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Volne radikaly jsou zahrnovany mezi signalni
molekuly podilejici se na rizeni bunecnych
regulaci.

- Regulovana (nizka) produkce volnych radikalu
iIndukujici specificke zmeny bunecnych struktur
(napf. postranslacni modifikace proteinu, vznik
specifickych lipidovych peroxidu) které se
uplatnuji v intracelularnim signalovani.

- Produkce volnych radikalu v burice nad urcitou
uroven vede k poskozeni bunecnych struktur
(nespecificke) v takové mire, ze bunka neprezije



Volné radikaly jsou zahrnovany vetsinou v
signalnich drahach stimulujici bunky k odpovedi
na stresujici faktory (vCetné zvyseného mnozstvi
volnych radikalu v okoli, zareni, ...), ale take v
signalnich drahach indukovanych rustovymi
faktory nebo vybranymi mediatory zanetu.



Expozice k oxidativhimu stresu

Indukce signalnich drah vedoucich k zvySeni aktivity
antioxidacnich obrannych mechanismu.

To chrani organismus proti puvodci stresu a dale proti
pristimu 1 treba silnejSimu  oxidativnimu  stresu
(preconditioning).

Obdobnou reakci vyvolavaji takeé toxicke latky xenobiotika,
pesticidy, herbicidy, fungicidy, ozon, cigaretovy kour, nebo
zareni. To je spojeno s mechanismem jejich pusobeni —
Indukce intra- nebo extra-celularni tvorby ROS.



Bakterialni redoxni regulace

Baktérie vystaveni zvysenému oxidativhimu stresu, ktery
vsak nepresahne letalni uroven, zvysuje syntezu desitek
ochrannych proteinu — indukce resistence baktérii.

Intracelularni mechanismy baktérii rozliSuji typ oxidantu -
geny indukované po ovlivneni superoxidem se lisi od
genu indukovanych H,0..

2 rodiny redox dependentnich transkripénich faktoru

Proteiny SoxR a SoxS ridi odpoved na superoxid
Protein OxyR ridi odpoved na peroxid vodiku



Regulace Sox transkripénich faktoru

Superoxid aktivuje senzitivni centrum SoxR kterym je
klastr zeleza-siry (2Fe-2S) zabudované v proteinové
strukture. Dochazi k oxidaci [2Fe-2S]* na [2Fe-2S]?*. To
umozni vazbu SoxR na DNA a indukuje expresy nekolika
genu vEetné SoxS. SoxS indukuje transkripci dalSich genu
(napr. pro MnSOD, DNA reparacni enzymy ...).
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Regulace OxyR transkripcniho faktoru — H,0O,

Transkripcni faktor OxyR ma nékolik cysteinl, které jsou umistény v
regulacni casti proteinu. Oxidace SH skupin téchto cysteinl vede Kk
formaci cysteinovych muastku a aktivaci transkripéniho faktoru. Navazanim

na promotor dochazi k

(reparace DNA), katG (peroxidaza) a gorZ (glutathion reduktaza).

Schematic Model of OxyR activation

Reduced / Inactive

Imactive

Oxidized |/ Active

L)

55 585585858

E:N.r-. blndlng actr-.rlt;r

HE*DE

intra cel[ular
thiol / disulfide ratmf

Benoit D’Autréaux and Michel B. Toledano, 2008

indukci transkripce 9 proteinu véetné OxyS

LG
OxyR

Inactive Form

Sulphenic

50“ acid

oxyR

i o
Qﬁ.\

{ %H R
N — l Active Form

Liu 2005 Circ. Res.




Redoxni regulace u kvasinek

l =
Homologem OxyR u kvasinek Yapt Lns s i

Sacharomices sp. je Yap1.
Mutace v genu pro Yap1
nebo jeho delece zpusobuje
nepritomnost antioxidacnich
enzymu. Regulace aktivity je
dana formaci disulfidovych
mustkud v pfitomnosti enzymu
Gpx3 pribuznému glutation
peroxidazam.

Liu 2005 Circ. Res.



