Biotransformace” = metabolismus
cizorodych latek a regulace hladin
biotransformacénich enzymu



ENZYMY METABOLISMU CIZORODYCH LATEK

¥ Enzymy 1. fdze biotransformace xenobiotik, steroidnich
hormoni a mastnych kyselin

- monooxygendzy (CYP, AKR, FMO);
- reduktdzy (AKR, NQO);

- hydrolazy (esterdzy, epoxidhydroldzy);
- dalsi reakce: hydratace, isomerace, dehalogenace.

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

®" 3. fdze biotransformace (ABC transportéry)



BIOTRANSFORMACE CIZORQDYCH LATEK
A STEROIDU, EIKOSANOIDU AJ. ENDOGENNicH
LATEK

Phase 0 phase | prase | Eiil

UGTs
Glucuronides,
Hucmuphilu —_— Sulfoconjugates MRP1,3 {I:as-nhtml}

<4 4

Eliﬂtrﬂphllﬂl ——— (33H conjugates MRP2 [npu:nl}
GSTs

DNA, proteins




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 substratu (hydroxylace N- deme'rhylace epoxidace, dehalogenace...)

RH — R-OH / /

\NCH —_ NH+HCHO -C=C- — c_.c.

/ /7 /7




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

(+1- and (-}- B(a)P-1,8-dlok-
9.10-epoxide /



Vlastnosti cytochromu P450

Cytochromy P450 = hemoproteiny; v UV-VIS spektru maximum pri 450
nm (v redukovaném stavu a navdzany oxid uhelnaty): vyjimka mezi
enzymy: Sirokd substratova specifita, rizné 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 navdzanym inhibitorem Aktivni misto CYP1A2 s navazanym B-naftoflavonem
(modra barva)



CYKLUS CYTOCHROMU P450:
AKTIVACE KYSLIKU A MONOOXYGENACE

interakci se substrdtem vznikd
vysokospinova forma Fe3+-hemu a
HH® dochdzi k prenosu elektront

Prenos elektrond: o /{”'/
NADPH Fe>* ROH

} /‘

NADPH-P450 reductase™?

NADPH:P450 oxido-
reduktdza

|
cytochrom P450

(substrat RH,
produkt ROH,
produkce ROS)

Aktivace kysliku:
ROS = vedlejsi
produkty

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



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

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

@~ CYP2C9 (metabolizuje nesteroidni antiflogistika a
dalsi [éCiva), CYP2D6 (beta-blokdtory, kodein); CYP2E1
(org. rozpoustédla jako ethanol, benzen, toluen)

@ CYP3A4 (metabolizuje asi 30% vech xenobiotik,
predevsim léCiv véetné antibiotik);

¥~ CYP4A11 a daldi CYPs metabolizujici mastné kyseliny
(CYP4A = PUFA hydroxyldzy: 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 steroidu), CYP19

(aromatdza - pfeména androgeni ha estrogeny).



SPECIFICKE SUBSTRATY CYP1 ENZYMU

0 7-ethoxyresorufin-O-
OU deethyldaza (EROD) -
mely” substrat CYP1

Alkylresorufins
{aIkoxyphanoxazonas)

12 1

' “ BaP-hydroxyldza (produkty: BaP-OH)
LIl

7 6 5 ?"Ii‘
CHy( N
Benzo[a]pyrene ;\
V4

N
= ]

CH, Kofeindemethylazy

(]

Caffeine
(1,3,7-trimethylixanthine)



SPECIFICKE SUBSTRATY CYP1 ENZYMU

fotometricka nebo
fluorometricka AHRE 0,
detekce produkce

resorufinu
\ R J.Ch
g 0 Oy cyriAl  ° &
535/590 nm -
h £\

NADP* NADPH




Hydroxylace steroidu
v rliznych pozicich
(v zavorkach isoformy

CYP enzymi)

STEROIDY: substratova specifita CYP enzymi

(s vyjimkou aromatdzy monooxygendzové reakce inaktivuji

steroidni hormony)
aromataza

/ H OH
. P450arom

Estradiol

Steroids

(testosterone, R = -OH
androstenedione, R = =0 6B-OH-Testosterone
progesterone, R = -COCH3

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

17-oxo0 (2C11, 2B1)

H-16B (2B1)

A0y H-16a
RAY)  fge A2 (2C11, 2B1)

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



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

@_@ Mikrobidlni
degradace
Syl I/‘* véetné arom. jddra
c
:;; Ew / Metabolismus e
bphs }C'““‘ u vyssich
HADH + H* v v, o
e ZivoCichu:
\@5;—? oxidativni metab.
on (hl. cesty A-D, C)
bphC /’ﬂt
s 1 Persistetni arom.
. slou€eniny: obsahuji Cl
OOH ’ . 7
Ho v sousednich pozicich -
hel bariéra vzniku epoxidu
A 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
lfnducﬂ'on
CYP GENE EXPRESSION

