.Biotransformace™ = metabolismus
cizorodych latek a regulace hladin
biotransformaénich enzymu




ENZYMY METABOLISMU CIZORODYCH LATEK

¥ Enzymy 1. fdze biotransformace xenobiotik, steroidnich
hormont a mastnych kyselin - monooxygendzy (CYP, AKR,
FMO), reduktazy (AKR, NQO), hydrolazy (esterdzy,
epoxidhydroldazy); dalsi reakce: hydratace, isomerace.

@ 2. fdze biotransformace - transferdzy (6ST, UDPGT, SULF,
acetyldzy aj.); antioxidaéni enzymy (SOD, CAT, GPx, GR).

@ 3. fdze biotransformace (ABC transportéry)




BIOTRANSFORMACE CIZORODYCH LATEK
A STEROIDU EIKOSANOIDU AJ. ENDOGENNIiCH
LATEK

Phase 0 phase | prase | Eiil

UGTs
Huclanphilu —— gl':l‘mz’;’m MRP1.3 n:mmmu
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1. FAZE BIOTRANSFORMACE:
monooxygendzové reakce

CYP enzymy
\ 4
RH + 0, + NADPH —=> R-OH + NADP" + H,0
(substrat) (produkt)

Funkce cytochromi P450 (CYP):

- Nejprve je nutny prenos elektroni z NADPH na CYP enzym (NADPH:P450-
oxidoreduktaza)

- Aktivace molekuly kysliku, ,roztrzeni" vazby
- Oxidace substrdtu (hydroxylace, N-demethylace, epoxidace, dehalogenace...)

R-H — R-OH / /
N

\NCH3—> N-H + HCHO -C=C- — C—-C
/ / /7




ROLE CYP1A1/CYP1A2/CYP1B1 A EPOXIDHYDROLAZ V
METABOLICKE AKTIVACI POLYCYKLICKYCH
AROMATICKYCH UHLOVODIKU

o

(+)- and (-)-B(a)P-
1.8-0xdde

_PA30

(+)- ‘I (-)- B(a)P-1,8-dlol-
9.10-epoxide

HO
On (=) BlalP-1,8-giol




Seznam nejvyznamnéjsich cytochromu P450,
které jsou zodpovédné za biotransformaci
cizorodych latek:

@~ CYP1A1, CYP1A2, CYP1B1 (metabolizuje polycyklické aromatické
uhlovodiky);

¥ CYP2C9 (metabolizuje nesteroidni antiflogistika a
dalsi 1éCiva), CYP2D6 (beta-blokatory, kodein); CYP2E1
(org. rozpoustédla jako ethanol, benzen, toluen)

¥~ CYP3A4 (metabolizuje asi 30% viech xenobiotik,
predevsim [éCiv vCetné antibiotik);

¥ CYP4A11 a dal$i CYPs metabolizujici mastné kyseliny
(CYP4A = PUFA hydroxylazy; CYP2C a CYP2J = PUFA
epoxygendzy) a nékterd xenobiotika.

Dalsi desitky CYP enzymi jsou zapojeny do biosyntézy a
metabolismu endogennich latek, napr. CYP7A (hydroxylace
cholesterolu), CYP17 (hydroxylace steroidt), CYP19

(aromatdza - preména androgent na estrogeny).



Vlastnosti cytochromiu P450

Cytochromy P450 = hemoproteiny; v UV-VIS spektru maximum pri 450
nm (v redukovaném stavu a navazany oxid uhelnaty); vyjimka mezi
enzymy: Siroka substratova specifita, ruzné katalytické aktivity, vyskyt
nejvice v jatrech, GIT, plicich, ledvinach, ale i v dalSich tkanich).
Klasifikace podle podobnosti sekvenci: genové rodiny CYP1, CYP2, CYP3,
CYP4 atd., podrodiny CYP1A, CYP1B atd. (cca 60% sekvence),
jednotlivé isoformy CYP1A1, CYP1A2, CYP1B1; polymorfismus.

