Fyziologie pusobeni farmak a
toxickych latek

Interakce xenobiotik s DNA a proteiny



DNA adukty

kovalentni adukty zprostfedkovavaji toxické ucinky fady karcinogenu a
cytotoxickych latek; v pfipadé DNA vedou jeji modifikace (tvorba aduktu,
zlomU a ztrata bazi) veést ke vzniku tzv. premutagennich Iézi vedoucich ke
vzniku mutaci;

kovalentni modifikace biologickych makromolekul karcinogeny byly
poprvé pozorovany jiz v 50. letech; nasledné byly zkoumany mechanismy
zodpovédné za reakce chemickych sloucenin a jejich metaboliti s DNA a byly
vyvinuty techniky umoznujici citlivé stanoveni specifickych adukta —
vyuzivany jak pfi studiu mechanisml toxicity, tak v molekularni
epidemiologii;

vedle kovalentnich modifikaci dochazi i k dalSim typum poskozeni DNA —
pfimé ucinky zareni (UV, ionizujici zafeni), nepfimé ucinky zprostfedkované
tvorbou volnych kyslikovych radikalt (ROS);

dana toxickd latka muze zpusobovat vice typu posSkozeni DNA — typ
poskozeni DNA muze za urCitych okolnosti slouzit k identifikaci zdroje
poSkozeni a identifikace zodpovédného toxikantu; smési polutantl ¢asto
zpusobuji velmi komplexni zmény v DNA — pfiklad — expozice kufaku;



Priklad: Adukty DNA vznikajici v disledku
expozice tabakovému kouri

Adduct

Source

Methods of detection

DNA adducts

Bulky adducts (also referred to
as aromatic/hydrophobic
adducts)

Benzo[alpyrene diol-epoxide
(BPDE)-DMNA

BPDE-DNA

d-Aminobiphenyl-dGuo
(4-ABP-dGuo)

8-Oxo-dG

1,M-ethenoadenine (eAde)
and 3,M-ethenocytosine (eCyt)

Malondialdehyde (MDA)-DMNA
(M,dG)

Nr’-hvd raxymethyl-dAdo
(N®-HOMe-dAdo)

N*-ethylidene-dGuo

1,N* -propanodecxyguanosine
(Acr-dGun)

O*-ethylthymidine
7-Ethylguanine
HPB-releasing adducts

Nonspecific: PAHs (7), other bulky
carcinogens (7), oxidative damage
(fl—see text

Benzo[a]pyrene

Benzo[a]pyrene, PAHs
d-Aminobiphe nyl

ROS
ROS

Products of lipid pemxidation

Formaldehyde

Acetaldehyde

Acrolein

Unknown ethylating agent
Unknown ethylating agent
NNE, NNN

*p.postlabelling

HPLC-fluorescence; LC-MS

ELISA
LC-M5S; GC-MS; immunological

LC-MS/ M5 SEM

Immunoenriched **P-postlabelling

Immunohistochemistry with specific
MDA-DNA adduct monoclonal antibody;
“p.postlabelling

LC-MS/ M5

LC-ESI-MS/ MS-SEM
“p.postlabelling; LC-ESI-MS

Immunoenriched **P-postlabelling
LC-MSI-HRMS /MS-SRM
GC-MICI-MS

Int. J. Cancer: 131, 2733, 2012



Priklad: Endogenni DNA poskozeni

TABLE 1

Steady-State Amounts of Selected endogenous DNA Damage

Endogenous DNA lesions

Number per cell

Abasic sites
N7-(2-Hydroxyethyl)guanine (THEG)
8-Hydroxyguanine
7-(2-Oxoethyl)guanine

Formaldehyde adducts
Acrolein-deoxyguanosine
Malondialdehyde-deoxyguanosine
N-.3-Ethenoguanine (£G)

1 .N*-Ethenodeoxyguanosine (1 N*-edG)
1 .N®-Ethenodeoxyadenosine (1.N®-gdA)
Total

