but has promising potential for 

human teratogenic studies.

Why early testing of the earliest stem cells, maintained as stem cells, is an important effort 
for toxicologists and teratologists.

It is the position of the influential textbook Human clinical embryology and teratology 
(Moore, 2020) and of the Birth Defects and Prevention Research Society’s Primer on 
Human Teratology (Bleyl and Schoenwolf, 2018) that before gastrulation toxicants cause 

embryo loss but not teratogenic effects. This all-or-nothing consequence is still a major 

concern due to elevated levels of embryo loss, half of which may be environmental, and 

toxicants can have effects during rapid early embryonic growth and lineage allocation and 

function associated with embryo loss, as predicted by TSC HTS, or sublethal teratogenesis 

predicted by ESC HTS. It is understandable that the emphasis of teratologists would 

be on early embryo loss as NICHD has posted that 50% of fertilized embryos are lost 

(https://www.nichd.nih.gov/about/org/der/branches/fib, Early Pregnancy Loss and Predictors 
of Pregnancy Outcome). Experts in the field have long projected that ~70% of embryos 

are lost (Cross et al., 1994; Macklon et al., 2002). Nearly all embryo loss occurs soon 

after implantation in the early first trimester. In humans, human chorionic gonadotropin 

(hCG) must increase exponentially for the first 7 weeks of pregnancy and 5 weeks after 

fertilization (Wilcox et al., 1988a)(Fig.1), and failure to do so can account for about 33% 

embryo loss in normal, healthy, young and fertile women. But there is no a priori reason 

to hypothesize that for the surviving embryos, stress-induced epigenetic changes in early 

development are not observed, or that these effects do not persist. Several lines of evidence 

suggest that pre-gastrulation stress persists through developmental effects at gastrulation 

through lineage imbalance or epigenetic memory throughout pre- and post-natal life. For 

example, retinoids injected before or after implantation, but before gastrulation, can cause 

hindlimb duplication in rodents (Rutledge et al., 1994). Although these are each at low 

frequency of induction, many examples exist for techniques in in vitro fertilization (IVF) 

causing long-term post-natal epigenetic effects (Le Bouc et al., 2010; Puscheck et al., 2015; 

Ventura-Juncá et al., 2015). In the 20 years in preparation for the Nobel prize awarded 

research for the first IVF birth (Steptoe and Edwards, 1978), and the 44 years since, there 

has been a plethora of published reports of environmental and hormonal stresses that affect 

the normal, cultured, preimplantation embryos and also affect the growth of both TSC and 

ESC lineages in those embryos (Puscheck et al., 2015).

We do not know the necessary functional rate of increase for the first lineage XEN of 

ESC as we do for TSC differentiating to the first lineage to make hCG in humans, 

which is measured in pregnancy tests, or PL1 in mouse. As the embryonic ectoderm and 

extraembryonic ectoderm grows, it requires the visceral endoderm lineage of XEN to 

support it. In knockouts of visceral endoderm (VE) genes in early XEN lineages such as 
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hepatocyte nuclear factor 4 (HNF4), mouse embryonic ectoderm cells die first and then the 

embryo dies around E6–7 (Chen et al., 1994; Puscheck et al., 2015; Rappolee, 1999).

Many teratologists are aware that fate mapping shows that the 3D embryonic address system 

is formed during gastrulation. However, before gastrulation, the embryonic ectoderm is not 

yet fated to become any of the three germ layers (Lawson and Pedersen, 1992). Although 

the embryonic ectoderm is not fated before gastrulation, the mechanisms to induce some of 

the ectoderm fates are set up before gastrulation. As mentioned above, an inductive function 

originating before gastrulation requires and is mediated by the anterior visceral endoderm 

(AVE) (Ben-Haim et al., 2006; Torres-Padilla et al., 2007; Zhang et al., 2019). The AVE 

induces the head organizer in gastrulating cells, and knockouts of genes specific to the AVE 

lead to neural defects and lethality (Roebroek et al., 1998) and reveal requirements for AVE 

function to induce the forebrain (Levine and Brivanlou, 2007; Perea-Gomez et al., 2001). 

AVE is also important in ventral anterior patterning including heart induction and position 

(Madabhushi and Lacy, 2011). Thus, AVE or pre-gastrulation XEN is an important inducer 

of anterior tissues in all germ layers.

In this section, we suggest that teratologists should be interested in toxic stress early after 

fertilization for teratogenic effects as well as all-or-nothing massive effects on embryo loss. 

Early modeling of normal and toxicant stressed development with embryos or stem cells is 

likely to yield data that may be used to understand mechanisms and exposures leading to 

embryo loss expected by the all-or-none hypothesis. But it may also be used to understand 

toxicants and exposures that cause epigenetic and lineage imbalance that is teratogenic. 

It is also important to increase funding of studies to build an epidemiologic association 

between repeated stress early in pregnancy with embryo loss (Qu et al., 2017) and with 

later post-natal epigenetic deviation and disease. Paradoxically, lack of funding is one of 

the key blocks to further investigation of the hypotheses regarding the causality of early 

miscarriages or teratogenesis by environmental stresses This in turn is due to the lack of 

epidemiological data that is due to lack of funding for this highly significant period of 

embryonic development.

Accelerating proliferation to produce the necessary earliest parenchymal function for TSC 
and ESC populations requires a great deal of nutrition.

The hallmark of early postfertilization mammalian embryogenesis is the initiation of 

exponential growth as TSC and ESC lineages first arise. Similar exponential growth 

curves for TSC and ESC lineages in mouse and human embryos are shown in Fig.3 

and suggest the embryonic and placental lineages develop with considerable concordance 

between mouse and humans regarding allocation, rapid growth, and early differentiation 

of TSC and ESC (Hardy et al., 1989; McLaren, 1976). Therefore, cultured mouse stem 

cells may model normal and stressed developmental responses in humans. This continues 

through implantation with the fastest cell doubling rates being approximately 5–7hr for 

TSC and 3–4hr for the ESC lineage at the node during gastrulation [(Heyer et al., 2000; 

McLaren, 1976)]. That time is when mesoderm, endoderm and ectoderm are allocated and 

pluripotency ends in mouse (Fig.3B, approximately E7.5, gastrulation spans approximately 

E6.5–8.5). For cultured mouse TSC, the optimum 2% O2 enables a doubling rate of 7.5hr 
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which is like in vivo TSC doubling rates, but standard TSC culture at ambient 20% O2 

enables only a 17hr doubling rate (Yang et al., 2017a; Zhou et al., 2011). The embryo in 

the oviduct and uterus before implantation is in a milieu of 8% O2, but after implantation 

the 2% O2 in the endometrium is optimal for stem cell proliferation (Houghton, 2021; Yang 

et al., 2017a) (Fig.3). Thus, there are caveats about how “stressless” standard culture is and 

whether it enables accurate testing of toxicants.