;

_(P450 ENZYMES )

'Y P
Foreign Chemical Metabolism of
Mgtabonsm 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 INDUKUJT VLASTNE
METABOLISMUS AKTIVACE
RECEPTORU/TRANSKRIPENICH.
FAKTORU, KTERE KONTROLUJE
EXPREST BIOTRANSFORMACNICH
ENZYMU A ABC TRANSPORTERU

I:\hRf ARRi CAR/RXR i PXR/RXR PP:\R!RKR|

Drugs !
Chemicals |
Xenobiotics |

l

Receptor-mediated |

|

|

Ll

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 geni

Phase | Drug
melabolizing Enzymes

Phase II I‘l'rug ‘-\\ m
metabolizing Enzymes ) @Fﬂin:i/ .



NUKLEARNI A CYTOSOLOVE RECEPTORY

nuklearni receptory cytosolovy receptor
< N\ |
a) peroxisome proliferators b) phenobarbital c) dioxin
D
= RA D
PPARa RXR , S| ARNT
VAAR '
AN

PPRE \ >

ligand receptoru specif. responsni element v promoterech

dimerizaéni partner



NUKLEARNL A CYTOSOLOVE RECEPTORY
KONTROLUJICI 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 1A1, 1A2, 1B1 Ah receptor”
Phenobarbital 2B1, 2B2 CAR
Dexamethasone 3A1, 3A2, 3A23 PXE
Fibrate drugs 4A1. 4A2. 4A3 PPARa
Cholesterol TAIl LXRa
Bile acids” TAl FXR
Thyroid hormong F450 reductase TR

' PAS transcription family member, not a nuclear receptor.
" Inhibitors of CYP7AI transcription.



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

0 CYP1A1, CYP1A2, CYP1BLI: genovd 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 CVPBA exprese r'egulovana GR/PXR mdukce dexame‘razonem aj.
blo’rr'anfor'mace) 6p-hydroxylace testosteronu

O CYP4A: exprese regulovdna PPARa., indukce peroxisomdlnimi
proliferdtory (clofibrate, dialkylestery kyseliny ftalové), w-hydroxylace
mastnych kyselin

O 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

an

biotransformaénich enzyml  regulatort bun. cyklu / pfimé interakce (ER?,..)

CYPIA1/1A2/1B1 UGTIAL, ~ @PoPtozy (p27, Bax,...)
G6STA2, NQO1, ALDH3A1 ...

dalsi funkce AhR-dependentni genové exprese




AKTIVACE Ah RECEPTORU A INDUKCE
CYP1A1 SUBSTRATEM CYP1A

substrat S je ligandem AhR monooxygendzovad reakce

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



LIGANDY / INDUKTORY AhR

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

m?z;r Sl
-

TCDD = nejsilnéjSi agonista AhR Koplandrni PCB
= modelovy dioxinovy toxikant (podobny dioxinim, agonista AhR)
Cl I
Nekoplanarni latky ‘
(napr. PCB se dvéma Cl

o
chléry v pozici ortho) . ‘
nevykazuji plandrni cl

pozici aromatickych jader
a nejsou agonisty AhR




ENDOGENNT AGONISTE AhR

dosud nejsou presné uréeny (derivdty tryptofanu ?)

Fvzioloaickd * -« 1CRD
yziologické i

nezbytny v radé E E wii}:

procesd 4 10000 ¢ - L

vyvoje tkani, g | 1

differenciace "; ?ﬁciﬁ }

bunék aj. A SV

(viz mysi AhR- 00 mrzﬁﬁf

deficientni | *

mOdQIY) ﬂ - R S i AT il b R e it 18 A

001 001 01 1 10 180 1000 16000
Cancantration {nM)



AKTIVACE Ah RECEPTORU / AhR-
DEPENDENTNI GENOVA EXPRESE

Produkty genové

exprese: / \
:ciep‘roopi.élza (ll c')ak‘ruv. enzy % dag&:;t'hn pmmT e

- bun. cyklus; eriopiasm

ey @&

PFimé interakce AhR
(.cross-talk" s ER, ...)

Regulace AhR:

- degradace AhR po
havazani ligandu

- AHRR = AhR represor

-[/ Cyp1ial, p27, Bax, Ahr, etc.