30,000
3000
2400
1500

960
120
60
36
30
12

38,118
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Metodika studia DNA aduktu

izolace DNA a jeji hydrolyza (nejCastéji
enzymaticka) — endonukleaza (Stépi DNA na
oligonukleotidy) + exonukleaza ($tépi na jednotlivé
deoxunukleotidy); nej¢astéji se pouziva DNaza | a
fosfodiesteraza — vznikaji jednotlive
deoxynukleosid- 5’-monofosfaty; nasledné jsou
pusobenim  alkalické  fosfatdzy  pfipraveny
nucleosidy; pro 32P-postlabeling se vyuziva
kombinace mikrokokalni nukleazy a slinivkové
fosfodiesterazy - deoxynukleosid-3’-monofosfaty
(metoda vyzaduje 5’-OH);

analyza, nejCastéji dvoukrokova — nejprve jsou
oddéleny normalni deoxynukleosidy od aduktl
(odlisnd hydrofobicita — C-18 RP kolona,
Sephadex LH-20; extrakce 1-butanolem apod.);
separace jednotlivych aduktt - HPLC, TLC;

detekce — radioaktivni znaceni, UV, fluorimetrie;

DMSO
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1) Polycyklicke aromatické uhlovodiky

e Polycyklické aromatické o
uhlovodiky (PAU) - vyznamna on
skupina environmentalnich

CH,

polutantd — produkty spalovacich
procesl; musi byt bioaktivovany —

354K, IR, 25-BaA-diol epoxide 35,4R, 18 25-DMBA-diol cpoxide

metabolicky aktivovany
prostfednictvim enzymi - tvorba
ultimatnich karcinogenu —
dihydrodiolepoxidy; Y
J54R, IR 25-BePh-diol epoxide
* tvorba téchto aktivnich OH
mutagenu/karcinogenu je

stereospecificka a vyzaduje
indukci/expresi CYP1 enzymu;

18,2535 4R-CHR-diol epoxide
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O

HO

A5, 4R, IR, 25-DB[a,j]A-diol epoxide
108,11 R &R 95-DB[a,h]A=diol epoxide

Toxicol. Appl. Pharmacol: 206, 75, 2005



1) Polycyklicke aromatické uhlovodiky

benzo[a]pyren (BaP) — vyznamny polutant, slozka tabakového koure; aktivovan
pusobenim CYP1 enzymU a mikrozomalni epoxidhydrolazy; ultimatni karcinogen
' — BPDE;

vytvarejici DNA adukty (primarné s deoxyguanosinem)
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Fig. 1. CypTal, Cypiaz, and AhR gene exprassion in the skin and liver of
AhR{+/+), AhR(+/=), and AhR(—/-) mice, with and without B[a]P treat-
ment. One-microgram aliquots of RNA extracted from skin and liver of control
and B[a]P-treated mice of the three genotypeswere reverse-transcribed and
analyzed by PCR using specific primers for the Cypial, Cypfal, and AhR and
B-actin genes.

Fig. 3. Gross appearance of flank skins in AhR-wild-type mice (+/+), AhR-
heterozygous mice (+/—), and AhR-deficient mice (—/—) injected subcutare-
cusly with B[a]P.

PNAS USA, 97, 779, 2000



1) Polycyklicke aromatické uhlovodiky

draha radikalového kationu — alternativni draha metabolické aktivace; tvorba BaP-
chinonu — reaktivni toxické metabolity, oxidativni stres;

Cwilochrome P-450

Peroxidase
-
Chemical/Electrochemical
Oxidation
BaP
(As a Representative) e Oxidant

BaP 1,6-quinone

Eeductant

BaP Radical Cation with
Charge localized at -6 R

|
./;\) R

le P
o v

= BaP 3,6-quinone

BaP 8,12-quinone Toxicol. Appl. Pharmacol: 206, 75, 2005



1) Polycyklicke aromatické uhlovodiky

tvorba o-chinonli — pusobeni aldo-keto reduktadz (napf. AKR1C3) — alternativni
draha metabolické aktivace; tvorba DNA aduktu vs. oxidativni stres?

|

5 BaP

(As a Representative)
CYPLAI/Epoxide hydrase ‘O
OO BaP-7.8-Catechol

Dihydrodiol C HO
N HO COI
N Dehydrogenases H,0 Oxidative
HO (DD) H 3 tautomenzanon 2 DNA Damage
rans-7,8-Dihydrodio
NAD(P)’ { /Qic “
> d

o-Semiquind

NADP)H
0,
g Oxidative
2 — DNA Damage
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L—(! none
BaP-7,8-dio
(BFQ)
DNA Adducts

Toxicol. Appl. Pharmacol: 206, 75, 2005



1) Polycyklicke aromatické uhlovodiky

 substituované PAU nebo heterocyklické PAU mohou byt metabolizovany
alternativnimi drdhami — pfiklad — bioaktivace methylovanych PAU pfes ester
kyseliny sirove;