A key concept is that exponential growth requires accelerating access to nutrition. It is also 

seen in humans and mice that TSC lineages begin exponential growth before ESC (Fig.3, 

personal communication, Dr Anne McLaren) and that XEN is set aside during the period of 

maximum ESC pluripotency (i.e., naïve pluripotency). The ability to create XEN is lost as 

the ESC lineage restricts to formative pluripotency in the first day or so after implantation. 

In the embryo, ESC and TSC lineages start aerobic glycolysis at the E3.5 blastocyst stage 

while causing their mitochondrial membrane potential to become less polarized to decrease 

mitochondrial activity. At the same time, lactate secretion starts in the most proliferative 

cells in the ICM and the adjacent placental trophectoderm (Puscheck et al., 2015; Yang et 

al., 2017a). This means that carbon polymers from glycolysis are not burned to CO2 in the 

mitochondria, but conserved to build protein, sugar, nucleic acid, and fatty acid polymers for 

proliferation (Puscheck et al., 2015; Yang et al., 2017a). It also means that the approximately 

40 ATP/glucose produced in the mitochondria is reduced to the net of 2 ATP/glucose 

through aerobic glycolysis in the cytoplasm. To enable sufficient energy/ATP and sufficient 

conservation of carbon polymers for rapid proliferation, an enormous increase of glucose 

uptake occurs at the blastocyst stage and the complementary function of first lineages of 

TSC and ESC are essential to navigate this energy tightrope under normal conditions, but 

which is challenged by stress (Puscheck et al., 2015). The analysis in this section suggests 

that mouse and human TSC and ESC balance of energy production and anabolic growth 

of macromolecules are similar and thus mouse in vitro stem cell developmental toxicity 

(DevTox) assays may inform in vivo testing and human outcomes.

The analyses of the balance of glycolysis and mitochondrial oxidative phosphorylation 

(ox phos) above is complicated by several changes intrinsic and extrinsic to the stem 

cells in the embryo that move from totipotency (e.g., precompaction embryos), to 

naïve pluripotency (e.g., ICM before blastocyst implantation) to formative and primed 

pluripotency after implantation and leading to gastrulation. Extrinsic conditions change for 

the early mammalian embryo which is at near arterial (8% O2) in the lumen of the oviduct 

and uterus and stem cell normoxic (2% O2) within a day after implantation (Houghton, 

2021). In this review, data are presented that suggest that the intrinsic factors or huESC and 

embryos are affected by these oxygen levels and pragmatically higher quality stem cells 

and embryos benefit from very low O2 culture. Certainly, IVF embryo culture has moved 

from 20% O2 for the initial IVF culture that produced the first human offspring (Steptoe and 

Edwards, 1978), to an optimized 5% O2 (Bontekoe et al., 2012), and is now moving towards 

a probable 2% O2 for late blastocyst culture (Bolnick et al., 2017) prior to elective single 

embryo transfer (eSET). This review shows that intrinsic pluripotency factors to the human 

embryo (morula and blastocyst) and huESC are higher at 5% O2 than 20% O2 (current 

standard huESC/iPSC culture level): Oct4, Sox2, and Nanog. Functionally, growth rate and 
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glycolysis (of huESC and embryos) and developmental potential (of human embryos) is 

higher at 5% >20% O2 (Houghton, 2021).

Under standard 20% O2 increased naïve pluripotency of cultured huESC by overexpression 

of Klf4 and Nanog, intrinsic naïve pluripotency genes, drive higher ox phos compared with 

glycolysis (Takashima et al., 2014). HuESC are known to be more metabolically bivalent 

(for ox Phos and Glycolysis) but both human and mouse pluripotent lineages convert to 

more glycolytic from naïve (before implantation) to formative to primed (after implantation) 

and low oxygen and/or hypoxia inducible factor/HIF is causal to the switch from bivalent 

to glycolytic (Zhou et al., 2012). Unlike preimplantation blastocysts and their ICM, both 

human and mouse ESC lineage of EpiLC and EpiSC at the start of gastrulation, divide 

rapidly and are highly glycolytic. Using an Oct4 distal enhancer-GFP reporter specific for 

naïve ICM pluripotency, first small screens (Theunissen et al., 2014), then large screens for 

small molecule inhibitors (Khan et al., 2021) identify optimal media additives for enabling 

transition to naïve huESC. However, these studies were done at ambient O2, and glycolytic-

oxidative phosphorylation balance was not measured. The exact nature of the metabolic 

balance of huESC in culture compared with the lineage in the ICM remains controversial. 

As noted above, the mitochondrial ox phos is never entirely nonfunctional. Even at low 

function, parts of the mitochondria are actively producing anabolic intermediates like 

citrate and oxaloacetate for nucleotide and fatty acid synthesis, respectively and signaling 

molecules for pluripotency like αketoglutarate (Chakrabarty and Chandel, 2021).

First lineage necessity for ESC and TSC is reflected by needs to gain nutrition in vivo as 
the embryo implants and accelerates proliferation.