REGULACE AhR (2)

Negativni
regulace AhR:

- AhR represor, | g, (esprowmome ) [ T |
| == R ’ @ |

- degradace | | | |
i L 4 | Feadha-th.mtn.hu'l.mn"' | R |

. . | ' ' |

XME = XenObIOTIC ; _,_.f‘*;_l_ . '--;...,__\ ' ' ’ 1 i
metabolizing | L e aHRR |
enzymes (CYP, « Tosle s |

UGT, ALDH..) | AR |
| (DRE)

. Toxic genes" = | I |
indukce gent, | v | |
kterdvede k o o | | |
.dioxinové" Niiiah [Jﬁf‘-‘ i = | |
toxicité | i _x o)

| |
I,
|
|
|

N,



REGULACE CYTOCHROMU P4501B1 (CYP1B1)

Activated FHA
snters nucleus

A\

(je velmi komplexni - nékolik responsnich elementt)

@ Estrogen

cAMP
w”

Estrogen

(or estrogen
metabaolite)

phosphorylates
CREB

FUER DRE AP-1 site ERE
[-5298 ta 5110) (353 to 524) =149 10 <129) (B4 1o 49

e

CYP1B1

—_—

——— i

— : DRE =
| {sther SFa1 ard CRER binding occurs upeinsam)

dioxin
response
element



MERENL AKTIVACE Ah RECEPTORU
(transgenni model - luciferdzovy reportérovy gen)

TCDD and Related

Compounds f
L] ]+ | AR

) L ,
. Gased—
@ I/I Nuclear

Factors

@

\}
. \
“Activated”

Increased Proteir\l\\ Modulation of Gene
Phosphorylation ™. Expression

Membrane
Proteins

\. Cytosolic /
Proteins
\ Luciferasy




REGULACE EXPRESE BIOTRANSFORMACNICH
ENZYMU:

NUKLEARNI RECEPTORY



NUKLEARNT RECEPTORY (NR)

Histone acetyl-
transferases

Co-activators

Gene Gene
Repression Activation

Histone
deacetylases

Ligand binding
Protewn kinases
Dimerization
Translocation

e
=

No ligand
Antagonist

Model for gene activation and gene repression by NRs



NUKLEARNI RECEPTORY:
struktura domén receptoru

A/B C D E F o8
hERa| - } -
_ 530
hERp 28 96 | 58 --(roou
lrnntrterit[!liunal Fry
activation -

nuclear \ aktivace MAPK \

translocation s T cee vazba ligandu
dimerization e D—
DNA binding —
hsp90 binding

Coactivator binding -

Corepressor binding




NUKLEARNI RECEPTORY MOHOU BYT
AKTIVOVANY TAKE PROTEINKINAZAMI

Hydrophilic
Lipophilic Xenobiotic
Xenobiotic '
.
‘..-"“."
Croxs-
.IH;.‘_.*
'y Cellular Events

Ligand-independentni
modulace

transkripcniho
faktoru (MAPK, PKA,.)

l Cell cycle regulation
Enzyme induction

Target Gene(s)



NUKLEARNI RECEPTORY - KLASIFIKACE

Vuclear Hormone Receplors
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CHEVSEN ONA [ Ligand COOH

Ligands:

Endocrine
Receptors

High-affinity,
hormonal lipids

ER q,
PR ;

Adopted
Orphan

Receptors

Orphan
Receptors

Low-affinity,
dietary lipids

RXR a.B.y
PPAR a,p,y
LXR a,p
FXR
PXR/SXR
CAR

Unknown

SF-1

LRH-1
DAX-1

SHP

TLX

PNR

NGFI-B a,p,y

ROR a,B,y
ERR a,B.y
RVRa.fB.y
GCNF

TR 2,4

HNF-4
COUP-TFa,B,y

Ligandy (agonisté) jadernych receptorii



NUKLEARNI RECEPTORY, jejich ligandy a cilové geny

Nuclear receptor
Retinoid X RXRa,B.y
receptors®
[ PPAR

Peroxisome | PPARS
proliferator-
activated
receptors PPAR~y
Liver X LXRa, B
receptors
Farnesoid X FXR
receptor

SXR/PXR
Xenobiotic
receptors

CAR
Ecdysone EcR
receptor
Retinoic acid RARa.B,y
receptors
Vitamin D VDR

receptor

Ligand

9-cis Retinoic
acid

Fatty acids
Fibrates

Fatty acids
Carboprostacyclin
Fatty acids
Eicosanoids
Thiazolidinediones

Oxysterols

Bile acids

Xenobiotics
Steroids

Xenabiotics
Phenobarbital

20(OH)-ecdysone
Retinoic acids

1,25(0OH),-vitamin D,

e A

CYP ABC
bind
enzyme Ih" transporter
T CYP4AT ! L-FABP | ABCD2, ABCD3
I CYP4A3 | ABCB4
(?) (?) (?)
I CYP4B1 1 ALBP/aP2 (?)
1 H-FABP

