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 Chapat a dokazat vysvétlit zakladni pojmy toxikodynamiky
— receptor, interakce, afinita, ucinnost
« Vysvétlit molekularni principy interakci mezi toxickymi latkami a cilovymi
misty (receptory)

« Vysvétlit a popsat principy nespecifického a specifického pusobeni
toxickych latek

LAY 4D &4

toxicity, tj.
— naruseni pfirozené fluidity membrany
— interakce latek s DNA
— inhibice enzymovych aktivit
— naruseni redox-potencialu
— naru$eni gradientd na membranach
— kompetice se substraty / pfirozenymi ligandy

» Poznat ve strukture vybranych modelovych latek vybrané zasadni
strukturni znaky, které jsou odpovédné za konkrétni mechanismy pusobeni




TOXIKODYNAMIKA
- zakladni principy -
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Cilova mista = biologické makromolekuly
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Toxikodynamika
vychazi z propracovaneé ,farmakodynamiky“ a prejima jeji koncepty
popisuje procesy na molekularni urovni

V miste kontaktu toxikantu s cilovym mistem (,,receptorem®)
dochazi k interakci toxikant-receptor

Primarni jsou vzdy chemickeé interakce mezi dvéma
chemickymi latkami

llustrace —pfriklady
funkci proteinu

»RECEPTORY* = cilové struktury = zakladni (makro)molekuly: e

Proteiny podskupina -
STRUKTURNI (tubulin apod.) membranove)
ENZYMY ‘Siunallng molecule
TRANSPORTERY (v membrané&, hemoglobin) i
PROTEINOVE RECEPTORY

(v membraneé i v cytoplasmé)

Signal transduction
(b) Enzymatic activity (c) Signal transduction

Nukleové kyseliny
Fosfolipidy
(Sacharidy — mensi vyznam v eko/toxikologii)

Malé molekuly (antioxidanty, ATP, hormony + voda)
(e) Intercellular joining (f) Attachment to

the cytoskeleton

and extracellular

matrix (ECM)
Copyrigh ©.2008 Feasen Eacaion n. publanen 85 Pessen Senyamin Cummings.




Priklady cilovych struktur
(receptor = jakakoliv biomolekula, kterou muze ovlivnit toxikant)

- bunécéna membrana

narkoticka toxicita - dosazeni takové koncentrace, ze dochazi
k blokaci fluidity membrany a tim jeji funkce

- acetylcholinesteraza
enzym - inhibice v aktivnim misté organofosfatovymi pesticidy
(substrate mimics)

- arylhydrocarbon receptor (AhR), estrogenni receptor (ER)

specifické mechanismy toxicity, xenoestrogenity

- DNAv jadre a v mitochondriich, mRNA a dalsi Nukl.kyseliny

- ...adalsi




Typy interakci (,,vazby‘) mezi toxikantem a receptorem

-nekovalentni (viz priklad na nasledujicim snimku)
(reverzibilni)

vodikoveé mustky
hydrofobni interakce
iontové interakce

van der Waalsovy interakce

-kovalentni
(zpravidla ireverzibilni)

pf. inhibice
acetylcholinesterazy

organofosfatem...
- pf. vazba na nukleotid




‘ interactions

target sites

class of effect

partitioning
(v.d. Waals and
H-donor/acceptor)

non-specific

membranes effects

(lipids)

specific H-

donor/acceptor receptor binding

proteins and and ionic and enzyme
peptides interactions, Inhibition
Steric fit*
+ ‘membrane
DNA formation peroxidation

protein damage
and depletion
*DNA damage

of covalent
bonds

Figure 2 Rationale behind the classification of chemicals
according to mechanism: target sites and type of interaction.




Typy-interakci mezi chemickymi latkami

Malé

molekuly

s rdznou
strukturou

- nesou funkéni

skupiny jako napf.

OH, NH; atd.

(priklad — interakce s proteinem)

| Protein
NH,

| \
-CHE—Ur4 +++ 0=C—CH,—CH,— Eigg;ugen

CH,—CH,—NH,* ~0,
.— . . . N lonic

2
P
L]':H—CHE
CH, ?Hg
CH3— CH-— CH, Hydrophobic and
van der Waals
._?H_EH3 EHa—fr-:H— interactions
CH, CH,
0
&
.—CHE—C’! "HyN—CH,—"rlonic"bond
"**-..D .

_ Copyright {c) by W. H. Freeman and Company



Interakce toxickych latek s proteinovymi cili (,,receptory)

- interakce pozitivni - indukce odpovedi (agonista)
(nahrazuje efekt ligandu, mimic effect, hormone-like effect)

- interakce negativni - kompetice: nevyvolava reakci (antagonista)
(blokuje navazani a efekt prirozeneého ligandu, pr. anti/estrogenita)
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Sila a ucinnost interakce

Rychlost a sila interakce zavisi na radé parametru, zejména:

-  Koncentrace obou interagujicich latek
- ale urcujici je zpravidla koncentrace toxikantu: vysSi koncentrace nez
koncentrace receptort (koncentrace latky je vysledkem toxokinetiky)

- Afinita vazby ,ligand-receptor” -
: Chemicka povaha interakce (iontove, kovalentni, hydrofobni atd), > )
popis afinity: disociacni konstanty: .
Kd (pro biologicky aktivni latky cca v rozmezi 108 M az 103 M) . _
(koncentrace ktera staci k navazani z 50% na pfislusny receptor) = /
: Vyjadfuje se Casto jako prevracena hodnota (1/Kd) : \_./

> Toxicita (efekt) je pak dan U€innosti (efficacy) latky .
latky vyvolat pFislugny efekt = .
(vysoka afinita (navazani) jeSté nemusi receptor aktivovat: R / - o~ )
agonisté vs antagonisté ...) AT S -
~ s
—




TOXIKODYNAMIKA - zakladni principy -

Jedna latka reaguje s mnoha riiznymi cilovymi strukturami
(,,receptory) v organismu !
Co urcuje, ktera z mnoha ,interakci“ se projevi toxicky ?

Vyznamne faktory ovliviujici projev chemicko-biologicke interakce:

Koncentrace vs. rychlost toxického projevu interakce
dioxin: vysoké davky - akutni chlorakne, smrt,
nizké davky, dlouhodobé > karcinogenita, imunosuprese ...

Prostorové umisténi a moznost kontaktu latky s receptory

embryo vs. dospélec
insekticid: vysoka davka - akutni toxicita -> Zabry / smrt
nizka davka je distribuovana v téle a plsobi chronicky -> imunotoxicita

Kd jednotlivych (raznych) interakci
organofosfat: specificka inhibice AcChE, velmi nizké Kd =2 specifické pusobeni




Priklad TCDD
interakce s mnoha receptory - mnoho rlznych projevu

Jedna latka reaguje s vice ,,receptory* CI:@:()]@ICI
e | 0 cl

2,3,7,8-TCDD

- narkoticka toxicita (membrana) ‘ - B
(Kd 10-° M) = akutni rychla intoxikace — ,,chlorakné*

- modulace estrogenity (ER)
(pohlavni organy Kd 10° - 1072 M)
- reprodukcni poruchy/mésice - roky

- indukce AhR (thymus, jatra Kd 1072 - 10-7° M)
- nador/meésice — roky (karcinogenita, imunotoxicita)

keormmil odped

Tdroje dioxini

Hejwitiim 2drojem dioxini jsoo spolovny
nemocnitniho o komunifasha adpady.

Dioxiny 2de wenikefl, pekud jseu pi spalovani
piitamay dhlorovant souteainy, juko napiikdad
FYC. Dioxiny mohou vanikot téi joke vedle]il

& produbit priwmyslawi wiroby, i se Gastni chler,
_ ‘-,/I\—. —
7




Akutni (24h) toxicita
TCDD vs dalsi priklady

(potkan LD50 mg/kg z.v.)