To understand the needs of the implanting embryo and its stem cells, it is necessary to 

put proliferative and differentiative events in context with respect to the endocrine and 

paracrine signaling with maternal tissues (Fig.4). At the outer surface of the embryo, the 

first lineage of TSC secretes massive amounts of hCG which has anti-luteolytic functions 

in maintaining progesterone (Kronenberg and Williams, 2008). In humans the 1st lineage 

is syncytiotrophoblasts and in mouse the 1st lineage is trophoblast giant cells (TGC). Each 

of these first lineages are the first to contact maternal tissue and blood and the first to 

secrete anti-luteolytic endocrine hormones (hCG in human, PL1 or Prl3d1 - prolactin family 

3, subfamily D, member 1 - in mouse) (Puscheck et al., 2015). Since the implanting 

embryo first making contact with maternal blood supply is small, ranging from 100–300 

cells, and the maternal blood volume is large (e.g., 5 liters in humans), this is the most 

critical period of difficulty in achieving sufficient TSC total population growth to sustain 

sufficient first lineage differentiated cell function and to supply the massive amounts of hCG 

needed to sustain the human pregnancy (Hardy et al., 1989; Puscheck et al., 2015). It is 

another 4 weeks after the first difficult week before placental progesterone synthesis replaces 

luteal progesterone, and 3–4 days of non-exponential increase in hCG in fertile healthy 

young women, is sufficient to cause miscarriage (Wilcox et al., 1988b). Thus, there is an 

extended period beyond the first week where increasing TSC expansion and first lineage 

expansion is critical to embryo survival. In mouse the placental nutrient uptake is present, 

but full placental oxygen delivery through the umbilical cord does not occur until after 

gastrulation between E8.5 to E9.5 when oxygen delivery begins. Before placental adsorptive 
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function begins, the XEN derived visceral endoderm provides nutrition (Fig.4C) to the 

adjacent embryonic ectoderm (precursor to the adult body) and extra-embryonic ectoderm 

(proliferative TSC that provide placental mass and function)(Fleming et al., 2015; Rappolee, 

1999). Transcriptomic studies point to gene expression pattens in XEN cells that suggest that 

early human and mouse need XEN for nutrition acquisition (Cindrova-Davies et al., 2017; 

Cox et al., 2009). Cox et al., 2009 also estimated that 80% of genes expressed during human 

and mouse placental development are expressed in similar clusters during sequential yolk 

sac development. The data and analysis in this section suggest that first lineages (XEN) of 

TSC and ESC lineages request, absorb and distribute, necessary nutrition, respectively, for 

the rapidly growing stem cells and that mouse and human gene expression and usage is 

similar during implantation.

A multitude of types and sources of stress and effects from the environment and internal 
milieu are sensed in vivo and modeled with in vitro HTS to emulate the pre-gastrulation 
period and predict teratogenic effects.

Normal embryos from normal gametes are sensitive to a variety of environmental stimuli. 

For example, normal mouse embryos in IVF have slower cellular culture proliferation in the 

presence of stress hormones adrenaline or cortisol, and faster cellular growth in the presence 

of the satiety hormone leptin (indicating energy and fat reserves sufficient to maintain 

pregnancy)(Puscheck et al., 2015). Thus, it is possible that maternal endocrine and paracrine 

signaling (i.e., Leptin is secreted by oviductal and uterine epithelial cells and is available 

to the embryo during transit to the implantation site) informs the status of the prospective 

mother to the embryo on the maternal capability to initiate and maintain pregnancy. In 

animal gestational models, normal females were exposed to nutritional (isocaloric low 

protein diet) or hormonal stress (e.g., cortisol generating) only after fertilization, ovulation, 

and mating but before implantation, and the outcomes included long term pathogenic effects 

associated with epigenetic deviation, and with embryo loss (Kwong, 2000; Kwong et al., 

2004a; Puscheck et al., 2015).

Stress hormonal signaling in the internal milieu, may be exacerbated by toxicant or 

hormonal stresses entering from the environment like bisphenol A (BPA) or cortisol. For 

example, doses of BPA and cortisol calibrated to have little effect on growth alone, when 

added together cause early pregnancy loss soon after implantation and reduced litter size in 

pregnant rodents (Borman et al., 2017). It is likely that biophysical changes such as high 

altitude may change the milieu of the implanting embryo and its stem cells and can be 

pathogenic during early development. For example, the implantation site has a normoxic 

optimum of 2% O2, but high altitude or carbon monoxide toxicity of hemoglobin and lower 

O2 at the implantation site can lead to birth defects or embryo loss, especially with women 

who do not have a long ancestry at high altitude and selection over many generations of 

gene alleles best able to enable adaptive homeostasis during pregnancy (Castilla et al., 

1999; Loder et al., 2000). From animal models, prolactin like proteins are suggested to be 

important in supplying oxygen to cells in the endometrium, placenta and embryo (Puscheck 

et al., 2015). Knockouts of several of these prolactin-like protein genes are embryo lethal 

in a normal vivarium. But interestingly two of these knockouts have no effect on pregnant 

females until they are housed at one half atmospheric pressure that should produce hypoxic 

Puscheck et al. Page 12

Birth Defects Res. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stress and insufficient oxygen, and then their pregnancies are lost (Ain et al., 2004; Alam 

et al., 2007). Thus, biophysical stressors trigger homeostatic mechanisms and may also 

interact with other stress types. There are numerous high-altitude cities (Mexico City, 21.8M 

-million, Puebla, 3.2M, Mexico, Bogota 7.4M, La Paz 2.1M, Bolivia, Kunming, 4.1M, 

China, Sana’a, 2.5M, Yemen, Quito 3.2M, Ecuador, Addis Ababa 4.6M, Ethiopia, Nairobi 

4.4M; source Wikipedia for each city) above 1 or 2 miles in elevation. These are often 

in mountain valleys that have elevated levels of airborne pollutants and carbon monoxide. 

Although, stress hormones, environmental stressors, and low-calorie malnutrition and their 

mixtures can be modeled by dilution in a dose response, low O2 dosimetry in HTS mode 

would require a separate incubator or flush box for each O2 level to be evaluated. Testing the 

effects of O2 doses as a single variable or in sensitizing for other environmental toxicants, 

will have an extract level of difficulty.

While it appears that maternal signaling informs the embryo and its stem cells of maternal 

preparedness, several lines of evidence suggest that the embryo is also signalling maternal 

tissues about its status to continue a fruitful pregnancy. For example, bovine embryos 

derived from the lowest-stress normal mating, or from several more elaborate and stressful 

IVF protocols were assessed by sampling adjacent bovine endometria for changes in 

transcriptomic signatures (Bauersachs et al., 2009; Mansouri-Attia et al., 2009; Puscheck 

et al., 2015). As the protocols moved from minimal changes of normal pregnancy to more 

elaborate ones that increase stress during IVF, the endometrium expressed proportional 

deviations in transcriptomic change compared with normal pregnancy. This is interpreted 

as a stress response to the stress secretome of the manipulated bovine embryo. In a second 

model in humans, at the end of IVF culture embryos were graded as poor- or high-quality 

for reimplantation based on micrographs and morphology assessment. The spent media 

from poor- or high-quality embryo culture was either added to cultured mouse or human 

endometrial cells or injected into the mouse endometrium in vivo (Brosens et al., 2014; 

Macklon and Brosens, 2014). Inferior quality embryo spent media elicited an endoplasmic 

reticulum (ER) stress response in all assay models and excellent quality embryo spent 

media elicited a nutritionally supportive response without the ER stress in all three assay 

models. Thus, a stress secretome, that may have some conserved components since human 

spent media affects mouse endometrium, informs endometrial cells on the status of the 

embryo. Paradoxically it appears that a stressed or low-quality embryo and its stem cells are 

signaling maternal tissue not to provide nutrition but to aid in the demise of the embryo. 

