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Tvorba ROS a oxidativni stres

Oxidativni stres

nerovnovaha mezi (zvysenou) produkci ROS a
oxidovanych metabolitu a limitovanou kapacitou
antioxidac¢nich mechanismu buniky.



Tvorba ROS a oxidativni stres

*hlavnim endogennim zdrojem ROS je unik elektronu v prubéhu
dychaciho retézce, metabolické reakce zahrnujici napf.
cytochromy P450 nebo oxidativni vzplanuti fagocytu vedouci ke
vzniku superoxidu - -O,;

esuperoxid je pomoci superoxiddismutaz preménén na H,O,; ten dale
vznika pusobenim oxidaz a v prubéhu -oxidace mastnych kyselin v
peroxizoOmech;

esuperoxid ani peroxid nejsou prilis reaktivni, hlavnim nebezpecim je
pfeména na dalSi vysoce reaktivni ROS — napf. hydroxylovy radikal -
‘OH,;

svyznamne jsou také radikaly odvozené od NO a superoxidu —
peroxynitrit (ONOO-) a NO,;



Tvorba ROS a jejich klasifikace
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TRENDS in Cell Biology

Figural. ROS and other radicals generated in cells. Reactive intermediates are in red, key antioxidant enzymes are in green and the genes that encode them in yeast arein
blue. Myeloperoxidase is produced by neutrophils as part of the cellular defense system against microorganisms.

TRENDS in Cell Biology 15, 319, 2005



Tvorba ROS v mitochondriich
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Archives of Toxicology 87, 1157, 2013




Tvorba ROS a jejich klasifikace

Table 1. One-electron reduction potentials at pH 7.0 for
selected ROS

ROS* Redox couple

Hydroxyl radical «0OH, H"/H;0

Aliphatic alkoxyl radical -0OR, HY/ROH + 1600
Alkyl peroxyl radical -00R, H"/ROOH +1000
Glutathionyl radical GS-/G5™ +920
Polyunsaturated fatty acid PUFA-, HT/PUFA-H + 600
Vitamin E -OT, H™/TOH +480
Hydrogen peroxide H-0., HYH;0, -OH +320
Vitamin C (Asc) Asc-—, H  /Asc +282

monoanion

Iron complex Fe® "TEDTA/Fe’TEDTA +120
Superoxide 05/045- —330
Oxidized glutathione RSSRMRSSA- —1500
loenizing radiation H:0/e s, —2870

"ROS are listed in order with the strongest oxidizing potential at the top and the
strongest reducing potential at the bottom. In general, ROS higher in the list can
remove electrons from the reduced species lower in the list, and the balance of
these species in the cell is an important determinant of cellular fitness and optimal
health [adapted from [B1]).

TRENDS in Cell Biology 15, 319, 2005



Hierarchické ucinky ROS
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Toxické ucinky ROS
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Oxidativni poSkozeni DNA

hydroxylovy radikal je vysoce reaktivni a reaguje se vSemi slozkami
DNA — bazemi i deoxyribdzovu;

hlavni typy poSkozeni zahrnuji tvorbu jedno- a dvouretézcovych
zlomu, modifikace bazi a tvorbu DNA cross-links;

oxidativni poSkozeni DNA — mutagenita, karcinogenita;

pfiklad modifikované baze — tvorba 8-hydroxyguaninu — mutagenni a
karcinogenni, snadno vznika, biomarker oxidativniho stresu a
potencialni biomarker karcinogennich ucinkt chemickych karcinogenu;
primarni obranny mechanismus — BER;

tautomerizacni reakce — 8-OH-G = 8-0x0-G;

detekce oxidativniho poskozeni DNA — HPLC-EC, kysela hydrolyza
DNA — HPLC nebo GC-MS; modifikovany Comet assay;
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Chemico-Biological Interactions 160, 1, 2006



Oxidativni poSkozeni DNA

 DNA muze byt poSkozena i pusobenim RNS;

e peroxynitrit indukuje tvorbu 8-nitroguaninu; tato modifikovana baze
zpusobuje transverzni mutace G:C—T:A;
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Peroxidace lipidu

vysoce nenasycené mastné kyseliny (PUFA) ve fosfolipidech jsou
velmi snadno oxidovany pusobenim ROS (pfedevsim ‘OH);
vlastni proces lipidni faze - 3 kroky — iniciace, propagace a
terminace,

po vzniku peroxylového radikalu dochazi cyklizacnimi reakcemi k
tvorbé endoperoxidu a ke vzniku finalniho produktu —
malondialdehydu (MDA);

vedle toho vznikaji také dalSi reaktivni aldehydy — 4-hydroxy-2-
nonenal (HNE) a akrolein;