Chemical

TCDD (a form of dioxin)
Tetrodotoxin (globefish toxin)

Saxitoxin (shellfish poison)

Carbofuran (a pesticide)
Phosphamidon (an insecticide)

Nicotine

Caffeine

DDT (an insecticide)

2,4-D (an herbicide)

Mirex (an insecticide)
Acetylsalicylic acid (aspirin)
Malathion (an insecticide)
Sodium chloride (table salt)
Glyphosate (an herbicide)
Ethanol (drinking alcohol)

Sucrose (table sugar)

Botulotoxin
(enzym! Jedna makromolekula

- opakovana katalyza mnoha reakci)

LD ;, Value
(mg/kg z.v.)

0.01
0.01

0.8
10

24

50

200
200
370
740
1,700
2,000
3,750
4,300
13,700
30,000

0,00000003



 Druhoveé-specifické mechanismy, priklady
— Toxicita pro fotosyntézu (rostliny) vs. teratogenita (obratlovci)

— Endokrinni disrupce

» Rozdilné fizeni (a hormony) u bezobratlych a obratlovcu
—> podobné latky - riizné mechanismy toxicity

Growth in humans Growth in invertebrates
several hormones ecdysis (moulting) - ecdysteroids

Pituitary gland Pineal gland

Parathyroid glands

R g _ (behind thyroid gland)

Pancreas:
Islets of
Langerhans




- Organove specifické mechanismy (a ucinky)
- hepatotoxicita; neurotoxicita; nefrotoxicita; hemotoxicita; imunotoxicita

- toxicita pro reprodukcéni organy; . S N
. More than 90 percent

decline in decade

— | _Cl 3k Al e I 1997 | 2007 Losses
— arou aroun i
- DICLOFENAC 300,000 | 1,000 < phingel
NH NSAL ylwnw
Cl ONa (i
ol | "--" (‘
X 9 Xpajnkilerand

—r anli-inflammatory

A medicine used in
velerinary

/ medicine, as well
=2 as human

medicine
"
banned production
and import of e B

dirlafanan far lica

Vyvojova (Developmental) toxicita
- embryotoxicita/teratogenita: toxicita pro bunécné procesy diferenciace

Thalidomid

Toxiny sinic
(u€inky na embrya obojzivelnik()




Jaké makromolekuly jsou cilem toxickych latek?
Jaké existuji interakce mezi toxickymi latkami a makromolekulami?

Jaky typ interakce bude nejpravdéepodobnegjSi mezi
* hexachlorhexanem ... a hemoglobinem? ...a fosfolipidem?
* formaldehydem ... a tubulinem? ... a nukleovou kyselinou?

Co je to toxikodynamicka disociacni konstanta?

Ke které makromolekule z nasledujicich dvou ma TCDD vySSi afinitu - k receptoru
AhR nebo k hemoglobinu? U které interakce (dioxin-protein) bude vyssi Kd?

Co je agonista? Co je antagonista?




Uginky latek na molekularni Grovni:
mechanismy pusobeni




Co by si student(ka) mel(a) odnést ?

1) ZNAT a dokazat vysvétlit hlavni Molekularni a Biochemické
mechanismy toxicity

2) Dokazat priradit ke kazdému mechanismu toxicity néktere z
vyznamnych environmentalnich toxikantu

3) Vysvétlit, jak se jednotlivé BIOCHEMICKE MECHANISMY
toxicity projevi na vyssich urovnich
(pfiklad — inhibice receptoru pro hormon - projev: poruseni reprodukce)




Chemical

Model

Organism

Pripomenuti:

mechanisticky koncept od molekuly k populacim
(V literature: ,,Adverse Outcome Pathway*)

Physicochemical Mechanism & mode of toxic action
properties {(also known as Adverse Outcome Pathways)
Toxicant Toxicant Toxicant Toxicant :
: : ; ; : Cellular Organ Organism
concentration —* concentration [~ concentration interaction [ " *
in rmediurm in animal at target with target [RhEDSS 73 bk Fesihee -
Toxicokinetics Toxicodynamics Population
models
(incl. PBPK) Damage accrual & damage recovery,
Energy allocation, Pobiilation
Uptake, Physiological compensation, d;ﬁmmcs
Biotransformation, Thresholds
Distribution,
Elimination {toxic effects propagate from

lowver to higher levels of biological organisation)

A

A

Traits affecting toxicokinetics

ER=

Traits affecting toxicodynamics

Life history &
ecological traits

= Arrows indicate a causal relationship
See also: Ashauer & Escher JEM (2010), Rubach ef al. [EAM (2011), Jager ef al. ES&T (2011), Ashauer ef al. ET&C (2011)

www. ecotoxmodels.org




Zakladni typy ekotoxicity organickych latek

1) Cizorodé organickée latky maji toxické efekty pro membranové fosfolipidy

= nepolarni narkoticka toxicita (bazalni toxicita, membranova toxicita)
projevy pri relativné vysokych koncentracich, zavisi na logKow (viz dale)




Zakladni typy ekotoxicity organickych latek

1) Cizorodé organickée latky maji toxicke efekty pro membranové fosfolipidy

= nepolarni narkoticka toxicita (bazalni toxicita, membranova toxicita)
projevy pri relativné vysokych koncentracich, zavisi na logKow (viz dale)

(B4

2) Kromé zakladni toxicity, mohou polarnégjSi latky pfimo pusobit
na membranové proteiny = polarni nakoticka toxicita
projevy pfi nizSich koncentracich nez by odpovidalo logKow




Zakladni typy ekotoxicity organickych latek

1) Cizorodé organicke latky maji toxické efekty pro membranové fosfolipidy

= nepolarni narkoticka toxicita (bazalni toxicita, membranova toxicita)
projevy pri relativné vysokych koncentracich, zavisi na logKow (viz dale)

(D4

2) Kromé zakladni toxicity, mohou polarnégjSi latky pfimo pusobit

na membranové proteiny = polarni nakoticka toxicita
projevy pri nizSich koncentracich nez by odpovidalo logKow

3) Kromé obou nahofe uvedenych mechanismu, mohou latky, které jsou reaktivni
napadat reaktivné makromolekuly a pUsobit tzv. reaktivni toxicitu
- projevy jeSté pri nizsich koncentracich nez odpovida narkoze
-toxicke latky spise elektrofily, vyhledavaji nukleofilni zbytky = ,elektrony-bohata mista“
(nukleotidy, SH-, NH2- a dalsi skupiny — nukleové kyseliny, proteiny, fosfolipidy)




Zakladni typy ekotoxicity organickych latek

1) Cizorodé organicke latky maji toxické efekty pro membranové fosfolipidy

= nepolarni narkoticka toxicita (bazalni toxicita, membranova toxicita)
projevy pri relativné vysokych koncentracich, zavisi na logKow (viz dale)

(a4

2) Kromé zakladni toxicity, mohou polarnéjsSi latky pfimo pusobit na membranové

proteiny = polarni nakoticka toxicita
projevy pri nizSich koncentracich nez by odpovidalo logKow

-

3) Kromé obou nahofe uvedenych mechanismu, mohou latky, které jsou reaktivni
napadat reaktivné makromolekuly a pusobit tzv. reaktivni toxicitu
- projevy jeSté pri nizSich koncentracich nez odpovida narkoze
- toxicke latky spiSe elektrofily, vyhledavaji nukleofilni zbytky = ,elektrony-bohata mista*“
(nukleotidy, SH-, NH2- a dalsi skupiny — nukleové kyseliny, proteiny, fosfolipidy)

"Yaaw 4MI14193dS3AN

4) Jen nékteré vybrané skupiny latek vykazuji specificke typy toxicity
-inhibice enzymu (pf. Insekticidy, IéKy), interakce s receptory (estrogeny, dioxinova toxicita ...)
- projevy pri velmi nizkych koncentracich, mohou mit chronické projevy

1-3 = nespecifické typy toxicity (u velkych skupin latek, nemaiji specificky cil , reakce se
vS§emi makromolekulami),
4 — specificka toxicita (UCinky na urcité cile, proteiny nebo NK)

= Viz takeé drive: toxikodynamika




Zakladni typy ekotoxicity organickych latek

Organicke

|étky - V8echny organické latky
- Membrany
(nepolarni a polarni narkoza)

Reaktivni toxicita
—->VSechny makromolekuly
(NK, proteiny, membrana)

. oxidativni stres,
mutagenita - acylace-/arylace
denaturace proteinu
(nekompetit. Inhibice
enzymd...)