Hydroxylation - ) ( bslcnﬁcatmn
Rodent hiver Summmmtemwe
homogenate
CH,4

CH,OH CH,080,H
T™MBA
(As A Representative) 7T-Hydroxymethyl-BA <
0OS0O;H
N’-dGuo Adduct, {]'l'ld.]Dl') / CH?
DNA
/—NH A Benzylic
N/ N Aralkyl DNA Adducts (A) Carbonium
dR=deoxyribose — H
N N
dR/ \\,///

N°-dAdo Adduct, (minor)

Toxicol. Appl. Pharmacol: 206, 75, 2005



2) Vinyl chlorid

« vinyl chlorid je lidsky karcinogen, ktery zplUsobuje jaterni angiosarkomy (expozice z
povolani); je aktivovan CYP2E1 na chlérethylen oxid, ktery tvofi 4 typy DNA aduktd,
z nichz jen 3 (tzv. exocyklické adukty) jsou mutagenni; dochazi k aktivaci K-ras genu
| inaktivaci p53; silna mutagenita vychazi z toho, ze tyto exocyklické adukty blokuji

normalni Watson-Crick parovani bazi;
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3) Aflatoxin B1

« aflatoxin B1 je vyznamny lidsky hepatokarcinogen, mykotoxin produkovany plisnémi
rodu Aspergillus; vytvari dva hlavni typy aduktd 8,9-dihydro-8-(N7-guanyl)-9-hydroxy-
aflatoxin B1 (A), u kterého za fyziologickych podminek mize dojit roz§tépeni kruhu
za vzniku 8,9-dihydro-8-(N5- formyl-2,5,6-triamino-4-oxypyrimidin N5-yl)-9-hydroxy-
aflatoxinu B1 (B). Tyto dva adukty byly identifikovany in vivo a tvofi cca 95%
identifikovanych aduktu aflatoxinu B1; hlavni roli v jeho bioaktivaci hraje CYP3A4;
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Clin. Cancer. Res. 10, 4901, 2004

Mutat. Res. 402, 121’ 1998 AFB,-ex0-8,9-oxide

AFB-endo-8,9-oxide



4) PhIP a heterocyklické aminy

tepelné zpracovani masa vede

k tvorbé fady uc€innych o i

mutagenu — heterocyklickych %% Hmfc e

aminu. Vyznamnym zastupcem v %? o ke
teto skupiny je 2-amino-1- ) Fa 'N Ve fF -
methyl-6-fenylimidazo[4,5- (L= _—

b]pyridin (PhIP). " A -~ JHDH
metabolicka aktivace — N- T i /4 N g
hydroxylace, predevsim %f " g T
plisobenim CYP1A2 (v mensi PP %5;

mife ostatni CYP1 enzymy a PhiP

CYP3A4), M- hydroxy PhiP

nékteré N-hydroxy metabolity o~ on ’“%wijms
jsou sice méalo mutagenni, ale [T

mohou byt dale . h,drz,, p:.p B_ “ocoon,

metabolizovany na vysoce

mutagenni metebolitty @ m o
protfednictvim esterifikacnich Fon f j—N
reakci; -
karcinogenni v modelech )

nadoru kolonu a prostaty, mj.

Apc mutace; \
DMD 29, 529, 2001



5) Chrom

« slouéeniny Cr(V) zvysuji riziko vzniku nadoru plic, mohu v$ak také pfispivat k rozvoji
dalSich typu nadord, predevsim v ustni dutiné a v tenkém stfevé;

e primarnim mechanismem pfispivajicim ke karcinogenité sloucenin Cr pfimé poskozeni
DNA prostifednictvim tvorby DNA aduktt nebo prostfednictvim tvorby ROS;

» prevladajici formou jsou tzv. ternarni L-Cr-DNA adukty, ve kterych atom Cr(lll) spojuje DNA
a malou molekulu, napf. askorbat; adukty vznikaji prevazné vazbou na fosfatovy zbytek,

ale predpoklada se, ze nejvice mutagenni jsou komplexy do kterych se zapojuje vedle
fosfatu také N7 na dG;
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Chem Res Toxicol. 21, 258, 2008



5) Chrom

nejzavaznejSim typem poskozeni DNA ke kterému by mohla prispivat tvorba
L-Cr-DNA aduktut jsou dvouretézcové zlomy DNA vznikajici v dusledku

mismatch repair;
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DNA adukty a mutageneze