Odpovéd’ u vyssich organismu na zmény
redoxniho prostredi v bunce

Expozice ROS a/nebo zmeny v intracelularnim
thiolovem redoxnim stavu indukuiji

- zmeny v signalizacnich kaskadach protein kinaz,
nasledné trankripCnich faktoru vedoucich k modifikacim
trankripce genu

- pfimou zménu aktivity transkripénich faktortu vedoucich
k modifikacim trankripce genu



Posttranslational modification/Oxidative damage to
proteins

* Site-specific amino acid modifications (specific amino acids
differ in their susceptibility to ROS attack)

* Fragmentation of the peptide chain

» Aggregation of cross-linked reaction products

* Altered electrical charge

* Increased susceptibility to proteolysis

» Oxidation of Fe-S centers by O, - destroys enzymatic
function

 Oxidation of specific amino acids “marks” proteins for
degradation by specific proteases

 Oxidation of specific amino acids (e.g., Tyr, Cys) leads to
cross-linking



Alternative pathways of protein tyrosine phosphatase inhibition
by ROS or by changes in the thiol/disulfide redox state
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A cysteine residue in the catalytic site of the phosphatase is critical for its catalytic
activity. Inactivation can occur either by reaction with hydrogen peroxide to form a
sulfenic acid derivative or by reaction with glutathione disulfide, resulting in
glutathiolation of the critical cysteine residue. Reactivation may occur by reaction
with reduced glutathione or other thiol compounds.



Zakladni principy
intracelularniho
prenosu signalu se
zahrnutim ROS

signal (primarni posel)

(hormon, neurotransmiter, ristovy faktor,
cytokin, tfeci stres, oxid dusnaty, ROS?)

/

receptor

plazmaticka membrana

(membranovy
nebo cytosolovy) \

prevodni systém signalu
(receptorova tyrozinkinaza, proteiny G,
NADPH-oxidaza?)

sekundarni posel

(cAMP, cGMP, diacylglycerol,
inozitoltrisfosfat, ROS?)

proteinkinazy /

+ ATP

kaskada
fosforylacl

\ @
regulace
-enzymu

transkrlpcnl faktory

™~

N

signaly z jinych
informacnich cest

terciarni posel
(uvolnéni ca®
do cytoplazmy)

e

transkripce specifickych genu

DNA

\

regulaéni

proteiny

.

: prbllferac'e, :
| diferenciace,
apoptoza :




Two Classical Transcription Factors are Associated
with Exposure to Oxidants:

« MAPK/AP-1 (Activator Protein-1) * NF-«xB (Nuclear Factor — «B)

Proliferation Inflammation
Survival Survival

Apoptosis/Death Cell Cycle Control

Mossman & Stern 4



General Schema
for Mitogen-Activated Protein Kinase (MAPK) Cascade

Stimul Growth Factors Cytokines
IMuius ROS / RNS Cellular Stress
l | (Osmoaotic stress, ROS)
MAPK Kinase Kinase Raf
| MEKK
MAPK Kinase MEK1/2 <N
1 MEKS3 MEK4
,, l l
MAlpK ERKlllz P38 INK1/2
Response Mitogenic Stress Responses

growth, differentiation

ERK=Extracellular Signal-Regulated Kinase
JNK=c-Jun N-terminal Kinase
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Transkripcni faktor NF-xB

NF-xB (heterodimer p50 a p65) je komplex proteinu které aktivuji
transkripci mnoha genu jako odpovéd na rizné stimuly.

V neaktivni formeé je vazany na inhibiCni podjednotku IkB.
Fosforylace vede k aktivaci, disociaci a degradaci IxB.

Aktivovany NF-xB se presune do jadra, vaze se na DNA a aktivuje
expresi nékolika genu (iNOS, proteiny akutni faze, rustové faktory,
adhezivni molekuly atd.).



Model aktivace transkripcni faktor NF-xB
peroxidem vodiku
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Transkripéni faktor AP-1
(activator protein 1)

AP-1 je dimer, produkt genu jun a fos.

U neovlivnénych bunek je pouze malé mnozstvi inaktivnino AP-1
v cytoplasme a to ve forme homodimer dvou c-Jun.

Stresove faktory vcCetne zareni, peroxid vodiku, prozanetlivych
cytokinu a také antixodiantt indukuji syntézu AP-1.

Nove syntetizovany AP-1 nemusi jeste byt aktivni. Vazebna kapacita
AP-1 na DNA je regulovana redoxnim mechanismem zahrnujicim
cysteinova rezidua na DNA-binding doméné Fos a Jun (prima
kontrola aktivity transkripcniho faktoru). Oxidace ma za nasledek
pokles vazebné kapacity. Oxidace je revertovana primo
intracelularnimi  thioly nebo bunecnym redox/DNA-reparacnim
enzymem Ref-1 (redox factor 1).