Upon first consideration this seems unlikely, but in a parallel experimental design, levels 

of hypoxic stress that cause low levels of apoptosis, but primarily slow growth in cultured 

TSC, lead to irreversible differentiation, despite the presence of FGF4 which normally 

maintains multipotency. Although, hypoxic stressed TSC and their first lineage TGC are 

mostly healthy and temporarily produce an increase in essential first lineage parenchymal 

hormone, the depletion of TSC stemness would lead to embryo loss if this were to occur 

in an embryo. But it appears to be in the strategic program of TSC under stress, to allow 

override of stemness, commit large subpopulations to irreversibly differentiate, predicting 

future demise and to produce a putative stress secretome that signals maternal tissue not to 

continue support of the implanting embryo. There have been no reports that ESC have any of 

these tendencies. Existing data support a different strategy of ESC under stress: to allow low 
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levels of stress-forced lineage imbalance, but limit this to small subpopulations that maintain 

the ability to reverse the first differentiated lineage back to pluripotency. In this review we 

discuss data that suggest that ESC have much smaller responses to stress in the size of the 

subpopulation of stem cells forced to differentiate to the first lineage, and the presence in the 

first lineage of a 2-cell embryo like cell gene cluster that is associated with the ability of the 

first lineage to reverse and totipotency or naïve pluripotency.

The TSC HTS is a test where the analysis of markers is of an existential nature.

TSC are unique in that the outer TSC-derived cells facing maternal endometrial tissue 

and blood supply would be the favored choice of a stress secretome requesting removal 

of endometrial support. Also, cultured TSC reach a level of irreversible differentiation, 

whereby depressed stem cell growth and conversion of stem cells irreversibly would deplete 

the stem cell pool beyond its ability to support further development. For example, TSC 

under hypoxic stress (like the suboptimal 0.5% O2 below the 2% optimum in (Fig.2, 3), 

override TSC stemness maintaining- growth factor FGF4, to induce a state of irreversible 

stemness and growth after 4 days of culture. Hyperosmotic stress at 200mM sorbitol 

increases override of FGF4 to force differentiation of first lineage trophoblast giant cells 

(TGC), and by 7 days, FGF4 removal generated a significantly higher level of TGC, than 

override by 200mM sorbitol (Fig.3). By 7 days of culture, hypoxic stress overrides FGF4 

to force a great number of TSC to produce trophoblast giant cells. These cells have large 

endo-reduplicated nuclei for which they were named, and which make it simple to identify 

this 1st lineage (Fig.4)(Xie et al., 2014). It is not as easy to see ESC differentiation to XEN 

as this is a lower frequency event (Fig.2), but Pdgfra-GFP (1st ESC lineage) is detected in 

some cells with increasing hyperosmotic stress and these are visualized and corroborated 

with simultaneous XEN co-lineage markers like laminin (Fig.7)(Li et al., 2019). Cells 

co-expressing transgenic fluorescence due to Pdgfra-GFP, and laminin immunofluorescence 

are 1) contiguous and 2) not as frequent as differentiated TSC derived TGC (1st TSC 

lineage) induced by hyperosmotic stress in Fig.5. Interestingly, a recent study suggests that 

coherence of XEN compared to adjacent ESC might be similar to aggregation of XEN and 

delamination from the ICM/inner cell mass/ESC lineage in the blastocyst and is mediated 

by cellular fluidity as well as intercellular protein-protein interactions (Yanagida et al., 

2022). However, XEN induced by RA have been shown to revert to 2 cell embryo-like 

totipotent cells as discussed above and are not irreversibly differentiated. It is not known 

if hyperosmotic stress induces XEN reversibly like RA induced XEN, but hyperosmotic 

sorbitol induces 2 cell embryo-like gene sets, and these gene sets are expressed by NS 

cultured without stress and with LIF (Ruden et al., 2022) that are also observed in RA 

induced XEN and NS (Amano et al., 2013b; Ishiguro et al., 2017; Zalzman et al., 2010b).

In contrast, after 4 days of hypoxic stress TSC become irreversibly differentiated. Removing 

the hypoxic stress and returning to normal stemness media with FGF4 and standard ambient 

O2 after 4 days does not re-enable TSC stemness and growth (Yang et al., 2016). If TSC 

have a similar stress strategy response in vivo, the TSC population would be depleted and 

the stable population of cells after 4 days of stress would no longer support exponential 

growth or increase in mouse PL1. The irreversibly differentiated TSC at this stage (Yang et 

al., 2016), would have no future and ostensibly should be secreting the end of pregnancy 
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signal like that of a poor-quality embryo (Brosens et al., 2014; Macklon and Brosens, 2014; 

Salker et al., 2010). In Fig.2, the comparison of exceptionally large subpopulation changes 

to a differentiated state when stress overrides potency irreversibly produces the effect of 

end of embryo life and should produce the stress secretome of the poor-quality blastocysts 

that elicit ER stress responses. Ascertaining this molecular phenotype should provide a 

TSC HTS screen in vitro or blood tests in vivo, which predict stress exposures causing 

miscarriage.

Another issue in the design and analysis of TSC and ESC HTS is the ubiquity of stress, 
use of diverse stem cell sources, mixtures of different stresses, repeated exposures (i.e., 
especially to drugs and diet supplements taken daily) and the significance of testing 
teratogenic stresses in early stem cell models for the conceptus.