MDA je ucCinny mutagen, HNE moduluje aktivitu fady signalnich drah;



Peroxidace lipidu
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Oxidativni posSkozeni proteinu

ROS mohou reagovat s proteiny bud pfimo, nebo prostrednictvim
oxida¢nich produktu cukru a lipidu;

mohou napadat bud peptidovou vazbu nebo postranni retézce
aminokyselin; dochazi ke vzniku Tyr cross-links, ztraté His, tvorbé
karbonylovych skupin a tvorbé fady typu radikald - protein-centered
alkyl (Re), alkoxyl (RO¢), alkylperoxyl (ROOQe);

vysoce citlivé jsou zejména Pro, Tyr, His, Arg, Lys, Met a Cys;

vznika Fada typickych oxida¢nich produktd — napf. Arg — Glu-
semialdehyd; Glu — 4-hydroxy-Glu; His— 2-oxo-His; Tyr — 3,4-
dihydroxy Phe; Tyr—Tyr cross-linkované proteiny, 3-nitro-Tyr; Val — 3,4-
hydroxy-Val; Cys — Cys—S—-S—-Cys, Cys—S—S—-R disulfid; Pro — 2-
pyrrolidon-4-hydroxy-Pro; Met — Met-sulfon, Met-sulfoxid,;

oxidativni poSkozeni muze vést ke ztraté funkce nebo aktivaci protein.;
akumulace poSkozenych proteini muze prispét k indukci apoptdzy;



Chemické karcinogeny indukujici oxidativni stres

Environmental and pharmaceutical carcinogens that can induce oxidative stress and damage.

Chemicals Experimental ROS or effects
models

(re notoXic
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Toxicology and Applied Pharmacology 254, 86, 201%



Modelovy priklad: Indukce ox. stresu CrV!

« CrVI)

a 2
H.O
GSSFE L SD}\J e

H+
RSH
' f’f FEFM
GSHWEE Fentgn

Crv———— »Cr(V) + H, 0,3 Cr(Vl)+ OH + OH~
NAD(PIH r.rmx\ NAD(P)* 8 cell. reductants: DNA damage,
(.- ascorbate’ ¥ \@.g. ascorbate, GSH gene activation
) ! 4 Fenton :
Cr(IV) + HEDE—EP CriV) + OH + CH
Cflﬁu} DMNA damage,

| gene activalion

Chemico-Biological Interactions 160, 1, 2086



=

Antioxidacni obranné mechanismy

negativni toxické pusobeni ROS ¢€i RNS je blokovano fadou
antioxida¢nich mechanismu:

neenzymatické antioxidanty

. antioxidac¢ni enzymy

mezi vyznamneé neenzymatické antioxidanty pafi predevsim vitamin C,
vitamin E, karotenoidy, thiolové antioxidanty (glutathion,
thioredoxiny, kyselina lipoova);

HS
O OH
HOOC._ " N.__COOH
H
NH, 0




Antioxidacni enzymy

jednim z nejucinnéjSich intracelularnich antioxidaénich enzymu je
superoxiddismutaza (EC 1.15.1.1), enzym, ktery katalyzuje preménu
‘O, na H,0,;

u Clovéka — 3 zakladni isoformy — cytosolova Cu, Zn-SOD;
mitochondrialni Mn-SOD a extracelularni EC-SOD:

Cu, Zn-SOD je homodimer (32 kDa) jehoz enzymaticka aktivita je
nezavisla na pH, kazda z podjednotek obsahuje v aktivnim miste ionty
Cu a Zn; Mn-SOD — homotetramer (96 kDa) — kazda podjednotka
obsahuje 1 atom Mn — jede z nejucinnéjSich antioxidaénich enzymu s
protinadorovymi viastnostmi, abnormalnée vysoke hladiny Mn-SOD v
nékterych nadorech ale prispivaji k nadorove progresi, coz
pravdépodobné souvisi s nerovnovahou mezi ‘O, na H,O, — aktivace
metaloproteinaz;

EC-SOD - sekrecCni tetramericka forma SOD, 4 podjednotky,
glycoprotein jehoz hladina je regulovana cytokiny;