Formation of Activator Protein—1 (AP-1)
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Prima modulace aktivity transkrip&nich faktort pfes bifunkéni enzym Redox
faktor-1 (Ref-1).

Na C-terminalnim konci konservovana doména s DNA-reparachi aktivitou.
Ugastni se opravy apyrimidinovych-apurinovych nukleotid(i (modifikace
vznikajici po expozici k ionizujicimu nebo UV zareni a ROS).

Na N-terminalnim konci Ref-1 je redoxni regulaéni doména obsahuijici
cysteiny jejichz modifikace umoZznuje regulaci transkripcnich faktora (AP-1,
NF-kapaB, p53, HIF-1 a HIF podobné faktory). To je dano tim, ze
oxidované formy téchto transkrip¢nich faktorl maji omezenou vazbu na
DNA a Ref-1 je kliCovy pro jejich specifickou redukci.
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Regulation of the
transcription factor HIF-1
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Regulation of the transcription factor hypoxia-
inducible factor 1 (HIF-1). HIF-1is a
heterodimeric protein composed of the subunits
HIF-1a and HIF-1B, the genes of which are
both constitutively expressed. Changes in
oxygen tension fail to affect the concentration of
HIF-1PB, whereas HIF-1a is rapidly degraded
under normoxic conditions by proteasomes in a
ROS-dependent fashion. In these cells, ROS
production is tightly linked to oxygen
concentrations and, therefore, serves as a sensor
for oxygen tension.

HIF-1 kontroluje gen pro erythropoietin.
Hypoxie tudiz indukuje HIF-1 a tvorbu erythropoietinu.



The Nrf2—Keap1 System

Coordinates cellular response to oxidants or xenobiotic stress

(Induction of a host of detoxifying enzymes known collectively as phase I
and II enzymes - NAD(P)H quinone oxidoreductase, glutathione S-
transferase, cysteine- glutamate exchange transporter, and the multidrug
resistance—associated protein)

Cis-acting elements in the regulatory regions of these and other
coordinately induced genes is a motif termed the antioxidant

responsive element (ARE).

Transcriptional regulator Nrf2 as the factor that binds to this element.
Nrf2 is also a bZIP transcription factor that binds DNA as a heterodimer in
conjunction with members of the Maf family.



The Nrf2—Keap1 System
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Schematic of the speculative two-site interaction model of KEAP1-NRF2. The dimeric Kelch-like ECHassociated protein-1 (KEAP1) receptor
contacts one NRF2 (nuclear factor (erythroid-derived-2)-like-2) molecule at two distinct N-terminal sites103,131. The KEAP1—cullin-3 (CUL3)
complex constantly targets NRF2 for proteosomal degradation through ubiquitylation of NRF2 Lys residues that are located at its N terminus, between
the two KEAPL interaction sites.

Electrophiles and signals from reactive oxygen species (ROS) modify KEAP1 Cys residues, leading to zinc release and a conformation that is non-
permissible for ubiquitylation. An alternative speculative model proposes that two NRF2 molecules are each contacted by the Kelch domain of dimeric
KEAPL1 (Ref. 104). Phosphorylation of Ser40 by phosphatidylinositol 3-kinase (P13K), protein kinase RNA (PKR)-like endoplasmic reticulum (ER)
kinase (PERK) or protein kinase C (PKC) might also lead to ubiquitylation arrest. KEAP1 dimerizes through the broad complex—tramtrack—bric-a-brac
(BTB) domain and interacts with NRF2 through the Kelch domain. The KEAP1 intervening region (IVR) that carries reactive Cys residues is located
between the BTB and Kelch domains. ARE, antioxidant response element; CNC-bZIP, cap ‘n’ collar-basic leucine zipper; DGR, double glycine repeat;
GSH, glutathione.



Trx (thioredoxin) oxidoreduktasa

Trx je jednim z proteint inducibilné exprimovanych v lymfocytech po
pusobeni oxidantu

Trx + glutathionovy systém hraji kliCovou ulohu v udrzovani
redukujiciho intracelularniho redoxniho stavu.