During embryonic development, low or transient stress is ubiquitous, and a single stress 

may be compounded by other stresses. Lack of nutrition may be compounded by stress 

hormones or lack of hormones that support embryonic development (Puscheck et al., 2015; 

Yang et al., 2017b). Lack of nutrition from conception to implantation causes long-term 

epigenetic health issues throughout life (Kwong et al., 2004b; Kwong et al., 2000; Puscheck 

et al., 2015). All these stresses slow growth of the early embryo and its stem cells. Lack 

of nutrition in vivo can cause diapause in the early embryo to arrest development prior to 

implantation, and there is a promising report that the transcriptomic signature in the ESC 

lineage in vivo during diapause is like that produced in overnight ESC culture without 

glucose (Hussein et al., 2020). Mixtures of chemicals has been evaluated in cell based 

HTS (Orbach et al., 2018), but mixtures of stress hormones, chemicals and malnutrition 

has not been evaluated. In addition to different stresses of different types, drugs, stress 

hormones, malnutrition, diet supplements, 7 categories of environmental stressors, daily 

repeated exposures of drugs and diet supplements may be modelled in high throughput 

screens (HTS) with repeated exposures and removals (Mahony et al., 2020). A tiered 

screening approach has also been developed over the years by the Environmental Protection 

Agency and this effort has emphasized developmental toxicity in recent years (Thomas et 

al., 2019). Diet is likely to be modeled in huESC cultured to maintain naïve pluripotency 

and then overnight exposure to low glucose as this produces a transcriptomics signature 

using RNAseq that is similar to that from ICM cells from starved cultured blastocysts with 

the ESC lineage modified from the normal naïve state of the late blastocyst (Hussein et al., 

2020). In addition to diverse stress and their mixtures, ethnically diverse pluripotent stem 

cell models are needed, and some have been produced (Chang et al., 2015). Prototype 

studies of mixtures of diverse types of ESC are needed to provide methods to study 

co-stresses of drug or environmental toxicants; diet, shear, hypoxia, and hormonal stress 

all have potential synergistic or additive effects.

Modeling stress in cultured TSC.

There is a lower demand for high throughput exams in TSC and fewer examples. A 

review of development of high throughput trophoblast screens has been done elsewhere 

(Lee and Kim, 2021). One model is a 3D trophoblastoid that has been used to test effects 

of glucocorticoids, bacterial cell wall components and tetrahydrocannabinol (Wong et al., 

2019). However, the cell line HTR/8 were used and the veracity in emulated placental 
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development has been questioned for this cell line compared with others (Daoud et 

al., 2016). The use of TSC toxicity models is an overlooked area of importance and 

requires development of HTS to predict irreversible stunting of proliferation and induced 

differentiation that will predict miscarriage.

Modelling stress in cultured ESC.

An interesting history of stem cell toxicology testing has been reviewed elsewhere (Liu et 

al., 2017). The Nobel prize cloning of mouse ESC by Evans was reported in 1981(Evans and 

Kaufman, 1981), but the first use of mESC for toxicology testing was about 10 years later 

(Laschinski et al., 1991). In the next 10 years after that a bifurcation occurred, where first 

toxicological testing was done on ESC cultured as ESC, while others have created protocols, 

ranging from simple to elaborate, to begin differentiation and then add toxicants to evaluate 

for effects in reaching the normal end state for certain lineages. This second test method is 

a modification of normal differentiation or forcing abnormal differentiation by the toxicant. 

A third type of “ESC” test is to do undirected differentiation or direct differentiation to a 

specific end lineage and then evaluate for dose-dependent effects of the toxicants only on 

the already differentiated parenchymal cell. For the third type of test, it can be questioned, 

depending on the length, complexity, and stability of the pre-differentiation protocol whether 

this should be called an “ESC” test. Perhaps calling it an ESC-enabled test would be more 

appropriate.

In the late 1990s through early 2000s, an Embryonic stem cells test (EST) was originated 

and validated by multiple labs under the European Center for Validation of Alternate 

Methods (ECVAM) auspices (Genschow et al., 2000; Genschow et al., 2004; Scholz et 

al., 1999). There were two key components of the ESC part of the validation: toxic 

override of stemness culture resulting in ESC death and toxicant addition after pluripotency 

growth factor removal to evaluate for modifications of normal differentiation. In this 

case differentiation specifically to cardiomyocytes was examined. After 2001, with the 

maturation and improvement of protocols for directed differentiation, brought on largely by 

the needs of the field of regenerative medicine, the field of ESC toxicology shifted to the 

2nd and 3rd types of protocols: for toxicologic stress modified differentiation or toxicologic 

effects on ESC enabled end differentiated cells. Direct tests on ESC cultured to maintain 

stemness and for toxicological override of stemness has dwindled.

This review suggests that in the studies needed to evaluate for the basis of ESC (or TSC) 

predicted miscarriage or teratogenic outcome, toxicants should be added to ESC cultured 

as ESC, or to very early-stage of modified differentiation. This is evaluated by removing 

pluripotency maintenance and immediately adding a toxicant in a model of modified normal 

differentiation. In the embryo and fetus there are fields of stem cells in vivo that proliferate 

and both daughter cells resulting from mitosis renew pluripotency or multipotency (Corson 

et al., 2003). Thus, adding a toxicant in these culture conditions tests for exposures that 

override potency and imbalance or depletion of the normal population size of stem cells, to 

reflect diminishing the proliferative field in vivo. For TSCs there are known fields within 

10 cell distances of the multipotency growth factor FGF4, and outside the 10-cell field, 

there is an immediate loss of stemness-maintaining signalling and gain of transcription 
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factors mediating maintenance and initiation of normal differentiation. One test showed 

that in a culture model of implantation, hyperosmotic sorbitol produced TGC in the whole 

embryo that enabled breaching of the cultured endometrial cell layer, but very high levels 

of repetitive stress levels were needed (Ruane et al., 2018b). Multiple simultaneous stresses, 

hormonal, nutritional, biophysical, environmental etc., may have been sufficient to induce 

differentiation of TSC in blastocysts in this in vitro implantation model. It is important to 

evaluate for effects on the proliferative field for TSC in embryos during implantation in vivo 

and whether stress exposures can affect stemness in the field.