Antioxidacni enzymy

katalaza (EC 1.11.1.6) je enzym Siroce rozSireny ve vSech Zivych
organismech (rostliny, zivoCichové, aerobni bakterie);

primarné je katalaza lokalizovana v peroxizOmech kde katalyzuje
preménu H,O, na H,0O a O,;

catalase

ZH) O — 2ZHO 4 O

jedna se o jeden z nejucinnéjSich enzymu vabec — 1 molekula enzymu
je schopna za minutu premeénit az 6 mil. molekul H,O,;

hladina katalazy je vyrazné snizena v fadé typu nadorovych bunék;



Antioxidacni enzymy

o 2 typy glutathion peroxidaz - selen-nezavislé (glutathion-S-transferaza,
GST, EC 2.5.1.18) a na selenu zavislé (GPx, EC 1.11.1.19); oba typy
enzymu se liSi mnozstvim podjenotek, typem katalytického centra a
mechanismem pusobeni — oba maji zasadni vyznam pro metabolismus
glutathionu, jednoho z kli¢ovych antioxidantu;

o 4 lidské GPx; kompetice s katalazou o peroxid, zadsadni pri obrané
proti nizkym hladinam ox. stresu,

GP:
2GSH + Hy0)——=GSSG + 2H,0

GP:
2GSH + ROOH—GSSG + ROH + H,O



Antioxidanty

« kyselina askorbova (vitamin C) vyznamny antioxidant pfedevsSim ve
vodné fazi; Uzce spolupracuje s karotenoidy a vitaminem E —
regeneruje a-tokoferol z a-tokoferolovych radikalt vznikajicich v buni.
membranach;

» reakci askorbatu s ROS vznika zejména semidehydroaskorbatovy
radikal — malo reaktivni — terminace radikalovych reakci;

* hraje zasadni roli pfi ochrané bui. membran; fada in vivo studii
potvrdila snizeni oxidativniho poSkozeni DNA, lipidu a proteinu
pripodavani vitaminu C;

9 Asch,

/\Sj pK=4.1 HOD

Chemico-Biological Interactions 160, 1, 20C6



Antioxidanty

« vitamin E existuje v 8 formach, ale dominantni je a-tokoferol;
vyznamny antioxidant rozpustny v tucich;

* hlavni funkci je ochrana pred lipidni peroxidaci, pfiCemz spolupracuje s
kys. askorbovou; behem antioxidacni reakce reaguje a-tokoferol s
lipidovymi radikaly za vzniku a-tokoferolovych radikalu, které jsou
nasledne regerovany kys. askorbovou;

Chemico-Biological Interactions 160, 1, 20C6



Antioxidanty

» glutathion (GSH) je hlavni solubilni thiolovy antioxidant vyskytujici se v
bunkach v koncentracich dosahujicich az 10-15 mM; vysoka hladina
GSH v jadfe ma napf. vyznam pro udrzovani —SH skupin proteinu
podilejicich se na DNA repair

GSH + R* — GS* + RH
GS* 4+ GS* — GSSsaG

« (CasteCné oxidované proteiny (protein-SOH, protein-S-) reaguji s GSH
za vzniku protein-SSG, ktery je dale redukovan GPx a malymi proteiny
(napf. thioredoxin); pfi nedostatku GSH vznikaji ireverzibilné oxidované
proteiny - protein-SO,H a protein-SO;H;

Protein reversibly
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products
28 06 [ protein-SOH-1_+ Oxidant irreversibly oxidised products
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3 @] - . C e
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O O Hﬁ O 0 g H O Thiyl rgdical
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GSH GSSG Chemico-Biological Interactions 160, 1, 20C6



Antioxidanty

glutathion ma fadu funkci v burice:

slouzi jako kofaktor GST a GPx; podili se na transportu aminokyselin
pfes membrany; muze pfimo vychytavat ROS (hydroxylovy radikal,
singletovy kyslik); prostfednictvim GPx se podili na detoxifikaci
peroxidu;

podili se na regeneraci vitaminu C a E;
pomér GSH a GSSG hraje vyznamnou roli v regulaci redoxni

signalizace — napf. aktivita transkripcnich faktort AP-1 a NF-xB; chrani
bunky pred apoptozou;



Antioxidanty

e thioredoxin — maly multifunkéni protein, ktery obashuje dva tzv.
redoxné akttivni Cys residua (vysoce konzervované aktivni misto Cys—
Gly—Pro—Cys); snadno reaguje s oxidovanymi proteiny obsahujicimi
disulfid,

thioredoxin-(SH), + protein-S;