CYP3A4 s navédzanym inhibitorem Aktivni misto CYP1A2 s navazanym B-naftoflavonem
(modra barva)



CYKLUS CYTOCHROMU P450:
AKTIVACE KYSLIKU A MONOOXYGENACE

interakci se substratem vznika
vysokospmova forma Fe3+-hemu a

"ROH Fe* dochazu k pfenosu elektroni
Prenos elektroni: &
NADPH Fe>* ROH @ NADPH-P450 reductase™
!
NADPH:P450 oxido- (&) \1e @ i
reduktdza F 0H3* o NADPH-P450 reductase
| : *

2+ RH

cytochrom P450

(substrdt RH, Feo3+ RH
produkt ROH,
produkce ROS)

Aktivace kysliku:
ROS = vedlejsi
produkty

NADPH-P450 reductase™® NADPH-P450 reductase®*




STEROIDY: substratova specifita CYP enzymi

(s vyjimkou aromatdzy monooxygendzové reakce inaktivuji

steroidni hormony)
aromatdza

/ ",OH
’ PASOaroc_vl_

Estradiol

18 R

Steroids

(testosterone, R = -OH
androstenedione, R = =O 6B-OH-Testosterone
progesterone, R = -COCH3

(4-Pregnene-3,20-dione))

17-ox0 (2C11, 2B1)

Hydroxylace steroidC
v ruznych pozicich %ZC“)
(v zavorkach isoform§ &> H-16f (2B1)
CYP enzymu) H-16
RAY)  pg A2 (2C11 ,(1281)

6B-hydroxylace = (2A1)
specificka reakce CYP3A




METABOLISMUS POLYCHLOROVANYCH
BIFENYLU (PCB) - priklad 1. faze metabolismu
persistentnich organickych sloucenin

Mikrobidlni
degradace
véetné arom. jddra

/ Metabolismus e

u vyssich
Zivo&ichi:
oxidativni metab.
(hl. cesty A-D, C)

Persistetni arom.

slouceniny: obsahuji Cl
v sousednich pozicich -
bariéra vzniku epoxidu
monooxygendzovou reakci




REGULACE CYPs: nukledrni a cytosolové
receptory kontroluji expresi CYP proteini

Foreign Chemical . ....._... p» Hormones, Cytokines
Inducers \ / Growth Factors
expozice ciz. ldtkami RECEPTORS and
indukuje hladiny TRANSCRIPTION FACTORS
CYP enzymd
llnduction
CYP GENE EXPRESSION

v

" (P450 ENZYMES ) .

K’ Y
Foreign Chemical Metabolism of
Mgtabousm Endogenous Steroids,

Fatty Acids, Prostaglandins

expozice a indukce CYP enzymi ovliviiuje metabolismus endogennich latek!
(spole¢né enzymy CYP pro biotransformaci cizorodych i endogennich Idtek)




XENOBIOTIKA, STEROIDY AJ.

LATKY INDUKUJL VLASTNE Drugs |
METABOLISMUS AKTIVACL o]
RECEPTORU/TRANSKRIPENICH *
FAKTORU, KTERE KONTROLUJE l
EXPRESI BIOTRANSFORMACNICH =g
ENZYMU A ABC TRANSPORTERU |

:\hRI\RR' C:‘\R/I‘(R PXRl/RXR | PP ‘\R/R‘(R

AhR-RE PBREM PXR-RE PPAR-RE

- vazba xenobiotika na receptor
(aktivace receptoru)
- dimerizace receptoru

- vazba receptoru na specifické
responsni elementy v promoterovych
oblastech cilovych gent

Phase [ Drug
metabolizing Enzymes

Phase ll Drug N\
( metabolizing Enzymes ) Stnzss fnz\mec

\__//../




NUKLEARNI A CYTOSOLOVE RECEPTORY

nuklearni receptory cytosolovy receptor
< e |
a) peroxisome proliferators b) phenobarbital c) dioxin
o)
5 RA PB RA 0

PPARa RXR

WVAAR
W\

PPRE \ >

| ARNT

ligand receptoru specif. responsni element v promoterech

dimerizacni partner



NUKLEARNI A CYTOSOLOVE RECEPTORY
KONTROLUJICE EXPRESI CYP ENZYMU

Cizorodé nebo

endogenni latky,

které indukuji  CYP Induction Mediated by Nuclear Receptors
hladiny CYP

enzymu Prototypic responsive
P450 inducing agents rat liver CYPs Receptor

Polycyclic aromati

hydrocarbons 1Al1, 1A2, 1Bl Ah receptor”
Phenobarbital 2B1, 2B2 CAR
Dexamethasone 3A1, 3A2, 3A23 PXR
Fibrate drugs 4A1, 4A2, 4A3 PPARa
Cholesterol 7A1 LXRa
Bile acids” 7A1 FXR
Thyroid hormon P450 reductase TR

* PAS transcription family member. not a nuclear receptor.
" Inhibitors of CYP7AI1 transcription.