Kovy -

. jiné procesy nez u org.latek

: oxidace/redukce
- toxicita




Membranova toxicita




Mechanismus 1: Interakce s membranou

Naruseni membrany

- zakladni toxicita (baseline toxicity) = narkoza (narcosis)
(nejde o narkozu farmakologickou, kde se uvazuje velmi specificke
pusobeni na receptory na membranach)

Zasadni vyznam v ekotoxicite vétéinyvorganickX/ch polutantu
- efekty zavislé na HYDROFOBICITE (Kow / logKow = logP)
- pri vyssich koncentracich akumulace latek v membranach

- naruseni zasadnich zivotnich funkci
(pFenos nervovych signalu, tvorba ATP atd atd)
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Plasma membrane
OUTSIDE

Phospholipid (75%) Glycolipids (5%)

Hydrophabic en$ 1runment

i

=
o

Integral
Cholesterol (20%%) protein

Peripheral protein

INSIDE
Poznamka: cholesterol - strukturne ,velikosti“ obdobny jako jiné

organicke latky (PAHSs, neutralni toxikanty...)




Princip narkotické toxicity (volume of distribution principle)
Latky z rdznou hydrofobicitou (BCF 3-6-12) vyvolaji toxicitu kdyZ dosahnou stejné koncentrace v membrané (12
molekul/jednotkovy objem).

organismu a akumulovala 8¢ v membranach az dosahne toxické“ koncentrace v organismu. Pro latky s nizSi BCF
je tfeba veétsi vnéjsi koncentrase. (Latky s vySSi BC jevi jako toxictéjsi - staCi nizSi vnéjSi koncentrace)
Exposure water concentration Respiration ] ]
4 BCF — bioconcentration factor
Al R B e G * Depends on hydrophobicity
¢ o/ 0| ol 0] o| V_ =12 \oee (i.e. Kow)
- SS oo
eee _
BOF= 12/ eee * Higher BCF

- lower concentration is
sufficient for bioconcentration
to the same “tissue concentration’

Exposure water concentration Respiration

. 9 e |e@ » 9
L 2] ¢{ o o L

VSS =6 - lower external concentration
(IC50) will induce toxic effect
BCF=6
Expasure water concantration Resplration
coleciss * Confirmed by chemical afna/yses
V =1 (same molar concentrations of
SS different compounds accumulated

in membranes)




Narkoticka (membranova toxicita)
- dusledky a projevy

AKUTNI EKOTOXICITA
Prokazana linearni korelace mezi logKow (=logP) a EC50 u
vodnich organismu (napf. Daphnia, ryby, planktonni rasy ...)

Daphnia
5 o]
= 4
=
E
| N—)
2 3
()
i
.
= 2
11}
o
-
oo
i
? :
é L2 - ] Amines aromatic or phenold
0 _Z X Amines aromatic or phenol5
-
P {j' A Neutral organics
_1 "

4 6 8

log P

Obrazek:

Neutralni organickeé latky
- Nepolarni narkoza

Aminy (NH?2), fenoly (OH)

-> Polarni narkoza

(pfi stejném logP je pozorovana
vysSSi toxicita — tj. vySsi hodnoty
1/EC50 nez u neutralnich latek)




Mutagenita a genotoxicita




- Zakladni molekula pro zivot
- Struktura a funkce jsou peclivé kontrolovany

- Zmeény jsou rychle opravovany
- ... hevratné zmeny ‘
—> fyziologicka bunécCna smrt: apoptéza s end 5 i g
7 ** o
Mutageneze > MUTACE \Ly/ ! )
—> biologicka rozmanitost a evoluce om ‘

7 |
> zmény struktury a kodovani DNA 1. ¢ y‘
B . Phosphate- 5 M2 >
Mutace probihaji deoxyribose <, ‘ & .
... pfirozeneé w ‘3
o - 1

miliardy udalosti denné / vétSina opr:
... indukované stresem - toxické dopac




- Mutagenita a genotoxicita -

BXOGenoUs Eﬂﬂ-ﬂg‘ﬂﬂ-ﬂus
N \ rata of ONA damage = rate of repair
repajr
n'l h" -"E'F'E-'f up ta 500,000
I Damage ONA e
age  |..... madification
gvents per
call per day
|'||..|l'.1|!'ﬂr N
|]|'.,|_q I'I'II[I:H:I'IHI'II:I Flal
DA
unrﬂﬂa.'mu' ~
\ unrapaitred
' diseased cell
Fa

rata of ONA damage > rate of repair

) & Prometheus 2004
cancer Epﬂﬂl!}SIE

senesence




REPARACNI MECHANISMY DNA

V organismu je trvale aktivni

komplexnl' aparét reparaénich DNA DAMAGE DNA REPAIR SYSTEM
syStémﬁ 5'_A o DIRECT REVERSAL
(specifické komplexy enzymu pro ruzné  —cs “fj} / HISHATCH REPAIR
typy zmén na DNA) I sl = .
X °<T
Reparaénl, enzymové aparéty: :EIG li— NUCLEOTIDE EXCISION REPAIR
o & g v 3
. . ) OH O\\\ a _\____________'._,_
e mnoho je exprimovano o é_§
konstitutivné :l ;‘m—_ FI:COMEINATIDNAL_FIEPAIFI .
, s - v Vg e — AT
(nizke aurovné, stala kontrola DNA) — $§ —
[ L T,
v 7y » . . . ’ LT A
* nékteré jsou inducibilni —co_] N o
zménami v DNA (mutace) o o /N
(napf. SOS repair — vyuziti jako — 6 C— BASE EXCISION REPAIR
biomarkery poskozeni NK) — %% 5 | >

3 hd




- Mutagenita a genotoxicita -

Chemické latky mohou indukovat poskozeni DNA

mutageny = latky zpusobujici mutace
(zmény/alterace na DNA a chromosomech)

genotoxiny = latky poskozujici DNA

klastogeny = latky vyvolavajici chromosomalni zlomy

Pozn. terminologie neni jednotna / prechody ...




- Mutagenita a genotoxicita — TYPY MUTACI -

=
X
4 H N—H
1) Bodové mutace \_/
interakce toxikantu s nukleotidem 4—c//‘ \\N
napf. oxidace / deaminace \Qr
N\
. Za’mény Cytosine Uracil Adenine

zména v tripletu (jedna aminokyselina) 2 “Uprava” funkce enzymu (NEBO nefunkéni enzym - apoptoza)

. delece, adice
zpravidla zména Cteciho ramce - vzdy nefunkéni enzym - smrt apoptozou

Insertion

5 AUG | CGA | UUA | UAC |GGG

et A L_teu Gl Zaména T (Purin) > C (Pyrimidin)
| auGc|ceAa|uuAaluvalcee| 6 |3

Met Arg Leu Leu Arg w"d-type
TACG _
Deletion ATGC—>ATGC wild-type

5 3 TACG \ ATGC
AUG |CGA |UUA | UAC |GGG |AAA ACG——>TACG
Met Arg Leu Tyr Gly Lys

5’ 3’ A = amino \ACGC
AUG CGA |UUA |UAG |GGA | AA A' = imino TGCG
Met Arg Leu | Stop transition (T->C)




Dusledky bodovych mutaci

(@) Tiché mutace — i po zméné koduje stejnou aminokyselinu (amk)