— thioredoxin-S, + protein-(SH),

e oxidovany thioredoxin je zpétné redukovan pomoci thioredoxin
reduktazy;

TR-S2 + NADPH + H™ thioredoxin-S, + TR-(SH),
— TR-(SH), + NADP* — thioredoxin-(SH); + TR-S»

 thioredoxin i thioredoxin reduktaza hraji vyznamnou roli v redoxni
regulaci rady transkripcnich faktort kontrolujicich napf. bunécnou
proliferaci nebo apoptozu (AP-1 a NF-«xB);



Antioxidanty — komplexni reakce
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Hierarchické ucinky ROS
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Redoxni signalizace

indukce tvorby ROS vyznamnym zpusobem ovlivauje aktivitu drah
signalni transdukce:

predpoklada se, Zze ROS mohou do jisté miry hrat ulohu druhych poslu
v signalnich drahach aktivovanych cytokiny a rustovymi faktory;

mezi nejvyznamngjsi cile ROS patfi signalni drahy kinaz
aktivovanych mitogeny (MAP kinaz), aktivace transkripéniho
faktoru nuclear factor-erythroid 2 p45-related factor 2 (Nrf2),
modulace aktivity receptorovych kinaz, aktivace transkrip¢éniho
faktoru AP-1, modulace aktivity transkripéniho faktoru NF-xB;
aktivace HIF-1;



Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2)

Nrf2 je transkripCni faktor aktivovany v podminkach oxidativniho/chemického
stresu, ktery hraje vyznamnou roli v koordinované regulaci antioxidacnich
enzymuU a enzymul metabolizujicich xenobiotika (XME) — vazba na tzv.
antioxidaéni responzivni elementy (ARE);

Chemlcall Oxidative Stress

A Basal Conditions
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Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2)

Class
Oxidisable diphenals,

phenylenediamines,

Example

BHA:(2(3)-tert-butyl-4-
hydroxyanisole)

Structure

Quinones tBHC: tert-butylhydraquinone [ ' |T
N~
Michael reaction Curcumin {turmeric) . -
acceptors CDDO-Me, o
Zerumbone (ginger) [ -
Citral {plant oils) e T

Iscthiocyanates and
sulfoxythiocarbamates

Sulforaphane ,
Benzylisothiocyanate, {cruciferous
vegetables)

Thiocarbamates

Pyrrolidine dithiocarbamate (POTC)

Dithiclethiones Oltipraz: 4-methyl-S-pyrazinyl-3H- Sy

1,2-dithiole-3-thicne |

(R)-Lipoic acid N e

=]

Polyenes Chlorophyll,

Farphyrins,

chlorophyliins
Hydroperaxides Hydrogen peroxide OH

o™

Trivalent arsenicals Arsenic Trioxide ASE
Heavy metals Methyl mercury, Cadmium, Zinc Hg?. Cd%, Zn®

Dimercaptans

Mercaptan

™

Biochemical Pharmacology 85, 705, 2013"



Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2)

3. Post Translational Modification
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Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2)
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Geny pozitivne regulované Nrf2