SEZNAM CYTOCHROMU P450 (CYP) ZODPOVEDNYCH
ZA BIOSYNTEZU / METABOLISMUS STEROIDU A
METABOLISMUS XENOBIOTIK

0 CYP1A1, CYP1A2, CYP1B1: genovad exprese regulovdana AhR (indukce
dioxiny, PAH; endogenni ligandy?); monooxygenace PAH, estradiolu;

O CYP2B: exprese regulovdna GR/CAR, indukce steroidy,
fenobarbitalem, monooxygenace velké rady xenobiotik, testosteronu aj.
d CYP2A, CYP2C, CYP2D

O CYP2E: indukce predevsim stabilizaci proteinu (indukuji etanol, pyrazol
aj.), monooxygenace etanolu, (w-1)-hydroxylace mastnych kyselin

d CYP3A exprese regulovana GR/PXR mdukce dexame‘razonem aj.
blo’rr'anfor'mace) 6B-hydroxylace testosteronu

O CYP4A: exprese regulovdana PPARc, indukce peroxisomadlnimi
proliferdtory (clofibrate, dialkylestery kyseliny ftalové), o-hydroxylace
mastnych kyselin

d CYP7A, CYP11A, CYP17, CYP19 (aromatdza): enzymy steroidogeneze
3 dalsi dilezité CYP metabolismu vitaminu D3 a kyseliny retinové




REGULACE EXPRESE BIOTRANSFORMACNICH
ENZYMU:

CYTOSOLOVY Ah (aryl hydrocarbon) RECEPTOR




AhR (Aryl hydrocarbon receptor)

AhR kontroluje genovou expresi

a

biotransformacnich enzymli  regulatord bun. cyklu / pfimé interakce (ER?,..)
CYP1A1/1A2/1B1 UGT, ST, @PoPTozy (p27, Bax,...)

dalSi funkce AhR-dependentni genové exprese




AKTIVACE Ah RECEPTORU A INDUKCE
CYP1A1 SUBSTRATEM CYP1A

substrat S je ligandem AhR monooxygendzovad reakce

AhR/ARNT nasedad na XRE = DRE = xenobiotic (dioxin) response element



LIGANDY / INDUKTORY AhR

Strukturni podobnost (Sirka, vyska, molekularni objem, planarita molekuly)

-

TCDD = nejsilnéjSi agonista AhR Koplandrni PCB
= modelovy dioxinovy toxikant (podobny dioxintim, agonista AhR)
Cl l
Nekoplandarni latky O
(napr. PCB se dvéma Cl

o
chléry v pozici ortho) . O
nevykazuji planérni Cl

pozici aromatickych jader
a nejsou agonisty AhR




ENDOGENNT AGONISTE AhR

dosud nejsou presné uréeny (derivdty tryptofanu ?)

o T -« TCRD
Fyziologické &
s v e — ? S~ 4

nezby’rgy viadé ; i\\” ~

procesu . : o N

voje then,  § 1007 TR 4 - Indigo (81)
differenciace " .3 |

bunék aj. 5500 S LVa

(viz mysi AhR- ’ ’\«}‘ :r{v‘
deficientni :

mode ly) 0 .MM..,M, e AR A AN 00 i SRR S R R S 45 A8

£00% Q01 01 1 10 100 1060 10000
Concantration {(nM)



AKTIVACE Ah RECEPTORU / AhR-
DEPENDENTNI GENOVA EXPRESE

o ligand (TCDD etc.)
Produkty genové

exprese: /
-detox./bioaktiv. enzy \ Satsiiidor R e

- apoptéza; @ <hH A

- bun. cyklus; eyloplasm

~ bun. oy
/ phospholyration?