(b) Zména smyslu — jiny triplet: zména kodovani jedné amk

(c) Nesmysina mutace — napf. triplet koduje ,STOPL

(d — e) Zména ¢teciho ramce — zména triplett pro mnoho amk od mutace dale

Normal DNA ' T T T T TTITITTl Template
AAAATACGTGCA DNA
strand
UUUUAUGCACGU
bbb e RNA
Normal — Phe — Tyr — Ala — Arg —
polypeptide
Normal
Mutated
AAGATACGTGCA template
DNA
UUCUAUGCACGU strand
Mutated
mRNA
— Phe — Tyr — Ala — Arg — No change in
amino acid
sequence of
(a) Silent mutation polypeptide

Mutated template
DNA strand

__Slightly different amino

— Phe — Tyr — Gly — Arg acid sequence

(©) - [F—

Mutated
AAAATTCGTGCA template

DNA strand
UUUUAAGCACGU

Mutated

mRNA

—'Ph STOP ] )
€ cobonN Polypeptide synthesis ceases

(c) Nonsense mutation

Frameshift mutations

/- Insertion

TITITTITTIIITT] Mutated
AAATATACGTGCA template
DNA strand
UUUAUAUGCACGU
Mutated
mRNA

— Phe — lle — Cys — Thr — Major difference

in amino acid
(d) Frameshift insertion

sequence
T
T
Mutated
AAAA ACGTGCA template
DNA strand
UUUU UGCACGU
Mutated
mRNA

— Phe — Leu — His — Val — Major difference
in amino acid

(e) Frameshift deletion sequence



- Mutagenita a genotoxicita — TYPY MUTACI 2

2) Zlomy + chromozomové mutace
(toxikant interaguje s “patefi” DNA — cukr-fosfatovy retézec)

Hvdmgrn bond
(e ﬁ @v @”‘
% Em e S . -
'S GhcofD —— Gcolb
g @m DELETION
X-ray break.‘f\,_;n -
G MABC DEF ~— » ABBC . DEF
o ey
2 . DUPLICATION
" R G, o -
. b < > AuBE.DJ CBLE
2 o )
-, G INVERSION

@8 c O ki , ABCO K

TRANSLOCATION




Mutageny — hlavni skupiny / priklady

1) lonizujici zareni
* pfima interakce s DNA (zlomy)
* nepfimo - stépeni vody - ROS (viz také dale)
2) elektrofilni malé molekuly
* derivaty kysliku, vody (m.j. také po ozareni)
(viz také dale — “oxidativni stres”)
* vyhledavaji nukleofilni/bazicka mista ... napr. v NK
3) dalsi reaktivni latky - alkylujici, acylujici nebo arylujici latky
—> kovalentni adukty s nukleotidy v DNA

> 1+2+3: ,nespecificke” reaktivni mechanismy

4) interkalatory DNA = cross-linking fetézcu DNA

2 4: ,specificky” mechanismus genotoxicity
(jen latky s definovanou strukturou, velikosti...)




Fyzikalni faktory

lonizujici zareni
- prima interakce s DNA

- neprimeé poskozeni DNA po interakci s vodou (nejcastejsi!)
- tvorba OH*

(hydroxylovy radikal a nasledné dalSich ROS: viz oxidativni stres)

- Vazna poskozeni DNA vcetné zlomu

UV zareni

- iInterakce s aromatickymi bazemi
- vznik napf. dimeru T=T




Mutagenita — ionizujici zareni

water
radiation — = » « free radical

DAMAGE

DAMAGE
radiation




RADIATION DAMAGE TO DNA

HZ2-Bond Breakage E

——Double-5trand Break

Pyrimidine Dimer
XF:T AS. p. S*E"ﬁ Base Loss

. P-.
DNA Cross-Linkage —- U-%**r—‘ Ease Change

SA
“P-5-G-C-§

Cross-Linkage

56

C-S
P ™ p

S.C G-5

Single-5trand Break
Protein Cross-Linkage




Mutagenita — volné radikaly / oxidacni stres

Produkty vznikajici z vody a kysliku
Voda - chemikalie s nejvySSi koncentraci,

Kyslik — silné oxidacni Cinidlo

- ROS
reactive oxygen species

viz dale — mechanismus “oxidativni stres”

XENOBIOTICS

o o ———— — — — — ——— — —— —

CONSEQUENCES

* MUTATION

= CYTOTOXICITY
* CYTOSTASIS

* PROLIFERATION

11
DNA/RNA DAMAGE

ROS/RNS | U

O;
LIGHT w
02"
102

& -
SINGLET
OXYGEN SUPEROXIDE
Ho2 oono

HYDROPERO){YL PERO}{YNITRITE
RADICAL

HOCI  HOBr

D B

g

H:Op + O
3 B
HYDROGEN
PEROXIDE

M

pin+1)

HO + HO"
@ @B

HYDROXYL
RADICAL

+ STRAND BREAKS h
« BASE LESIONS
» CROSS LINKS

> ;'“3

@
2
9 " ) THYMINE GLYCOL
0 e ‘@9
o
o 0 ;M
8-OXO-GUANINE
9o @

@ carBON @ NITROGEN
@ OXYGEN ) HYDROGEN

5-HYDROXYMETHYLURACIL




1) Malé elektrofilni molekuly
(interakce s nukleofilnimi / bazickymi misty ... m.j. v DNA)

2) Dalsi reaktivni latky
* vnaseji alkyl-, aryl-, acyl- (alkylujici, arylujici, acylujici)
* tvorba kovalentnich aduktu

* Reakce mohou byt
Nespecifické (mnoha protinadorova léciva)
Stericky specifické (,klic-zamek™) - interkalatory

3) Analoga nukleotidu (analoga bazi)
* nahrazuji prirozené nukleotidy béhem replikace
* zména kodovani - nefunkcni proteiny = apoptoza

Nékteré latky vyzaduji ,aktivaci® (pro-mutagen - mutagen)




HNO,, HSO; Hydroxylamin (HO-NH2), Methoxyamin (CH3-O-NH2)

Priklad — oxidace / deaminace
CG - TA shift

H
/
O ~H—N
/ \
C—
0‘ §
ol
\_/4 \
A /

H
Cytosine Uracil Adenine

H




Reaktivni latky (alkylace / arylace)

Kontaminanty, jejich metabolity, toxiny
PAHs
Plisfiové toxiny atd.

Adukty (arylace) po aktivaci CYP
Aflatoxin B1 (po aktivaci CYP)
BaP (po aktivaci CYP)

Reaktivni organické toxikanty

epoxidy, episulfidy, laktony, aminy Alkylace
chinony _ Nitrosomocovina
azo-latky (heterocyklické PAHSs) Cyklofosfamid

aromatické nitro-latky (NO2-PAHSs)

9] O
——
N _Z N O = S S HER s
/ | / \\ M
MH, =
o = o o J—
= | %NI'E
(lll‘—NH Z-aminoanthracene 2 aminofluorene HN N
(2-44) 19324 )
0" "o OCH; e penzolalprenc (2-AF) 181.23 PP 294 26
Aflatoxin B 312.27 IAF-2 (furylfuramide) 243.1 (Bla]F) 252.31
C
- o CH; o CHyCH; I
: NH; CH s Syt H,C —S—0—CH,CH,
= ? H—-I ~ _NH [
= \C/NHQ C/ 2 o]
N-. 2
= CH; HyC /N N““CH3 | i Il C”) ethyl methane sulfonate
N \E e © EMS 124.15
N CH; R u NH, MINT 103.08 ENU 117.10
MeIQ 212.25 MeIQx 213.24 Trp-P-2 197.23 o CE, MO,
o LV
N_N\C/NH“NO EN
HIT
o“ n NH, _ |
H MN-methyl -I"-nitro- Og
- _ Wonitrosoguanidine : o :
©) RS e




Kovalentni vazba na NK (alkylace bazi, tvorba crosslinku ... nejcastéji
reakce s Guaninem:G)