Genotoxic stress
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Nature Rev. Cancer 12, 801, 2012

Signalling DNA damage to cell cycle
checkpoints. Ataxia-telangiectasia
mutated (ATM) is activated by DNA
double-strand breaks (DSBs) and
triggers the G1 checkpoint, by
phosphorylating — and hence
activating — CHK2 and p53. Ataxia-
telangiectasia and Rad3-related (ATR)
Is primarily activated by junctions of
single-stranded DNA and double-
stranded DNA, which arise at stalled
replication forks and resected DSBs
and are nucleotide excision repair
(NER) intermediates. This triggers the
intra-S phase and the G2 checkpoints
via phosphorylation of CHK1, which in
turn phosphorylates WEE1 (which
activates this kinase) and cell division
cycle 25 (CDC25) phosphatases
(which inhibits it) to inhibit cell cycle
progression through the coordinate
suppression of cyclin-dependent
kinase (CDK) activity. It is important to
note that there is crosstalk between
the ATM—CHK?2 and ATR-CHK1
pathways and that they share maay
substrates. "



DNA adukty a mutageneze

B Sustained replication blockage

Rad1

Cell cycle checkpoints DNA repair Apoptosis

Cell cycle checkpoints DNA repair  Apoptosis

T "

o5,
P e Y
Fas-R DDB2

Bax XPC
Puma Fen1
Noxa MGMT
Apafi MSH2

Pidd -
B } N:
Cancer Lett. 332, 237, 2013 Apoptosis DNA repair
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Nature Rev. Cancer 12, 801, 2012

Base excision repair.

In the first step of base excision repair (BER) the
oxidized, deaminated and alkylated bases are
removed by specific glycosylases; 8-oxoguanine
DNA glycosylase (OGG1) or members of the
Nei-like protein (NEIL) family are examples. The
resulting apurinic or apyrimidinic (AP) site is
then hydrolysed by an AP endonuclease, such
as APEL. The nick in the DNA is then repaired
by short patch BER (the predominant mode) or
long patch BER, depending on the nature of the
5" and 3" ends and, possibly, ATP availability.
Polynucleotide kinase phosphatase (PNKP; a 3°
DNA phosphatase and 5° DNA kinase) may be
necessary to modify the broken ends for
replacement and/or rejoining.



Nucleotide excision

repair.
Preferential repair of lesions that stall
transcription on the coding strand is
A by transcription-coupled nucleotide
;j L im excision repair (TC-NER); the entire
genome is repaired by global NER
{ J (GG-NER). These pathways differ in
their initial steps, TC-NER involves

] Cockayne syndrome WD repeat
protein A (CSA) and CSB, whereas in
& GG-NER recognition is dependent on
LS Xeroderma pigmentosum group
L1111 C-complementing protein (XPC)-
@ RAD23B and DNA damage-binding
ED)

protein (DDB); XPA, replication
S protein A (RPA) and TFIIH are
> Polymorphism ” involved in both pathways. Thereafter
essociated with cancer| T T T 1T TTT] the steps are common, with excision
Vutatedor of the damaged oligonucleotide by
Inhibitor in pre- w@ XPG and ERCC1-XPF, then
clinicaldevelopment | TTTTTTTTITTIT] resynthesis of the intact

oligonucleotide and ligation are
accomplished by DNA polymerase-&
(Pol d) or Pol € and DNA ligase 3

Nature Rev. Cancer 12, 801, 2012 (LIG3).
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Base Deleton or e b | However, when damage on
S the template str.and, such as
O6-methylguanine (O6meG) or
J o @ 6-thioguanine (6TG), causes
MsH3 \ mispairing at replication the
|  Degradation MMR machinery attempts to
TITIIIIIIIT ¥ repair the newly synthesized
e strand, rather than the
Jlin t=pirie 1l damaged one, which results in
1 a DNA double-strand break
== during the subsquent S phase
or causes apoptosis owing to
signalling by the MMR
O Upregulatedin cancer machinery to ataxia-
Mutated or silenced in cancer telang jectasia and

Inhibitor in preclinical development Rad3_re|a‘ted (ATR)_CH Kl .