Trx gen ma sekvence, které obsahuji vazebna mista pro AP-1 a NF-
kappaB

Expozice Mf oxidativnimu stresu indukuje expresi Trx peroxidasy
(peroxyredoxinu), Hem oxygenasy 1 (HO-1) a cystinového
transportéru x.~ Trx (thioredoxin) oxidoreduktasa

Protoze plasmaticka koncentrace redukovaného cysteinu je nizka,
cystinovy transportér ma kliCovou roli v zasobovani cysteinem a v
biosyntéze glutathionu v Mf a lymfocytech



Role of ROS in insulin receptor kinase activation
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Interaction of the insulin receptor with its ligand causes the
activation of NAD(P)H oxidase and the production of
superoxide and hydrogen peroxide. Hydrogen peroxide, In
turn, is involved in the autophosphorylation and activation of

the insulin receptor kinase.



Role of ROS in
EGF receptor-mediated signalling

signalling
cascade

other
receptors

The interaction of the EGF receptor or other related membrane receptors with
corresponding ligands leads to activation of NAD(P)H oxidase and the
production of superoxide and hydrogen peroxide. Hydrogen peroxide, in turn,
facilitates the autophosphorylation of the membrane receptor and the induction
of the signal cascade. The activation of NAD(P)H oxidase by other membrane
receptors such as the angiotensin Il receptor can provide a cooperative effect
that contributes to the autophosphorylation of the EGF receptor and to the
activation of the EGF-dependent signaling cascade.
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Redox-sensitive signaling pathways in
vascular cells.

G protein—coupled receptor agonists,
mechanical forces, and growth factors
activate both redox-sensitive and
redox-insensitive signaling pathways.
1- G protein—coupled receptor is
activated, phospholipases produce
soluble and lipid second messengers
that lead to activation of the NAD(P)H
oxidase.

2- Superoxide and H,0, modify the
activity of tyrosine kinases such as c-
Src, Fyn, and the EGF receptor kinase,
as well as serine/threonine kinases
including p38MAPK, JNK, big MAPK,
and Akt.

3- Redox-sensitive and -insensitive
pathways converge to stimulate
downstream growth-related enzymes
such as p70S6K and p90RSK and to
activate transcription factors leading to
expression of redox-sensitive genes.



TABLE 2. Redox Sensitivity of Gene Expression in Cardiovascular Cells

Gene Cell Type Sstimulus Reference
VCAM-1 Endothelial cells TNF-a, IL-1e, IL-18, IL-4 116, 117
[CAM-1 Endathelial cells THF-x, NO, lactosylceramide 26,71, 73, 116
E-selectin Endothelial cells IL-1e, LPS, PMA, TNF-« 73,117, 118
MCP-1 Mesangial cells TNF-e 24,72, 106, 119
VSMCs POGF
V5MCs Ang 1l
VSMCs TNF-a
MCSF Endothelial cells TNF-a, ox-LDL 75, 76, 119
Endothelial cells Halz, TNF-a
Mesangial cells TNF-e
eN0s Endothelial cells Xanthine/xanthine oxidase 120
iNOS Mesangial cells IL-18 121
CufZn-500 Endothelial cells Ha0; 70
Catalase Endothelial cells Ha0; 70
Glutathione peroxidase Endothelial cells Ha05 70
Mn-S0D Endothelial cells Thioredoxin 122
HO-1 Endothelial cells Hy0s, shear stress 30,123, 124
Macrophages Ox-LDL
VSMCs POTC
CoX-2 Mesangial cells IL-18 89, 121
V5SMCs Catalase overexpression
HSP-70 Endothelial cells Ha0; 70, 125
Xanthine/xanthine oxidase
Scavenger receptor V5SMCs PMA, HoOzvanadate 126
Macrophages
IL-8 Microvascular H,0, 127
endothelial cells
HB-EGF Endothelial cells Ha0; 128, 129
VSMCs Methylglyoxal
Atrial natriuretic factor Cardiac Ouabain 130
myocytes
VEGF Endothelial cells Ha0; 131,132

VSMCs

Hz0,. 4-hydroxynanenal

efi NOS indicates endothelial/inducible nitric oxide synthase; HO-1, heme oxygenase-1; COX-2, cyclooxygenase-2;
HE, heparin binding; LPS, lipopolysaccharide; PMA, phorbol myristate acetate; ox, oxidized; and PDTC, pyrrolidine

dithiocarbamate.
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