Alkylsulfaty, Nitromoc€ovina, N-nitroso-alkyly
Cis-platina a Cyklofosfamid = protinadorova lé€iva

cisplatin . . .
) N N M C
Cl NH, § ,
et Nt N|—® N { v —> e .a
R M.,
c1” TSNH, Jfe . ¢ ® . & s
’ a) DA, + b Monoalkylated e} Menoalkylated
L azindinium icn musiard adduct azindnsm adduct
cyclophosphamide
N\P//O N - e de
. "¢l N N -N )/ N
",
N ‘:-H G, N ’a N -N )’ R N
¢’ * 6 ¥ r f’ -
) g &
dj Monoalkylation g) Intrastrand OINA f] Interstrand &'-GC gjl Interstrand h} Interstrand
crasslink crosslink 5-GMNC crosslink S-GHMC crosslink

Nitrourea
_ (Nitromo&ovina) o ™ )k




Mutagenita benzo[a]pyren — “arylace” (vznik aduktu) po aktivaci CYP450

Gge G % [ggeg]ﬁ HS"““= Reaktivni

Hal»
baranjslpyrene {+)banzafalpyrena-7.8-spdde epoxid na BaP

SO P
{-}bﬂmme.H:dLbl +benzojslpyrens-7.8-dhydrodiol-9, 10-apaxide GUANIN

N Adukt
/L I \\‘CH BaP-G
o

HO

N

OH OH |

Scheme 5.5. Interaction of 7,8-dihydrodiol-9,10-epoxide of benzo[a]pyrene with the amuno




Covalent binding, aromatic ,,adducts“ with bases

(see also discussion at biomarkers)

Mycotoxins (Aflatoxins) — requires activation

PAHs (benzo[a]pyrene) — requires activation
PAH derivatives

- 2-AA, 2-AF (grill prodt o o =
- NQO — model mutagel N 7 N\ _O
in experiments | O _
) G H,
... many others °© © OCH; ©
Aflatoxin By 312.27 AF-2 (furylfuramide) 24819
NH;
Z-aminoanthrac ene s aminefluorene
(2-AA) 193,24 (2-AF) 181.23

&y

benze[alpyrene

(B[a]P) 252.31

4-pitroquincline-1-oxide

Q0 190,15



AFLATOXIN sources

T
o CYP1A2
o OCH,
Aflatoxin B, Aflatoxin M,
-00c .. _NH
CYP1A2, *
CYP3A4
0 o GSH HN7TO o o
o N . 1 OH
Vi | Glutathione S- transferases:o Y - i |
o Mouse GSTA3: rat GSTAS: NH o
Human GSTM1 (
o OCH, coo o OCH,
. i Up-regulation
AlEloNNEv6;2-apaxice rat GSTAS Aflatoxin-GSH conjugate
Nrf2/Keap1/ARE
Ligand s
DNA Activation A\
NN
N=C
H.N o ,ﬁ
CDDO-Im
Putative inhibition
of other pathways??

Promotion

N7 NH
NS0 SR
DNA-N OH
=N* 9
(o}
o OCH,

Aflatoxin B,-N7-Guanine DNA adduct -
ring-opened FAPy adduct

) Hepatocellular
Progression carcinoma




Interkalacni cinidla

m.j. vyuziti v experimentalni biologii — znaceni DNA (ethidium bromid)

:: 3 f ): Peptides CH3 /Csz
HN~- CH (CH, }

X Iﬁ jeceiing
4

Chart 5.8. Examples of intercalating agents. Key: 1, acriflavine; 2, ethidium bromide; 3, actino-
mycin; 4, quinacrine.

Interkalace: psoralen
(v dehtu, psoriaza = lupenka)




INTERKALACE DO DNA

Example 1 - ETHIDIUMBROMIDE
- experimental dye — visualization of DNA
- intercalation = sharing of electrones with bases = high fluorescence

Normal Lower
density density
DNA DNA

Nucleotide

Intercalated eb

Phosphate backbone




Strukturné podobné bazim (nukleotidiim)
- vstup do DNA behem replikace

H
1
Priklad ™ /°""”*"

y . ;-‘ >°“‘*c"N“"‘
5-Br-Uracil é« o
5-F-Uracil (protinadorové lé€ivo)

S-Bromouracil Adenine
kalofarm{BUk]
Dusledek: zména kodovani
AT - GC shift
Br H---0
\C-CP_ M
e iy
N e !
A5 S AN
S-Bromouracil Guanine

enol form [Buaj

1
|

Replication |
1
1 K
ﬁ\: T

Y
| |

!
|

Replication Il

i

BuU

L
{

—o—>

| |
J ¥

|

AT to G:C mutation



Dusledky mutaci / genotoxicity

1) Dusledky u lidi a zvirat
Mutace téelnich bunék (somatické mutace)
-> prvni krok karcinogeneze a dalSich patologii
(karcinogeneze, teratogenita: viz dalSi prednasky)
Mutace pohlavnich bunék
-> pfenos mutaci na dalSi generace - evoluce

2) Dusledky pro ekosystémy
> zmény genomu/genofondu prirodnich organismu
> adaptace na zmeny v prostredi = evoluce

Priklady/pripominka:  Pesticidy =2 vznik rezistentniho hmyzu
Antibiotika =  ATB-rezistentni bakterie




Pripominka: mutace — zaklad evoluce populaci

Chromosome with allele
conferring resistance

to pesticide %
Additional Survivors
applications will

be less effective, and

the frequency of

resistant insects in

the population
will grow

Copyright © 2009 Pearson Education, Inc.






Structure of proteins
— primary (sequence of aminoacids, AA),
- secondary, tertiary, quarternary (folding — important for functions)

Proteins - large/long — key target for number of toxicants!
= polypeptides - tens to thousands of AA

Peptides (small, “remrtog, "digested”, 2x AAto e.g. 20x AA)
may have various functions (e.g. protective - glutathione)

Key functions of proteins

« STRUCTURE and PROTECTION

 CATALYSIS (enzymes)

« TRANSFER (information and mas
- receptors, channels, transporters

pr -~
el ‘ b o _\':
//'{ i ‘ :[\* k. \/
! N
L X |
Je .
; » . “Heme

~— B polypeptide

- 8
“\'.-!'\ ,\
@

<) Tertiary structure

© 2010 Fearsan Edusation, Inc. {b) Secondary structure (d) Quaternary structure—



Nespecifické mechanismy (reaktivni): denaturace

- udinky latek na sekundani a terciarni strukturu protein
(véetné enzymii)

Naruseni H-mustku alkoholy, aminy
lontové vazby kyseliny (COOH), zasady (aminy)

toxické (tézké) kovy - Hg*2, Pb*2, Cd*2, Ag*! TI*,
S-S mustky toxické kovy (reakce se sirou HS-)

Detaily (domaci ukol): http://www.elmhurst.edu/~chm/vchembook/568denaturation.html




Inhibice enzymovych aktivit




Inhibice enzymovych aktivit

Rada (eko)toxikantti plisobi jako specifické inhibitory Fady enzym(i
inhibice reverzibilni (nekovalentni)
ireverzibilni (kovalentni)

inhibice kompetitivni
. vazba v aktivnim misté, na urovni substratu: viz priklady dale

inhibice nekompetitivni / alosterické
. vazby na jiném misté enzymu
-2 ,nespecificka“ zména struktury a nasledné funkce
(napf. nizké pH: hodné H+ - denaturace proteinii tnvirita)

Competitive

inhibitor

interferes with

active site of

enzyme so -~
substrate :
cannot bind Substm_

Moncompetitive inhibitor
changes shape of
enzyme so0 it cannot
bind to substrate

{a) Competitive inhibition (b} Moncompetitive inhibition




Specifické inhibice enzymu - priklad AcCholE

Acetylcholinesteraza
- kliCovy enzym v pfenosu nervovych signall (mezi neurony, mezi neuronem a svalem)

-Inhibice Ach (organofosfatové pesticity, karbamaty ..