Methods using cultured ESC to understand toxicant lowest observed adverse effect levels 

(LOAELs), IC50s and mechanisms in low throughput have been used sporadically since the 

early 1990s. The ECVAM multi-lab EST validation elevated the number of stimuli able to 

be evaluated into the 10s. But development of high throughput screening was inspired by 

a perspective from a Research Council overseen by the National Academy of Sciences and 

their seminal insight in the need for HTS testing in cell culture; Toxicity testing in the 21st 

century:(National Research Council (U.S.). Committee on Toxicity Testing and Assessment 

of Environmental Agents., 2007). The key concepts here were the absolute need for HTS 

testing prior to animal testing to reduce and refine, if not replace the 10s of millions of 

animals that would be required with no pre-screening. A framework protocol was suggested 

whereby 7 classes of toxicants (e.g., hypoxia, metals, reactive oxidant stresses, mutagens 

etc.) could be evaluated using a hierarchical apex gene for sensing or conducting the cellular 

stress response. In this protocol a transgene with the promoter of such an apex gene would 

drive a viable reporter (e.g., fluorescence) or end of exposure reporter (e.g., luminescence). 

Several companies began marketing such transgenes and assays within the first years after 

the Vision document. This effort has resulted in a selection of accurate, low FDR assays 

able to screen very large 50,000,000 datapoints(Huang et al., 2016) But these studies in 

HTS mode used only somatic cells and mostly end of culture luminescence A multitude of 

cellular HTS were surveyed but no DevTox models were explored. The next promising area 

is to evaluate DevTox HTS assays using culture of viable reporter TSC and ESC in a live 

imager that report stemness, differentiation, growth, and metabolic status kinetically during 

the assay and transcriptomics and epigenomics at the end of culture. It will be important to 

test TSC and ESC by larger toxicant sets such as that done in the multi-lab validation of 

the ESC toxicant screen (Genschow et al., 2000) and move beyond initial stresses such as 

hyperosmotic and hypoxic stresses.

High throughput screens in ESC have been used largely to find compounds that define and 

maintain the pluripotent state itself, but some use of ESC in HTS toxicology testing have 

been published. High throughput screens in ESC have been used to identify compounds 

(Desbordes et al., 2008) or inhibitors (Khan et al., 2021) that optimize pluripotency. Long-

term efforts in industry are beginning to produce HTS of pluripotent stem cells for testing 

toxicological effects (Jaklin et al., 2021).

Despite massive efforts like those at Hoffman LaRoche and small efforts by single academic 

labs, HTS in ESC evaluated in the initial stemness state have been slow to develop. 

However, other elements of toxicant and stress modeling in ESC show promise. ESC 

cultured to maintain stemness have a rapid sensitive metabolic change that predicts a “wide 
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range of fetal” toxicological endpoints which were not specified (Palmer et al., 2013; 

Zurlinden et al., 2020). Several in vitro assays have been reported that study toxicological 

effects specifically on gastrulation (Gao et al., 2014; Warkus and Marikawa, 2017). 

However, these tests used embryoid bodies of ESC and have not emerged as HTS, yet. 

Reversibility of stress effects in a necessary criterion for assigning developmental toxicity 

in early peri-gastrulation stages of ESC pluripotency. A seminal study of reversibility 

was reported recently where tipping points of exposure in an HTS were defined that 

showed stress effects or relevant levels of all trans retinoic acid (ATRA) during definitive 

differentiation of cultured human pluripotent stem cells to produce definitive endoderm 

(Saili et al., 2020). Thus, there are a few promising ESC based assays which report aspects 

of DevTox but lack completeness in providing specific predictions of teratogenic outcome or 

are not yet at HTS for rapid screening.

A different strategy is to use viable promoter reporter ESC in a live imager to provide 

a kinetic report of toxicant responses that may be used to cross reference other non-

viable promoter reporter outcomes, as well as proteomic, transcriptomic, and epigenomic 

outcomes at Tfinal of exposure. Time lapse using transmitted light provides morphogenetic 

trajectories and some incidental stress phenotypes, and viable status reporters cross 

reference morphogenetic milestones and/or stress duration with energy depletion and 

the need to activate AMPK (AMPKAR viable reporter mentioned previously) to change 

anabolic/catabolic pathways to re-establish homeostasis. One viable reporter is for toxicant 

stress effects on decreased baseline naïve pluripotency through decrease in Rex1-red 

fluorescent reporter (RFP) ESC (Li et al., 2016a; Li et al., 2016b). These were used in HTS 

mode to report stemness decrease in Rex1. Increase in the first lineage reported Pdgfra-GFP 

viable reporter culture, have been reported in an HTS using about 20 toxicants also used 

during the ECVAM EST validation (Li et al., 2016a; Li et al., 2019; Li et al., 2016b). A 

further trial was done with fluorescence ubiquitinated cell cycle indicator (FUCCI) which 

can show time lapse kinetics of diminished growth due to general stresses and endocrine 

disruptors (Abdulhasan et al., 2021) and mutagenic stress (Abdulhasan et al., 2022). Scaling 

up of these assays and translation to a huESC model needs to be done. A reproducible 

culture HTS to model the mammalian approach to gastrulation in monolayer to multilayer 

2D culture has been performed, using printed micropatterns (Deglincerti et al., 2016b; Fu et 

al., 2021; Warmflash et al., 2014). These are reproducible assays which require a complex 

bioinformatics pipeline but may provide a HTS for DevTox.

Conclusion

This review shows that early pre-gastrulation embryos should be examined for how stress 

effects their later development. This should first be done in HTS using TSC and ESC 

cultured to maintain potency and either differentiate normally by removal of potency-

maintaining growth factors or override with single or mixed stresses to determine kinetics, 

energetics, and dose exposures that lead to miscarriage or sublethal chronic health effects. 

Although a sizable proportion of embryos die due to stress pre-gastrulation, the ones that 

survive have effects that continue to future development that have not been fully examined. 

Also, it is becoming clearer how TSC, and ESC HTS can best be used to model stresses that 
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cause pre- and post-natal sublethal teratogenic and epigenetic health outcomes compared 

with outright embryo loss.

TSC cultured to maintain stemness respond to several stimuli with induction of the first 

lineage and parenchymal function. Thus, several stress stimuli slow growth and induce the 

first lineage at high subpopulation levels above 50% of all stressed TSC.

ESC cultured to maintain stemness respond to several stimuli by losing remnant totipotency 

markers and by losing naïve pluripotency markers associated with baseline stemness culture. 