P¥imé interakce AR @ @D ; Ve

(.cross-talk" s ER, ...) ruscious

RQQUIOCC AhR: Cyplal, p27, Bax, Ahr, etc.
- degradace AhR po T /

havdazani ligandu
- AHRR = AhR represor L, “ g




REGULACE CYTOCHROMU P4501B1 (CYP1B1)

(je velmi komplexni - nékolik responsnich elementt)

@ Estrogen

cAMP
w

Estrogen

(or estrogen
metabolite)

Aglivated PHA
esntors nucleus

phosphoryglabes
CREB

FUER DRE AP=1 site ERE
(=5205 ta 5110) (353 to <524 =149t 129) (B4 1o 49

-
—_—

—— R

CYP1B1

| {sther SF=1 ard CRER binding occurs upsinsam) DRE:
dioxin
response
element




REGULACE EXPRESE BIOTRANSFORMACNICH
ENZYMU:

NUKLEARNI RECEPTORY




NUKLEARNIL RECEPTORY (NR)

Histone acetyl-
transferases

Histone

deacetylases Ligand binding
Protein kinases
: Dimaerization
Translocation

el
e

No ligand
Antagonist

Gene Gene
Repression Activation

Model for gene activation and gene repression by NRs




NUKLEARNI RECEPTORY:
struktura domén receptor

A/B C D E

hER« [

hERP 28 96 |l 58

2

transcriptional
activation AF-1 ~
daclear aktivace MAPK N

translocation = - T vazba ligandu

dimerization ———e SE——
DNA binding SES
hsp90 binding

Coactivator binding - ————

Corepressor binding



NUKLEARNI RECEPTORY MOHOU BYT
AKTIVOVANY TAKE PROTEINKINAZAMI

Hydrophilic

Lipophilic Xenobiotic

N %\
ross-
7] ..-'.'

Cellular Events
Cell cycle regulation
Enzyme induction

Ligand-independentni
modulace
transkrip&niho
faktoru (MAPK, PKA,.)

Target Gene(s)



NUKLEARNI RECEPTORY - KLASIFIKACE

Nuclear Hormone Receprors

ER on L3 AR on |
17 e <ol YN \ 1L
Lo T | O LGB SEE DNA B Ligand  [UZILElll
U [ T a— Adopted
L B ook B Endocrine Orphan Orphan
L | oo | g Receptors Receptors Receptors
| | o Ligands: High-affinity, Low-affinity, Unknown
& Gaiadadinsiii 5 & Geisgnad (4 gt hormonal lipids dietary lipids
RAR — A "-‘s “
R VDR SF-1

LRH-1
DAX-1
SHP

TLX
PNR
NGFI-B a B,y

ROR a8,y
ERR o,B,y

CAR ~L-. | PPARY

RVRa,f,y
GCNF

TR24

HNF-4
COUP-TFa B,y

PXR

Ligandy (agonisté) jadernych receptorii




NUKLEARNI RECEPTORY

= ,xenosensory" a lipidni sensory" N
(aktivace transkripce po expozici xenobiotiky resp. lipidy)

e

Acetyl CoA

RAR
RXR

Retinoic Acids [y Isoprenoids

)

Lanosterol
Diet
7-Dehydro-
Cholesterol
Cholesterol
Xenobiotics
4 CYP3A PXR
cYP2B CAR
$ABCB1,C2,C3 Oxysterols
. Steroids m

PPAR

Fatty Acids

i

Diet

4 ABCB4,02,D4

+CYP27B1

3

1.25-Dih{droxy-
Vitam

n 03
20-Hydroxy-
Ecdysone

p EcR

Bile Acids

)

CYP7A1
CYP8B1

$ABCB11

-




NUKLEARNI RECEPTORY:
vazba antagonistického a agonistického ligandu

b

Antagonisté:
vazba bez
transaktivace

.
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REGULACE GR / PXR / CAR

J.M. Pascussi et al. / Biochimica et Biophysica Acta 1619 (2003) 243-253

NUCLEUS

—

CAR, PXR,
4 RXR

H_/

Xenobiotics I

—L CYP3A4

—| XRE XRE
Vice urovni
regulace; v ™
XRE CYP2B6
aktivace nizkou
vs. vysokou
koncentraci

ligandu




FENOBARBITAL (PB) - agonista CAR
(a induktor biotransformaénich enzymi), ale
také indukce metabolismu endogennich latek

Biotransformace:

: * Cell Growth
enzymy 1. faze ¢ Cell Communication
) e Tumor Promotion
enzymy 2. faze « Induction of Genes
al1-Acid Glycoprotein
‘g
PB —» g:
o
B2+
X
U4 c =
Modulace endogenniho / §3
metabolismu - <
« Glucose Metabolism (NADPHT, UDP-GA!) T
e Intracellular Redox Potential
* Hepatic ER Proliferation
* Heme Synthesis and Metabolism

Concerted Reactions



PP A R(X Peroxisome - proliferator

. CH;,
(Perpxusomal &40 0-¢-coocas
Proliferator- CHy Induktory:

Activated mastné
Receptor alpha / kyseliny,
hypo-
lipidemika
(fibraty),
environ.
latky
(ftalaty)

kontroluje expresi
CYP4A1l a enzym
metabolismu lipidu




Farmaka

kontaminanty

(hypolimidemika)

Environmentdlni

LIGANDY PPARa

L oot

Wy 14,643

O :

Clofibrate

Cl

Arachidonic Acid

O

O

¢
CH,

]| |
C—0—CH,—CH—CH,—CH,—CH,—CH,
i :ICII—O—CI-|2—CH—CH2—CH2—CH2—CH3

G
CH,

Di(2-ethylhexyl)ftalat (DEHP)

z

cis9 trans11 conjugated linoleic acid

(Endogennt) lipidy



DUSLEDKY AKTIVACE PPAR«

Nerovnomérna Ligand

indukce CYP4A
(vedl. produkt: H,0,) l

a dalSich enzymu !
(napr. CAT)

dependentnich PPAR o
na PPARalfa

Target tissues

Fatty acid transport
Fatty acid activation
Fatty acid oxidation
=Cell proliferation

*Other pathways

|
v

Regulation
Lipid homeostasis
*Cancer (Rodents only?)
*Atherosclerosis
*Unidentified functions




DALSI ENZYMY 1 .FAZE
BIOTRASFORMACE A JEJICH
REGULACE




DALSL ENZYMY 1.FAZE BIOTRASFORMACE A
JEJICH REGULACE

flavinmonooxygenazy (FAD enzymy, NADPH primo reaguje s

enzymem);

peroxiddzy (hemoproteiny oxidujici 2-aminofluoren, PAH, fenoly:

radikdlové jednoelektronové reakce);

- alkoholdehydrogenazy (koenzym NADH, oxidace prim. a sek.
alkoholi);

- aldehyddehydrogendzy (oxidace= detoxikace aldehydu a ketond):

- aldoketoreduktazy (AKR, oxidaéni reakce alkoholli - NAD+; redukce

aldehydd a ketonl na alkoholy za Géasti NADPH);

- reduktdzy xenobiotik (aldoketoreduktdzy AKR, dehydrogendzy s
kratkym retézcem SDR, dehydrogendzy se stredné dlouhym
retézcem, NADPH/chinonoxidoreduktaza - dvouelektronova redukce
chinoni);

- hydrolazy (Stépeni substratu za dcasti vody: acetylcholinesterazy,
karboxyesterazy, epoxidhydrolazy)




ALKOHOLDEHYDROGENAZY

NAD* NADH
ADH
{low km)
NAD* NADH
ALDH
CH,C0,0H CH,COH flow km) CH,CO0"
Ethanol Acethaldehyde > Acetate
YP2ET
(high km)
NADPH NADP* H,0, H,0
Catalase
bolismus etanolu tremi ADH . A
. . . Ethanol Acetaldehyde —===—p Acetate
enzymovymi systémy NA7D’ #‘NADH Yae TALpH

CYP2E1

0,+ NADPH  NADP* + H,0




ALDOKETOREDUKTAZY

-vétsinou monomerické NAD(P)(H)-dependentni oxido-
reduktazy: konvertuji

- dosud 115 enzymi ve 14 ,genovych rodindch";

- substrdtovd specifita: cukerné aldehydy; steroidni
hormony; prostaglandiny a lipidové aldehydy:
metabolizuji také nékteré chemické karcinogeny

(NNK, PAH-trans-dihydrodioly, aflatoxindialdehyd)

Priklady lidskych AKR:

AKR1A1 (aldehydreduktdza)

AKR1B1 (aldosareduktaza)

BN AKR1C1-1C4 (20a-, 3a-, 30./17a-, 3a-HSD)

lA KR1D1 (5B-reduktaza)




AKR (reduktaza)

CYP-Peroxidase
~ELSER s SRS ——————3  Depurinating
DNA Adduct.