EI

POSE-SYTAPAIC eELron
or muscle cell

W Acetykholine (ACh)
g AChReceptor

-L Signal transmizsion

ACh Esterase STOPS signaling pn-uﬂ

PO -y EEIC e pen
of muscle cell

W Ach
kg AChReceptor
.-l—-s-lgmltmmimm

J H ACh Esterase

pos-symapti neursn
ntnwxlruﬂ

I#.'.I'l
fl ACh Receptor

'-'il'- Signal trarcimission
I ACh Esterase

»  Organophosphste pesticide {OF)

|

.) =2 kreCe, uduseni

a Peripheral
Choline binding site

Active site
‘ gorge

Active site 8]

OH -0

NS

NH

Catalytic
triad

b - Ser-AChE
CH
3CH3 ” ache ?
0/\/ \\CH /J\O_
Aceatylcholine Acetate
CH;]
OH~
How ‘\‘CHQ
Choline _Ser-ACHE
ADBI‘)'I-AChE

Nature Reviews | Neuroscience
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1

P
HO” \ ~OH
OH

Phosphoric acid

Priklady — inhibitory AcCholE

)
L

P
RO” | ~OR
OR
'‘Organophosphate’

Novichok

Nervové plyny

SARIN /| GB NERVE AGENT
Isopropoxymethyiphosphoryl Fluor
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0]
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AN
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C:H:O ,
g
CHO /|
5
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CHO ChO™,
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Insekticidy - karbamaty

0 HsC CHs

H3C\N)L N M CHy
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X i
o OJ\N’CH3
H H
HLC
Carbaryl Carbofuran
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O)LH,CHa

H3CYO\©
CHs

Propoxur



Specifické inhibice enzymu - priklady

inhibice enzymu respiracnich retézcu
- Respirace & tvorba ATP - klicovy metabolicky proces
- Kyanid (C=N), CO vazba na hemovy komplex

—> nejrychlejSi toxicita — mitochondrie

- také v hemoglobinu, CYP450 atd.

. low pl-l
intermembrane  highH concentration

space . .
M o 2d  Mitochondrion

naph 2H +%02

ATP -
¢ matrix
hiah Krebs
wif QIE/
low H concentration
FADH,




B 2 - -

NADH NAD*

H)

‘ ELECTRON TRANSPORT CHAIN

Rotenone anide Oligomycin
| Rotenone o SYonide, Oligomyein

2
+2 H
H,O

ADP + (7)

ATP SYNTHASE



N-(phosphonomethyl)glycine

Broad-spectrum herbicide (,RoundUp®)

Selective inhibition of ESPs 5-enolpyruvylshikimate-3-phosphate synthase;
(synthesis of aromatic AAs — Tyr, Trp, Phe)

Uptake via leafs - only to growing plants

,Non-toxic* to other organisms (no ESPs in animals, AA-like chemical - rapid degradation)

Coo0
SHKP coo”
' N
B0~ “cn,
0 OH phosphoenol-
® pyruvate )
Glyphosate genulpyruwlshikimate—3—phusphate synthase H":I:'“CHz |
Sk M
[EPSP synthase] : N
H3PO4 H
00 coo”
H3P04 =)
lﬁHz shEA CH
0~ “coo" horismat [’ N e
0 chorismate P .
® synthase 0 Coo HO
OH
o OH o)
S-enolpyruvylshikimate-3-phosphate hori "
chorismate

[EPSP] [CHA] L-tyrosine




Dalsi specifické mechanismy

* intracelularni a extracel. receptory




Polypeptides
'His —| Ser — Asp— Gly —{Thr

Gly — Leu — Val

Secretin

conrhteain
(Il l&')ll(mﬂf \\ﬂm\df\\ﬁ" -

Not lipid soluble;
bind to receptors on
surface of target cell

Figure 47-3 Biological Science, 2/e
© 2005 Pearson Prentice Hall, Inc.

Amino Acid
Derivatives
H NH3

HO é—é—H
|!| CIOOH

Tyrosine

HO
)
it m
H H H

Epinephrine

OH ||-| <|:|-|3

») lUUUI 1l

Most not lipid soluble;
bind to receptors on
surface of target cell

o i J{l(ﬂ umuuwnmnw

Steroids

Cholesterol

H CH,0H
=0
CH3/ _OH
CH
Cortisol
(o)
VAN Ny

M il

Lipid soluble;
often bind to
receptors inside
target cell




Neurotoxins (cyanobacterial)

H 0

A\

Anatoxin-a

CHj4

d 0
CH,

N

Homoanatoxin-a

EFECTS OF

Na*

ANATOXIN-A/

HOMOAN ATEW

l

} Axon terminal\

;

Anatoxin-a/
Homoanatoxin
irreversibly

bound to receptor




SAXITOXINS

Produced by dinoflagelates and
cyanobacteria

* (toxic blooms, ,red tides®)

« PSPs — Paralytic Shelfish Poisons

NORMAL EVENTS EFECTS OF SAXITOXIN
Na* e Ca? MNa* ® Ca
e B L N
& L .8
. Teein blocks cFarnel ™




Zmény gradientu na membranach — IONOFORY

R,
- v burice se pfirozené udrzuji gradienty iont ,5\/ S
(plazmaticka membrana, ER, mitochondrie) L ; L e
1"7{::0 K DEI:<
Vyznam gradientu: w RN
- zajisténi semipermeability e AR
- zajiSténi spravného signalovani (Na+/K+, Ca2+) /{\” A ﬁi
- gradienty H+ pro tvorbu ATP Yoaasss Y cankons
) Valinomyc;n
Toxicke latky narusujici gradienty lonofor

- ionofory - usnadnény prenos iontlu (napr. antibiotika)

- dalSi mechanismy — viz dfive
- rozpojovani toku elektronl z respiracnich fetézcu (chinony)
- blokace prenosu v respiracnich fetézcich (kyanidy)




Polypeptides Amino Acid Steroids
Derivatives H3C CH3
'His — Ser — Asp— Gly — Thr H NH s
=
HO ?—CI—H
H ook Cholesterol
s =5 _ Tyrosine E CH,0H
) =0
e HO:‘\?HT CHs CH3[ oH
' e ) it
Gly HLEUH Val\ H H H Cortisol
Secretin Epinephrine o

- - ‘, 3}[ ](}W} M” q [UW] [U[ ]_{_W‘ .. -
- M\fl‘fl\ﬁ'{ﬂ‘?fmh\ el B e il

Most not lipid soluble, id soluble;
Not lipid soluble; bind to receptors on ! rt)en bind to
bind to receptors on surface of target cell

surface of target cell 2ceptors inside

Figure 47-3 Biological Science, 2/e
© 2005 Pearson Prentice Hall, Inc.




Kompetice toxickych latek s prirozenymi ligandy

Interakce chemickych latek s receptory pro prirozené ligandy
= reakce s proteinovymi receptory

PROTEINOVE RECEPTORY

A) Membranové receptory — mensi vyznam v ekotoxicité

- pfirozené ligandy
- velké hormony (inzulin):
v 7 , . , 4 6\9“ - Agonist

mensi vyznam toxickych latek S 4
, . , , . ¥ @pReceptor. | AT a”
- malé signalni molekuly (neurotransmitten Y [l ) Receptor
strukturné blizké malym mk toxikantt A
(spiSe farmakologie)

\5(
Qa, . QO rai

y Vd > o 1{
B) Intracelularni receptory! 78\ —
Velky vyznam v (eko)toxicité l o it

Contraction; Differentiation;

ca

Proliferation; Migration




Intracelularni (nuklearni, jaderné) receptory

Nu‘!(,lear_m recep‘f,ory Figure 1. Nuclear Receptors:
- pfimo interaguji s DNA Ligand Dependent Transcription Factors
(transkrip¢ni faktory) [0

Nucleus Cylaplasm

.I'Pj,v
Molecular Fd4

éﬁ\' ironmem

mapemnas& P 3 5
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ey Wianl - som. \
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Receptor- — P, éa
X
Naw-/ 7 A

hormone ]
o 3
Phosphorylation 7 o \ @ / ®
. gt ipg  protein \ ¥ § / y

R
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Chromatin \ — / \
o 4 A,
{ f‘, {‘b@

r-./ --::-mF!NA /\ -4 %

5 Ribosome q’%‘, e (/‘1
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Toxické latky interferuji s ligandy nuklearnich receptoru

estrogen endocrine disrupting chemicals
) = {bisphenol A, nonylphenol,
\ g phthalate, DDT, etc)
\
\ pd
. v 7 N

The binding of endocrine disrupting
chemicals to ER results in estrogenic
effects.