ESC with all 4 environmental or hormonal stresses have a large significant gene expression 

response that is almost identical to normal differentiation (ND). But ND requires LIF 

removal, and the 4 stresses tested (cortisol, benzo(a)pyrene, diethylphthalate, or perfluoro-

octanoic acid) are an override of LIF+ presence (Ruden et al., 2022). A long-time positive 

control stress for ESC, TSC and embryos can override LIF+ in ESC and force first lineage 

XEN, while suppressing later lineages, an outcome like the same positive control in TSC. 

The normal 1st lineage morphogen (RA) also modifies ND (LIF removal) by more quickly 

and largely inducing the 1st lineage than LIF removal alone. However, the induction of first 

lineage by RA and sorbitol, induced a 2-cell embryo like gene cluster which was previously 

defined as identifying a small subpopulation of XEN 1st lineage cells that had a sort of 

“wormhole” of reversibility back to totipotency during RA stimulation. Unlike ESC, TSC 

become irreversibly differentiated to first lineage with hypoxic stress and once induced to 

high polyploidy, it is unlikely that TGC can reverse to 2–4N TSC.

Thus, ESC function as an analysis of markers in reports stress-forced override to first 

lineage, but this is a much smaller subpopulation of cells and is more intrinsically 

reversible than in TSC. In ESC, if there is a pan stress marker it is not first lineage in 

environmental stresses evaluated to date. The shared response to four different stresses, 

cortisol, benzo(a)pyrene, diethylphthalate, or perfluoro-octanoic acid override LIF in 

cultured ESC is to depart from naïve stemness of the ICM and up- or down-regulate 

nearly 100 genes in the same direction, and with mostly the same magnitude, as normal 

differentiation by LIF removal (Ruden et al., 2022). This does not cause first lineage 

differentiation like sorbitol or retinoic acid (Li et al., 2019), and does not complete the 

transition from naïve to formative pluripotency like ND culture of ESC, but putatively 

causes a partial transition to formative pluripotency.

For TSC the common outcome of stresses is to override stemness and irreversibly 

differentiate most cells to the 1st lineage, an outcome more like a major acute effect that 

would irreversibly differentiate TSC and lead to death of the conceptus, not a chronic 

sublethal marker that predicts long-term health issues. TSC appear to be the best to evaluate 

stresses that cause diminished growth and changes in gene expression which would lead to 

miscarriage, and ESC appear to be the best to evaluate for lineage imbalance and epigenetic 

change that will have teratogenic effects at, during, and beyond gastrulation. Currently, this 

workflow works best in mouse. The mouse model provides high quality ESC and TSC 

with expanded pluripotency and multipotency, respectively, compared with human ESC and 

TSC. Most initial isolates of human ESC and iPSC are not likely fully pluripotent common 

to muESC and preimplantation blastocysts, but are more like post-implantation formative/
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EpiLC or primed EpiSC that are no longer are capable of XEN differentiation [Austin 

Smith, personal comm, (Rossant and Tam, 2017)]. A few huESC original isolates such as 

T3ES are exceptional in retaining pluripotency to produce XEN as denoted by TMPRSS2 

induction with normal differentiation (Chen et al., 2011), but other pancreatic islet cell 

definitive endoderm that was negative for TMPRSS2. These findings were in agreement 

with a previous report that TMPRSS2 was a XEN-specific marker not shared with definitive 

endoderm during early embryonic development (Yasunaga et al., 2005). Recent advances 

of resetting naïve pluripotency in human ESC or iPSC resulted in a fuller pluripotency and 

increased XEN differentiation from huESC such as widely-used H9 (Linneberg-Agerholm 

et al., 2019), despite diminished pluripotency regarding XEN production from the original 

isolate (Thomson et al., 1998). In addition, a promising human TSC has been isolated that 

stably emulates a broad multipotency resembling mouse TSC (Okae et al., 2018). Although 

challenging, a combined human ESC and TSC paired assay should provide HTS that can 

predict early embryo loss and teratogenicity.
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Fig.1. 
Human embryo, fetal, placental results for A-E, and mouse for F-H. Pyramid with nonlinear 

time periods from fertilization at bottom and live birth at top, three negative outcomes and 

one positive outcome on left, fractional outcomes in pyramid, and methods of assignment 

of timepoint thresholds on right of pyramid Modified from (Macklon et al., 2002). B. 

Weeks of pregnancy based on last menses. C. Days of pregnancy where fertilization = E0, 

D embryonic-fetal events, E. placental events, F. Days of pregnancy after fertilization. G. 

Mouse embryonic-fetal events, H. Fetal placental events. Blue asterisks in F, G, and H refer 

to groups of lethal mutants affecting specific functions over short periods of developmental 

times as indicated.
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Fig.2. 
From normal stemness culture (NS) to a high, but viable, stress-forced loss of stemness and 

gain of first lineage, bright first lineage sorted Pdgfra-promoter ESC increase from nothing 

to about 1%, whereas first lineage trophoblast giant cells induced from TSC increase from 

about 5% to 50%.

In ESC (A) the key comparison is between NS after 3dy culture and 300mM sorbitol 

override of NS (LIF+/stemness maintain growth factor) (modified from Li et al. 2018, 

Abdulhasan et al. 2021). In TSC (B) the same type of comparison as ESC is between 

baseline NS after 6day of culture and 0.5% oxygen – sharply stressful compared with 

optimal 2% oxygen – and its override of NS (fibroblast growth factor (FGF)4/stemness 

Puscheck et al. Page 31

Birth Defects Res. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



maintaining growth factor). 300mM sorbitol and 0.5% oxygen produce similar levels of 

growth decrease in ESC and TSC, respectively (modified from Yang et al., 2016). Note that 

maximum ESC first lineage XEN is ~1% bright after 3day of 300mM sorbitol, but that at 

0.5% hypoxia oxygen levels at 3day 27% of TSC are first lineage giant cells and by 6day 

51% are giant cells.
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Fig.3. 
Human and mouse embryos accelerate stem cell proliferation from allocation of ESC and 