P 2 .
®Y cveiavcyrinl Radical Cation
l Epoxide Hydrolase kateChOIy =

- metabolity PAHS,

“ - podobné
HO™ N\’ HO metabolity
OH

OH « yo
(-) BP-7,8-Diol Catechol steroidu (E2)
O3~
j CYPIAI 1K H,0y ——— = Oxidative DNA
& Damage
HOY oe
OH o-semiquinone anion radical

(+)anti-BPDE

NAID(P 02
fos

Stable DNA Adducts

Oxidative DNA)

NAD(P)H

BP-7.8-Dione ——————»={ Stable and
Depurinating




PUFA’s (e.g. linoleic acid and arachidonic acid)
| ROS
Lipid ROOH (e.g. 13-HPODE and 15-HPETE)

|

Bifunctional electrophile

OH
/\A/Wo GST
\ H
H (0]
4-Hydroxy-2-nonenal
AKRIAI = B
AKRI1BI1 AKRIBI
AKICI-AKRIC3
H H
= OH OH
H H

1,4-Dihydroxy-2-nonene

Detoxikace NNK

ALDOKETOREDUKTAZY

Biotransformace aldehyd
lipidni peroxidace

G ) Nicotine
(j& (l('sgoaclco smoke)

N:o Carbonyl Reduction OH

e
1 N_
(j/l\/\/ Hy 1B-HSD Type | O/K/\/ CHy
AKRICI
AKRIC2 N~ NNAL
AKRIC4
UDPGT
'
CYP2A6/3A4 :
(a-hydr?xylalion) TNAL-qucummdc
DNA-adducts Excretion



REGULACE ALDOKETOREDUKTAZ

—

AKRIBI

Osmotic Stress

—>

AKRIBI
AKRICI

Reactive Oxygen
Species

—

AKRIC!
AKR7Al




KLASICKY POHLED NA INDUKCI GENOVE EXPRESE
KONTROLOVANOU XRE A ARE: transkr. faktor Nrf2 je
indukovdn reaktivnimi metabolity a ox. stresem

Bifunctional inducer Monofunctional inducer

. EQ -
TCDD BN SFP
DADS /
D3T

Bifunk¢ni induktory

CYP metabolism

= xenobiotika ~
GkTiVUJ ici electrophilic metaholites
AhR a Nrf2 A
Sensor
Keapl

NQO:; GST a dalsi
enzymy 2. fdaze
biotransformace  ____1 ___________ i

nuclear | translocaton 0 0 4
nuclear | translocation

HIIRE-"RH'I'} CYPIA — N f‘.‘u‘f:tfl >
— XRE

GST/NQO
] ARE

XRE = xenobiotic (dioxin) respons element;

ARE = antioxidant response element , _
Miao et al., Biochem. Pharmacol., 2004




TRANSKRIPCNI FAKTOR Nrf2 JE
REGULOVAN OXIDATIVNIM STRESEM /
ELEKTROFILNIMI METABOLITY A TAKE

AKTIVACI AhR

1hE

N "l o
ARE 1]- Fhaez 11

———r  Fligsc | GET

. . CYPIAL™ UGT -,
o CYPIRIL "'-.‘ .." MO ., !
! Iistcrime diate A

_-' -..‘ e labaliles Not-C afciog it

LI T

PO=CaIC g o of !-.:.,q|__.'|_|||||5-.-||.|-.
CAPCIER prosiucls

Miao et al., JBC, 2005




EPOXIDHYDROLAZY

Funkce:
- metabolismus lipidl (epoxidl) v Zivo¢isnych a rostlinnych burikdach
- metabolismus intermedidtt xenobiotik s epoxidovou skupinou

celkem 7 forem EH:

- sav¢i solubilni (cytosolovd) EH
- mikrosomdlni EH

- leukotrien A4 hydroldza

etc.

Regulace?




ROLE CYP1A1/CYP1A2/CYP1B1 A
=POXIDHYDROLAZ V METABOLICKE AKTIVACT
POLYCYKLICKYCH AROMATICKYCH UHLOVODiKU

(+)- and (-)-B(a)P-
1.8-0xdde