"4 !
0 g

h‘":"/n NA
nucleus \’
RNA

(transcription) /

protein synthesis

cell P |
L /

Nuklearni receptory




Intracelularni (jaderné) receptory
Velky vyznam v ekotoxikologii !

Ligandy nuklearnich receptoru — fada nizkomolekularnich hormonu
estrogeny, androgeny, thyroidni hormony ...
Organickeé toxickeé latky: strukturni podobnost s hormony (!)

- Specifické mechanismy a ucinky (efekty pri nizkych koncentracich)

Dulsledky: chronicka toxicita velmi vyznamnych polutantt
- persistentni latky - PCBs, PCDDs/Fs, DDT,
- ftalaty a dalsi aditiva (bisfenol A)
- detergenty (nonylfenol)
- noveé typy pesticidu atd.

Cortisol (Hydrocortisone) Testosterone Thyroxine
CH,OH

OH
(o) H
--OH 3 I I OOH
H D)oo
| | NH,




Nuklearni receptory vyznamne v ekotoxicite

AhR — receptor pro aromatické uhlovodiky (arylhydrocarbon receptor)
ER — estrogenni receptor

také napr. AR (androgenni receptor)

dalsi (PPAR, ThR) — méné prostudované ucinky latek

Aktivace AhR :
- neni znam pfirozeny ligand, nejsilngjSim ligandem TCDD (!)
- aktivace AhR vyvolava -
- indukce detoxikacnich enzymu (CYP1A1)
- hyperfosforylace regulacnich enzymu
—> proliferace (! nadory), apoptoza (imunotoxicita)

Aktivace ER
- pfirozenym ligandem ER jsou estrogeny (17beta-estradiol atp.)
- efekty jsou zavislé na typu bunék
- proliferace (nadory), produkce hormonu, zmény aktivit ...
- nefyziologicka hyperaktivace ER
- xenoestrogenita (vyznamny proces endokrinni disrupce)




 Malé molekuly — hormony (signalni latky) rozpustné v tucich
— Prestup pfes membranu — vazba na NR — aktivace transkripce (transkripéni faktory)

— STEROIDNi HORMONY

« Pohlavni hormony (estrogen, progesteron, testosteron)
» Kortikosteroidy (glucocorticoids and mineralcorticoids)

— DalsSi hormony a ligandy

Thyroidni hormony, vitamin D3, kyselina retinova, ligandy AhR (napr. TCDD)

— Malé molekuly - plyny

Napf. NO (signalovani v imunitnich reakcich)
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>> |atka muZze pusobit jako AGONISTA a/nebo ANTAGONISTA
(podle konkrétni situace v tkani a v zavislosti na koncentraci ligandu)

- Dopady — pfedevsSim reprodukcCni toxicita, ale také imunosuprese ad.
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AhR (Arylhydrocarbon receptor)
= receptor pro planarni aromatické uhlovodiky
= dioxinovy receptor

[nsnd d, GemBd. Ifaat 11 3

2,3,7,8-TCDD
(dioxin) ve
vazbé s AhR




« Ligandem aktivovany transkripCni faktor

— Stejné jako ostatni NRs (nuclear receptors, jaderné receptory)

« Aktivni AhR Fidi expresi mnoha ruznych genu

« Vyznamny mediator toxicity mnoha POPs — primarné aktivovan

planarnimi aromatickymi latkami

— Po aktivace spousti primarné syntézu CYPs (detoxikace — vC. ,aktivace®)

a soucCasné ovlivhuje dalSi geny

» KrFizova aktivace (crosstalk) s dalSimi NRs
(pf. potlacuje de novo syntezu ER ~ antiestrogenita)

* Nejsilnéjsi znamy ligand: TCDD
— Mduze byt aktivovan i endogennimi
latkami — napfr. derivaty aromatickych
heterocyklickych aminokyselin

CI: : :D : Cl
Cl O Cl

A
L-tryptophan <|ch>zl> ?
N
OHC N O
oY
N

H FICZ (1)

) D
\ /

detoxificatmmune response

barrier function



* Promotory mnoha genu obsahuiji tzv.
xenobiotic response elements (XRE) nebo
dioxin responsive elements (DRE) :

— Detoxifika€ni geny
* phase | enzymes (CYP 1A1, CYP 1A2, CYP 1B1)

* phase Il enzymes (UDP-glucuronosyltransferase, GST-
Ya, NADP(H):oxidoreductase

— Dalsi geny - napf¥. fizeni bunééného cyklu,

apoptozy
« Bax (apoptosis control), p27Kip1, Jun B (MAP-kinase),
TGF-b (tumor growth factor)




Klasicke a dalsi (neplanarni) ligandy AhR

Classical = planar structures
- direct binding to AhR

aﬂ

7.8-Tetrachlorodibenzo-p-dioxin "4, 'S-Pentachlorobiphenyl

w_

Denison & Nagy, Annu.
Rev. Pharmacol. Toxicol. 43:309

“Non-classical”
Ruzné latky, které aktivuji AhR

Rilirubin
CN  SKF71739
0
OCONHCH, Il
) »—s—cH,
(1 " L
CH,0
3 CHy CHg
Carbaryl Omeprazole OCH5
J (:Q/ ~
H
C6-Methylenedioxybenzene TIryptamine

CHy



JOOC

Epithelial hyperplasia I Tumor promotion I

/ Persistent thyroid hormone

Induction of drug-
metabolizing enzymes

/ receptor activation

<«— EGF receptor down-reguiation

T~

Altered ER signaling ——»

Porphyria =~ ————> <— Lipid peroxidation
Deregulated lipid metabolism —— e IImmunosuppressicn I
Decreased serum thyroxing ———» <— [nhibition of gluconeogenesis
Wasting < ITeratogenesisﬁembryotoxicit}fl

S
Metabolism of arachidonic acid /7/4 \\ Utilization of

to biologically active products brown adipose tissue

Vitamin A depletion Cardiac dysfunction

Figure I Biological responses to TCDD. A wide variety of cellular processes have been shown
to be aftected by TCDD.