F— Inhibitorin clinical trial

Mismatch repalr. a| DNA mismatches resulting from the insertion of a
mispaired or fraudulent nucleotide are recognized by MSH2—-MSH6 heterodimers,
whereas deletions and insertions are recognized by MSH2-MSH3 heterodimers.
Downstream processing requires PMS2 and MLH1-MLH3 heterodimers. Importantly,
mismatch repair (MMR) is strand-specific, correcting the daughter strand. Therefore, this
pathway is crucial for the repair of replication errors inserted opposite the correct

template strand under normal circumstances.
Nature Rev. Cancer 12, 801, 2012



DNA double-strand break and interstrand crosslink
repair.
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Interakce xenobiotik s proteiny

v porovnani s tvorbou kovalentnich aduktd xenobiotik s DNA jsou naSe
poznatky o interakcich toxikantl s proteiny mnohem limitovanéjSi — nékolik
dlvodu — 1) struktura proteint je mnohem slozitéjSi nez struktura nukleovych

Ve wvEIV s

v pfipadé DNA,;

pfesto v poslednich letech vzrasta pozornost vénovana proteinovym
aduktim, a to z nékolika davodu:

1) poskozeni proteinl muZze pfispivat k cytotoxicité — hlavni pozornost je v
tomto pfipadé vénovana mechanismuam toxicity IéCiv a drog — acetaminofen,
tamoxifen, halothan, kokain, cytostatika;

2) poskozeni proteini muze prispivat k imunotoxicité — rozvoj
autoimunitnich reakci v dusledku kovalentnich modifikaci proteinud, vaci nimz
pak organismus muze tvofit protilatky (autoimunitni hepatitida, systémovy
lupus erythematodes, apod.);

3) kovalentni adukty protein mohou byt vyuZivany jako specifické
biomarkery expozice (napf. lekova toxicita, koufeni, expozice bojovym
chemickym latkdm nebo insekticidim);

4) specifické adukty mohou také vznikat v dusledku oxidativnhiho stresu
spojeneho s lipidni peroxidaci;



Intrakce xenobiotik s proteiny

hlavni cile reaktivnich molekul (elektrofilni slouceniny) — funkéni
skupiny lokalizované v aminokyselinach: -SH (Cys); -NH (His); e-
NH, (Lys); -OH (Tyr);

sterické faktory urCuji mista poSkozeni proteinl — pouza mista
vystavena solventum mohou byt atakovana elektrofilni slou¢eninou;

detekce specifickych aduktl - radioaktivné znacena aktivni
slou€enina — stanoveni specifickych proteinu; v poslednich letech se
vSak predevsSim rozvijeji metodiky zalozené na kombinaci HPLC a
hmotnostni spektrometrie;



1) Toxickeé proteinové adukty — priklad -
hepatotoxicke ucinky acetaminofenu

« acetaminofen je bézné vyuzivané antipyretikum a analgetikum
(paracetamol), tvori slozku fady I€Civ;

* hlavnim negativnim vedlejSim ufinkem acetaminofenu je hepatotoxicita,
ktera maze mit fatalni dasledky, v disledku masivni nekr6zy hepatocytu
lokalizovanych centrilobularné; vazny problém — napf. v USA je ro¢né
hospitalizovano 26.000 pacientu s pfedavkovanim acetaminofenem a je
registrovano 500 umrti;

« toxicita souvisi s metabolismem acetaminofenu — detoxikace probiha
prostfednictvim  konjugaCnich reakci —  acetaminofen-O-glukuronat,
acetaminofen-O-sulfat; oxidativnim  metabolismem vznikaji latky
vytvarejici proteinové adukty (zejména v mitochondriich — tvorba ROS —
indukce nekrozy)
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nDNA fragmentation
1 ¢ i ar

Necrosis

- : L BN
Pharm. Res. 30, 2174, 2013 Molecular Toxicology, 2nd ed., 2006




1) Toxickeé proteinové adukty — priklad -
hepatotoxicke ucinky acetaminofenu
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2) Tvorba proteinovych aduktl a imunotoxicita

* pomérné malo prozkoumana oblast;

« predpoklada se, ze toxikanty (jejich metabolity) vytvafi proteinové adukty,
které jsou nasledné Stépeny na peptidy prezentované MHC-I nebo MHC-II —
tyto tzv. haptenované antigeny mohou byt nasledné prezentovany T-
lymfocytim; dalSi moznosti je to, Ze v dusledku tvorby aduktu dojde ke
zméné proteinoveho mista dostupného pro proteolyzu — Stépnim proteinu pak
vznikaji neobvykle, tzv. kryptickeé peptidy, rozpoznavane jako nové antigeny
Imunitnim systémem,