Gener bochemicooncion _Lswmbol_Name ________________Isoesms |

“Detoxication: Phase | dug =~ ADH7 aleohol dehydrogenase class 4 muw'sigma chain
oxidation, reduction AKR1B1 aldo-keto reductase family 1, member B1 (and 1B8 and 1B10) m, h
and hydrolysis AKRIC1 aldo-keto reductase family 1, member C1 (and 1C2 and 1C3) h
ALDH1AT aldehyde dehydrogenase 1 family, member Al m
ALDH3AT aldehyde dehydrogenase 3 family, member Al (and 3A2) m, h
ALDHTAT aldehyde dehydrogenase 7 family, member Al m
CBR1 carbonyl reductase 1 (and 3) h
CYPIB1 cytochrome P450, family 1, subfamily B, polypeptide 1 m
CYP2B3 cytochrome P450, family 2, subfamily B, polypeptide 9 (and 10) m
EPHX1 epoxide hydralase 1, microsomal m, h
PTGR1 prostaglandin reductase 1 (also called LTB4DH) h
NCO1 MNAD(P)H:guinone oxidoreductase 1 m, h
Detoxication: Phase |1 GSTA1 glutathione S-transferase class Alpha 1 (and A2, A3 and Ad) m
drug conjugation GSTM1 glutathione S-transferase class Mu 1 (and M2, M3, M4, M6and m
M7)
GSTP1 glutathione S-transferase class Pi1 (and P2) m
MGST1 microsomal glutathione Stransferase 1 (and 2) m, h
SULT1A1 sulfotransferase family, cytosolic, 1A, member 1 (2) h
UGT1A7 UDP glucuronosyltransferase 1 family, polypeptide A1 (and h
1A6)
UGTZ2B7 UDP glucuronosyltransferase 2 family, polypeptide B7 (and m, h
2B34)
Detoxication: Phase Il ABCBE& ATP-binding cassette, subfamily B (MDR/TAP), member 6 m, h
drug transport ABCCT ATP-binding cassette, subfamily C (CFTRMRP) member 1 m
ABCCZ ATP-binding cassette, subfamily C (CFTR/MRP) member 2 m, h
ABCC3 ATP-binding cassette, subfamily C (CFTRMRP) member 3 m, h
ABCCH ATP-binding cassette, subfamily C (CFTRMRP) member 4 m
ABCCS ATP-binding cassette, subfamily C (CFTR/MRP) member 5 m

Trends in Biochemical Sciences 39, 199, 2014"



Geny pozitivné regulované Nrf2

| General biochemical function |Symbol _[Name | Species |

Antioxidant: G5H-based GE‘LE‘ glutamate-cysteine ligase, catalytic subunit

system GCLM glutamate-cysteine ligase, modifier subunit m, h
GGET1 gamma-glutamyltransferase 1 h
GLAX glutaredoxin 1 h
GLS glutaminase h
GPX2 glutathione peroxidase 2 m, h
GPX4 glutathione peroxidase 4 m
GSA1 glutathione reductase m, h
SLC6A9 ghycine transporter m
SLCTATT cystine/glutamate transporter m, h

Antioxidant: TXN-based PRDX1 peroxiredoxin 1 m, h

system PRDXE peroxiredoxin 6 m, h
SAXN1T sulfiredoxin-1 m, h
TXNT thioredoxin m, h
TXNRD1 thioredoxin reductase 1 m, h

Trends in Biochemical Sciences 39, 199, 2014"



Geny pozitivhe regulované Nrf2
MI

Carbohydrate metabolism GEFPD glucose-B-phosphate 1-dehydrogenase

and NADPH regeneration HDK1 hexokinase domain containing 1 h
IDH1 isocitrate dehydrogenase 1 m
ME1 malic enzyme 1, NADP*-dependent, cytosolic m, h
PGD B-phosphogluconate dehydrogenase m, h
TALDOT transaldolase m, h
TKT transketolase isoform 1 h
UGDH UDP-glucose dehydrogenase h

Lipid metabolism: fatty ACOT7 acetyl-CoA thioesterase 7 m

acid oxidation ACOTS acetyl-CoA thioesterase 8 m
ACOX1 acetyl-CoA oxidase 1 m
ACOXZ2 acetyl-CoA oxidase 2, branched chain m
AWATI acetyl-CoA wax aleohol acyltransferase 1 m
CES1G carboxylesterase 1G m
CES1H carboxylesterase 1H m
SCD2 stearoyl-CoA desaturase-2 m

Lipid metabolism: lipases LIPH lipase, member H m
PLAZGY phospholipase A2, group vii [platelet-activating factor m

acetylhydrolase)

PNPLAZ patatin-like phospholipase domain containing 2 m

Trends in Biochemical Sciences 39, 199, 2014"



Aktivace PKC

rodina serin/threoninovych kinaz;

indukce ROS vede k uvolnéni intracelularniho Ca2* coz muize
aktivovat PKC:

timto zpusobem mohou ROS regulovat fadu procesu, vE€. proliferace,
bun. diferenciace, zmén organizace cytoskeletonu a migrace bunek, i
apoptozy;

vedle toho, ze ROS mohou aktivovat PKC, je také znamo, ze vysoka
aktivita PKC indukuje tvorbu ROS v nékterych experimentalnich
modelech:;

PKC take interaguji s dalSimi proteiny modulovanymi oxidativnim
stresem, jako jsou napfr. MAP kinazy;



Aktivace MAP kinaz

tmmhld Elk1, Ets, c-myc, c-fos, c-jun, | |c-jun, junD, junB,Elk1, c-myc|| ATF1/2/6,5apl, CHOP,

Proteins. T Fs STATL f3, NFAT, MEF Paxb, ||P53, ATF-2, c-fos, STAT1/3, c-jun,STAT1, NFAT, HBP,

MKS, g d pPIORSK, MNELSZ, MSELF2 MNFAT, Puf:t:uw, RART MEF, PLAZ, MMKL /2, ME2 /3|
etc. . erc.