Schmidt & Bradfield, Annu. Rev. Cell Dev. Biol. 12:55




Zmeny redox-potencialu
Oxidativni stres




Zmeny redox potencialu / oxidativni stres

Redox-potencial
- v bunce se pfirozene udrzuje urCity stav redox-potencialu
- rovhovaha oxidanty/antioxidanty

- naruseni rovnovahy - oxidacni stres
- Antioxidanty:

endogenni syntéza — glutathion (!)
dietarni beta-karoten, kys. askorbova (vitamin C)

- Zdroje “pro-oxidantt” (viz dale)
- pfirozené procesy (metabolismus)

- zareni Oxidati
. . vrs r L - L " . L] “m““ﬂrm
- xenobiotika (pfima reaktivita, reaktivita po aktivaci) o
mnk
ﬁh%ﬁ
fissue injury Oxidative domage inflammation

]
!
Lipids proteins nucleic ocids




METABOLISMUS a oxidativni stres

Metabolismus - mitochondrie
kyslik = terminalni akceptor elektronu

fyziologicky: 02 + glukoza - voda + CO2
patologie: 02 > ROS (reactive oxygen species)
ROS signaling

NAD(E)H protection
/ \ catalase
xar.wthine
0, "~ H,0, \/HZO
Hlavni ROS T glutathione
-Superoxid (02_ . ) ( l;]rmtla{:l'lom:iriaj | Fe+2 peroxidase systems
-Peroxid vodiku (H202) gt
*Hydroxylovy radikal (OH ) e
- poskozeni molekul -OH
direct cellular injury

_ lipids DNA proteins




R ate
RS Antoxwdant consLant,
M_I'E-EE_I
Superoxxle amon | carnosine 50107
of oxypen carnosine 0g-10°
ascorbate 27-10°
t-tocopherol 20-10°
Singlet oxygen CArnosme 3-10°7
imidazole 2107
ergothioneine 2-10°7
MNaMN, a4 - 10
Hydroxyl radical carnosine {5-8) - 107
9-10"




Respiracni retézec v mitochondriich

- zdroj elektronti = zdroj ROS

MATRIX

Succ Fum

IMS




DalsSi zdroje ,,oxidantu“ v bunice - zareni

lonizujici zareni
- reakce s vodou v bunkach

-> produkce ROS (OH-radikal)
- zakladni mechanismus toxicity zpisobené zarenim !

C DNA damage
A Water radiolysis OH"

H.O e o+ H,0'=> H' + OH -
H,0

H'+ OH' H.O
B Subsequent reactions _
€ o+ HyO —>» H 0" D Damage fixation | O,
€ ot Oy ——> O
H'+H* =—> H,
OH'+ OH' —> H,0,
H+0y — HOy ——“-_ H*+ Q"




XENOBIOTIKA A OXIDACNI STRES

- primo reaktivni latky (napf. epoxidy a dalSi ...)
- metabolity vznikajici pfi transformacich a detoxifikaci
—~>Reakce s “antioxidanty” - omezeni antioxidacni kapacity

-toxické kovy (Fentonova reakce — katalyza rozkladu H202 - OH¥)

-redoxni cyklatory — napf. chinony

- Indukce radikalu (viz priklad dole: kovy - ROS)

fatty acid
B-oxidation

sevearal
oxidases

0;
Oy generating
systems
::;i. cr®*, Ni2*, Co?, Fe™, Cu?*, Ti®
| =
sS0D = [metal-oxygen] | =----
./ 102
H20,
e GSH NADP* 1
pemﬂdaseXdudasa
I\FEESG » — NADPH DMA repair
H;O 9 ﬂys::tems

—— lipid peroxidation
T (LOOH, LOOs, LOw)

o~
-

IIFF
DNA damage—=—=—=carcinogenesis

i |

As*, Cd®*, CHyHg*"?

narmal DNA




lipid hydroperoxides: LOOH

malondialdehyde: MDA
4-hydroxy-2-nonenol: HNE

fibrotic response
in other liver cells

Acetaldehyde

superoxide: O, .
hydroxyl radical: OH
hydrogen peroxide: H,0,

NADP* + H,0 ]
other radicals

detoxification
————— > glucose

NADPH + H*
ketones
m-oxidation >
epoxidation .
Etha_nr._:l 0, fatty acids
xenobiotics
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BIOMARKER AVAILABILITY FREQUENTLY USED ASSAYS
( ‘Li-p-i;‘ll‘i:rnlidaﬂnn
\-Fz’-i’supms.tan ' Plasma, urine | GCMS, HPLC-MSMS
Oxidized low-density lipoprotein~ Plasma, serum | ELISA

(oxLDOL)
Malondialdehyde (MDA

PR il

‘:\Frnte'!f'ﬂxithiim

-~y

Protein carbonyls

{ DNA O3idation

Ny

8-hydrosy-2-deoaguanosing (8-

Plasma, serum, saliva, unne,

exhaled breath condensate

Plasma, serum

Plasma, senum, unne

| Colonmetry, specirophotometry,

HPLC +fluorescence, GCAAS

" ELISA

HPLC-EC, HPLC-M5MS™, GCIMS,




Oxidativni stres = naruseni rovnovahy
oxidanty/antioxidanty

Oxidacni stres vznika:

- ZvySenim koncentraci oxidantu
a/nebo
- Odstranénim antioxidantu

- velmi obecny mechanismus vyvolany toxickymi latkami

- dusledky: chronické efekty — nemoci, rakovina, starnuti ...

Pozn: Druhy extrém naruSeni rovnovahy:
? Snizeni koncentraci oxidantu - malo prostudovano (anoxie - ¢asty stav v nadorech)




Diseases Related to Oxidative Stress

o
( Heart Disease }
S — -
Arthritis
Autism Asthma

Alzheimer Disease OXI D AT I V E Parkinson's Disease
Liver Diseases ‘ ' ' Blood Vessel Damage

Common Cold Prostate Problems

Cystic Fibrosis ‘ Dementia
Skin Disorders Emphysema

Kidney Failure Hepatitis
STRESS! -~
Crohn's Disease - ,)

Diabetes Cancers

' Aglng
Hypertension vaeﬂ'énsmn
Macular Degeneration Bronchitis [chronic & acute]
Athletic Performance [stamina & endurance] Chronic Fatigue Syndrome

Priklad — akutni infarkt myocardu (acute coronary syndrome; ACS)
A @ (C} 0] (€

Figure 24-7. Pathogenesis of acutecoronary syndromes. A. A normal coronary artery has an intact endothelium
surrounded by smooth muscle cells. B. Endothelial cell activation or injury recruits monocytes and T lymphocytes
to the site of injury, leading to development of a fatty streak. C. Continued oxidative stress within a fatty streak leads
to development of an atherosclerotic plague. D. Macrophage apoptosis and continued cholesterol deposition cause
further plague organization, and may induce the expression of additional inflammatory proteins and matrix
metalloproteinases. At this stage, the cap of the fibroatheroma remains intact. E. Continued inflammation within an
atherosclerotic plague leads to thinning of the fibrous cap and, eventually, to plague erosion or rupture. Exposure of
plague constituents to the bloodstream activates platelets and the coagulation cascade, with resulting coronary
artery occlusion.

Credit: Figure 24-7: Adapted with permission from Libby P. Current concepts of the pathogenesis of acute coronary
syndromes. <i=Circulation=/i> 2001;104:365-372.
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Shrnuti

Prehled mechanismu:
ke kazdému znat principy, dusledky, priklady chemickych latek

Zakladni typy toxicity
Nespecificka toxicita - (ne)polarni narkoticka toxicita (bazalni toxicita)
- toxicita vyvolana reaktivnimi latkami

Specificka toxicita - inhibice enzymd, interakce s receptory apod.

Konkreétni priklady
- naruseni pfirozené fluidity membrany
- interakce latek s DNA
- inhibice enzymovych aktivit
- naruseni redox-potencialu
- naruseni gradienti na membranach
- kompetice se substraty / pfirozenymi ligandy




e Co se rozumi pod pojmem receptor v toxikodynamice?
Uvedte priklady

« Jaké molekularni interakce nastavaji mezi toxickou latkou a
cilovym mistem? Popiste princip hydrofobni interakce (atp.)

« Co je to agonista a antagonista? Co je to specificka a
nespecificka inhibice enzymu?

« \ysvétlete na jakych vlastnostech latky zavisi nepolarni
narkoza, genotoxicita atp.

* Popiste co to je oxidativni stres, jak vznika, jaké jsou jeho
dusledky?

* Co je to acetylcholinesteraza? Jakou ma funkci v organismu??
Jaké jsou dusledky jeji inhibice? Jakeé latky ji inhibuji?

« Co je to estrogenni receptor? Vysvétlete proc je v toxicité
vyznamnejSi nez napr. receptor pro inzulin?

« Jaké jsou dusledky mutagenity u ¢lovéka? Jaké jsou dusledky
mutagenity u pfirodnich organismu?