TSC prior to and after implantation. But TSC acceleration precedes ESC. (A, B) Mouse 

exponential growth diagrams were modified from (McLaren and Snow, 1976). (C.) The 

human exponential growth diagram was modified from (Hardy et al. 1989) and first lineages 

assignments were added from (Petropoulos et al. 2015). At the top, oxygen levels in the 

oviduct and uterus before implantation are on the left and after implantation on the right, 

from (Houghton, 2021). In (A) at the far left, increase in cell number or embryo/fetus 

mass is shown throughout mouse gestation (McLaren and Snow, 1976). In the red box, 

is shown the period of exponential growth that starts when ESC and TSC are allocated 

in the preimplantation embryo and continues for days after implantation. The start of the 

exponential period in the red box is enlarged for mouse (B) and human (C) peri-implantation 

development, where yellow highlights show ESC and TSC first lineages, blue highlights 
show ICM and ESC early pluripotent lineages and light brown highlights other multipotent 

TSC lineages.
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Fig.4. Oocytes are fertilized mid-endocrine/menstrual cycle (A), implant during the E2 peak 
about 6 days later, and must produce sufficient embryonic hCG (C) to maintain progesterone 
synthesis by maintaining ovarian luteal secretion (B) that maintains endometrial secretory phase 
nutrition (D) for the implanting embryo and its XEN nutritional uptake (C).
As embryos implant into the uterus at E4.5 and access maternal blood supply, they produce 

first lineages from ESC (e.g., nutrient acquiring extra-embryonic endoderm/aka XEN cells) 

and from TSC (C) (e.g., indirect nutrient-requesting hormone from syncytiotrophoblasts 

1st lineage in human-human chorionic gonadotropin-(hCG) and from mouse trophoblast 

giant cells/TGC- placental lactogen-(PL)1) (Yang et al. 2017). If hCG does not increase 
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exponentially and induce luteal progesterone that induces endometrial nutritional support for 

the implanting embryo, the embryo miscarries (Wilcox et al., 1988). If XEN, and its early 

lineage primitive and visceral endoderm sub-lineages, are not sufficient to absorb nutrients 

and deliver them to the adjacent embryonic or extra-embryonic cells, the embryonic 

ectoderm cells die (Rappolee, 1999). Modified from the above references and Kronenberg 

and Williams, 2008. First lineage of the inner cell mass (ICM, dark purple) of ESC is 

XEN (orange XEN/ExEndo in E3.5 preimplantation and E5.5 post-implantation embryo). 

XEN next to the preimplantation ICM at E4.5 is called primitive endoderm and at E5.5 XEN 

adjacent to embryonic ectoderm is called visceral endoderm. First lineage from TSC arises 

by E5.5 as the red outer cells (trophoblast giant cells secreting hCG for mouse orPL1 for 

human. TSC at E3.5 and E5.5 are light purple, and require FGF4 to maintain multipotency, 

proliferation and aerobic glycolysis. Note that dark purple cells at E3.5 are 0th lineage 

naïve pluripotent ESC lineage, and at E5.5 have restricted to formative pluripotent ESC 

2nd lineage. In green is shown the times when major events happen such as implantation 

(C), and if the first lineage differentiated from TSC makes insufficient hCG, the crash of 

progesterone (A) and subsequent secretory endometrial crash (D). The greatest miscarriage 

rate is during early implantation, but the placental progesterone production does not replace 

luteal progesterone for another 5 weeks and hCG must increase exponentially during this 

period to maintain luteal progesterone and prevent embryo loss.
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Fig.5. 
During a 30hr exposure, the number of 1st lineage trophoblast giant cells (TGC, yellow 

arrowheads) with ploidy > 8, increases from 0mM sorbitol (A, B), 50mM (C, D), 100mM 

(E, F) to 200mM sorbitol (G, H). And TSC (2–4N, white arrows) decreases. This happens 

despite the presence of FGF4 which normally maintains TSC multipotency and proliferation, 

ploidy (2–4N). (I) During a 7-day exposure at 200mM sorbitol, initially at 2day stress 

overriding stemness creates higher levels of ploidy despite FGF4 presence, but by 7 days 

0mM sorbitol with FGF4 removal increased ploidy to significantly higher levels of ploidy 
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(Pvalue <0.05 by t test). A similar finding of early increase of ploidy at 2 days for hypoxic 

stress at 0.5% O2 despite FGF4 (as in Figure 1) and higher ploidy at 20% O2 with FGF4 

removal at a later day was previously published (Xie et al., 2014). Modified from data 

previously reported (Awonuga et al., 2011).
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Fig.6. 
TSC maintain stemness and low ploidy (2–4N, white arrows as in Figure 4) in standard 

culture with FGF4 and ambient O2 (A). But hypoxic stress of 0.5% O2 (below the 2% O2 

optimum) overrides FGF4 to produce trophoblast giant cells (TGC) with high ploidy (yellow 

arrowheads as in Figure 4) (B). Hypoxic stress with FGF4 removal (D) causes imbalanced 

differentiation to TGC like normal balanced differentiation (C).
In ESC (A) the key comparison is between NS after 3dy culture and 300mM sorbitol 

override of NS (LIF+/stemness maintain growth factor) (modified from Li et al. 2018, 

Abdulhasan et al. 2021). In TSC (B) the same type of comparison as ESC is between 

baseline NS after 6day of culture and 0.5% oxygen – sharply stressful compared with 

optimal 2% oxygen – and its override of NS (fibroblast growth factor (FGF)4/stemness 

maintaining growth factor). 300mM sorbitol and 0.5% oxygen produce similar levels of 

growth decrease in ESC and TSC, respectively (modified from Yang et al., 2016).
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Fig.7. 
During a 3-day exposure, the number of 1st lineage XEN is low compared to all Hoechst-

stained cells at any sorbitol dose from 0–250mM sorbitol overriding LIF (Li et al., 

2019). XEN cells are visualized by co-expressing Pdgfra promoter-GFP (A, D, G, J), and 

endogenous laminin detected by immunofluorescence (B, E, H, K), but these are found in in 

contiguous colonies of cells only occasionally and even then, are only a small subpopulation 

of cells as visualized by Hoechst nuclear stain (C, F, I, L). Compare this with the high 

frequency of first lineage TGC induced by hyperosmotic sorbitol (Fig.4) or hypoxic O2 
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(Fig.4) despite FGF4. Compared also are the subpopulation fraction size of cells expressing 

first giant cell nuclei after hypoxia in Fig.1B with the fraction of Pdgfra promoter-GFP+ 

bright cells in Fig.1A. This figure was modified from data from Li et al, 2019.
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