‘
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Cell. Mol. Life Sci. 65, 3525, 2008



Aktivace MAP kinaz

inflammatory cytokines
environmental stress (e.g. metals)
- O growth factors

receptor tyrosine
kinase (RTKs)

axidative

membrane ( . Stimulus

wAPK

Kﬂﬂemntﬂmn N

nucleus Differentiation, Growth, Differentiation, B.D|ug|ﬁ|
Development Inflammation, Developmeant mspunse
Apoptosis

ELK-1 ATF-2 NF-IL6& SAP-1 c-Jun

International Journal of Biochemistry & (et
Biology 39, 44, 2007 :



Aktivace AP-1

Cell. Mol. Life Sci. 65, 3525, 2008



Aktivace AP-1

* AP-1 je skupina transkrip¢nich faktora (bZip dimery) skladajicich se z
proteinu jako Jun (c-Jun, JunB, JunD), Fos (FosB, Fra-1, Fra-2), Maf
(musculoaponeurotic fibrosarcoma), a ATF (activating transcription factors)
které se vazou na tzv. TPA nebo cAMP responzivni elementy;

« AP-1 je aktivovan cytokiny, rastovymi faktory, ale také H,O, — in vitro je
napf. trasnkripéni aktivita AP-1 regulovana redoxnim stavem Cys64
lokalizovaného mezi dvéma podjednotkami c-Jun; hlavni zpusob aktivace
ROS je ale prostrednictvim aktivovanych p38 a JNK kinaz;

* mezi dusledky aktivace AP-1 patfi pfedevSim indukce proliferace (indukce
cyklinu D1 a represe p21 CDKI), ale dopad aktivace AP-1 Casto zavisi na
typu proteinu vytvarejicich AP-1 dimer;



Aktivace NF-«xB

« jaderny transkrip¢éni faktor
regulujici bunécny rust, preziti,
diferenciaci a imunitni odpoved’
(zanét); dimer skladajici se z

ruznych kombinaci podjednotek p50

(NF-kB1), p52 (NF-kB2), c-Rel, v-
Rel, RelA (p65) a Rel B;

« je aktivovan cytokiny, onkogeny,
poSkozenim DNA a také
oxidativhim stresem;

* je povazovan za vyznamny faktor v
karcinogenezi;

TNF-u

- — |
R BT SHE O E  ER g

I MyD88
IRAK4

IRAK?i

K48 Ilnked polyubiqutination
of lkBa

t’
I

Nuclear Degradation
transloction of [kBa

géj 1A)
DNA

Nucleus

Biochimica et Biophysica Acta 1843, 129, 2014



Aktivace HIF1

HIF-1 je heterodimericky transkripéni faktor sestavajici z podjednotek PAS proteinu
HIF-1a a HIF-1p (ARNT); senzor intracelularni hladiny kysliku;

prestoze je aktivovan hypoxii, vyznamnou roli ve stabilizaci a aktivaci HIF-1a hraji
ROS, které jsou pravdépodobné generovany také v hypoxickych podminkach v
mitochondriich;

predpoklada se, ze hraje vyznamnou roli v karcinogenezi indukované ROS;

Graded HIF
responses to
02 and cellular

environment
PHD/FIH T g
02 sl §  €NZyMe ——f ——
activity OoDD
/ f \ \ Phosphorylation Acetylation
Induction of
enzyme expression Iron Ascorbate 2-Oxoglutarate
Growth, Intermediates and Growth factors,
oncogenes,
differentiation . cofactors of energy
metabolism tumour suppressor
and apoptosis metabolism reactions pathways

J Cell Sci 116, 3041, 2003



Dopad tvorby ROS zavisi na intenzité generovaného
oxidativniho stresu

apoptoza, nekroza

VS.

spec. biol. odpoved’ i
napf. proliferace a prezivani @ . . SHARIC
bunék, diferenciace, zmény

adheze a migrace apod. )(' \ /

Growth, Differentiation, Growth,
Differentiation, Growth, Diffarentiation,
Development Inflammation, Development
Apoptosis

Biological
response
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