» dusledkem je bud vznik alergickych reakci nebo autoimunitniho onemocnéni;
pfiklad — alergické reakce na léCiva — napf. penicilin; tyto imunitni reakce jsou
reverzibilni — stacCi eliminovat latku tvofici adukty;



2) Tvorba proteinovych aduktl a imunotoxicita
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3) Proteinoveé adukty jako biomarkery

Adukty vznikajici v dusledku expozice tabakovému kourfi

Adduct Source Methods of detection

Protein adducts

Alkylvaline hemoglobin Various alkylating agents GC-MS

Methylvaline hemoglobin e.g., NNK GC-MS

(Meval-Hb)

Cyanoethyhaline hemoglobin Acrylonitrile GC-MS

(CyEtVal-Hb)

Carbamoylethylvaline hemoglobin Acrylamide GC-MS; LC-MS
iMaval-Hb)

2-Hydraxy-2-carbamoylethyhaline Glycidamide GC-MS; LC-MS
hemoglobin (GAVal-Hb)

Hydmoxyethylvaline  hemoglobin Ethylene, ethylene oxide GC-MS; LC-MS
(OHEtVal-Hb)

G-Aminobiphenyl hemogobin &-Aminobiphenyl GC-MS

(4-ABP-Hb)

BPOE hemoglobin (BPDE-HB) Benzo[g]pyrene ELISA; GC-MS

BPDE albumin Benzo[a]pyrene ELISA; HPLC-fluorescence
HPB hemoglobin (HPB-HE) MME, NNN GC-MS

p-Benzoquinone albumin p-Benzosemiguinone Mass spectrometry (MALDI-TOF-TOF)

Int. J. Cancer: 131, 2733, 2012



3) Proteinoveé adukty jako biomarkery

hemoglobinové adukty 4-aminobifenylu (4-ABP-HDb) jsou signifikantné
zvysSené v Cervenych krvinkach kuraku — jedna se o vhodny biomarker
vyuzivany ve studiich, kde je nutné odlisit kuraky vs. nekuraky — hladina
je CasteCné zavisla na antioxidacni kapacité krve;

méneé vhodny je 4-hydroxy-1-(3-pyridyl)-1-butanon (HPB) hemoglobinovy
adukt (odvozeny od 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanonu (NNK) —
nitrosamin specificky pro tabak) — jen marginalni zvySeni u kuraku;

akrylamid a jeho metabolit glycidamid (mutagenni) jsou dusledkem expozice
tabakovému koufi i kontaminovanym potravinam, ale bylo prokazano, ze
hemoglobinoveé adukty akrylamidu (AAHD) a glycidamide (GAHb) vznikaji
zejména v dusledku koufeni;

monitoring lé¢by i vedlejSich toxickych ucinkt lécby — pfiklad — v posledni
dobé se uvazuje o stanoveni aduktu acetaminofenu s cysteinem pro
monitoring pacientu se selhanim jater po predavkovani acetaminofenem;



3) Proteinové adukty jako biomarkery

50~
ZIE'" 40 =
3 O
- ;
. 'S J/L?
é "Ij_. G 5
'g A H
i N
g
o 10
OH
iy
1 | | | | |
i ROD0 10000 15000 20000 25000
AST (IUIL)

Fig. 3. Correlation of AST (IU/) with APAP adducts in adults with APAP-related
acute liver failure, plotted relative to overdose (mmm day 3;= = =_day 4; "**_day 5).

DMD 37, 1779, 2008



4) Proteinové adukty produktu lipidni
peroxidace

» toxickeé latky indukujici zvySenou produkci ROS mohou vyznamneé prispivat k
peroxidaci lipidu v bunécnych membranach;

* reaktivni metabolity v prubéhu lipidni peroxidace indukuji oxidaci
vicenenasycenych mastnych kyselin v bunéénych membranach — tvorba
biologicky aktivnich reaktivnich aldehyd;

 tyto elektrofilni slou¢eniny mohou snadno tvorit proteinové adukty; je jim
vénovana zvysSena pozornost pfedevsSim v souvislosti s
neurodegenerativnimi onemocnénimi, ateroskleré6zou a v posledni dobé i
v autoimunitnich onemocnénich;

OH
OW\/\/\ 4-hydroxy-2-nonenal (HNE)
OWO Malondialdehyde (MDA)

O

Acrolein
HEC%)J\H

Frontiers in Physiology 4, Art. 242, 2013
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