T CYP7AT O5BPs? | ABCA1,

T ABCG1, ABCG4

| ABCGS, ABCGB
L CYPTAT 1 IBABP 1 ABCB1
| CYP8B1
1 CYP3A (7) T ABCB1, ABCC2
1 CYpP2C
1 CYP2B (?) I ABCC3
1 CYp2C

1 26-(OH)ase Hexamerins T E23

1 CYP26A1 1 CRABPI (?)

1 CRBPI
1CYP24 (?) (?)
| CYP2781



NUKLEARNI RECEPTORY

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

PPAR

Acetyl CoA Fatty Acids

RAR
.
[ET] €  Retinoic Acids Elm Isoprenoids

t Diét

Lanosterol
Diet v

7-Dehydro- 1,25-Dihydroxy-
Chulezturnl ' \fﬁnmr:ﬂg 4

ALk

sone

Xenobiotics m
CYP3A PXR tcyp7ai
e
Oxysterols
fABCBLEE.CS E LXR 3 CYP7A1

Steroids Bile Acids CYP8B1

4 ABCA1,G1,G5,G8 m $ ABCB11

20-H . $260Hase
Cholesterol wsms. ey, I

.




NUKLEARNI RECEPTORY:

vazba antagonistického a agonistického

MA]

Antagonisté:
vazba bez

transaktivace
transkripcniho

v
i
I

>

o

+ Antagonist (AH)

ligandu

/I
S 1

Y

>
X
\\\VAVAV

\

\
PAN
~

<SS
Z \—I >
l = . =

La

A I\
\
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PRes
v2 3 M=

C IR X
L Ex1)

*
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REGULACE TRANSKRIPCNIHO
FAKTORU CAR FENOBARBITALEM

Enhanceosome
Ovlivnény dalsi faktory Complex
modulujici aktivaci
transkripce, napr.

HAT vs. HDAC

Histone
Acetyl Transferase

=2 Accessory

Complexes

Transcriptional

; J Tur 3
A Chromatin Activation

Remodeling



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

Biotransformace:

enzymy 1. faze

enzymy 2. faze

P

Modulace endogenniho
metabolismu

Cell Growth

Cell Communication
Tumor Promotion
Induction of Genes

~

Glucose Metabolism (NADPH]I, UDP-GAﬁ 7
Intracellular Redox Potential

Hepatic ER Proliferation

Heme Synthesis and Metabolism

Motabohsm

xanobiotics/Storoid

f

Concerted Reactions



REGULACE GR / PXR / CAR

aktivace nizkou vs. vysokou koncentraci ligandu

)

Dex (“low” dose) Dex (“high” dose), PCN, RU486
GR COUP-TF PXR/RXR HNF-4

1 USF-1
w [ ¥
~ m——n
(=2 kb) \ #?{~-0.2 kb)

GGCACAn3TGTTAT / \ / \ / \

(GRE) TTAACTn6AGGTCA TGAACTn3TGAACT GTACCAAAGTCCACGTG
(imperfect ERG) (DR-3)




REGULACE GR / PXR / CAR

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

=
NUCLEUS
GR
== A CAR,PXR,
RXR
Xenobiotics I

1 GRE |1 XRE —I_.— CYP2C9

e

XRE

Vice drovni

regulace; v

aktivace nizkou
vs. vysokou
koncentraci
ligandu

XRE

—I_.— CYP3A4

r CYP2B6

XRE




P P A Ra Peroxisome - proliferator

(Peroxisomal . \D_Eiggcﬁ

Proliferator- CHy Induktory:
Activated mastné
Receptor alpha } kyseliny,
hypo-
lipidemika
(fibraty),
environ.
latky
(ftalaty)

kontroluje expresi
CYP4A1l a enzymi
metabolismu lipida



LIGANDY PPARa

Farmaka
(hypolimidemika)

Environmentalni

Q"
O

cl

<4l

Wy 14,643

Clofibrate

kontaminanty

o
o
C—O—CH,—CH—CH,—CH,—CH,—CH,

©:I(I:—O—CHZ—(|:H—CHZ—CH2—CH2—CI-L

o
CH,

Di(2-ethylhexyl)ftalat (DEHP)

-

Arachidonic Acid

cis9 trans11 conjugated linoleic acid

(Endogenni) lipidy



DUSLEDKY AKTIVACE PPAR«

Nerovnomérna )
indukce CYP4A T
(vedl. produkt: H,0,) |

a dal$ich enzymi
(napr. CAT)
dependentnich
na PPARalfa

Target tissues

*Fatty acid transport
Fatty acid activation
Fatty acid oxidation
«Cell proliferation

=Other pathways

|
.

Regulation
Lipid homeostasis
Cancer (Rodents onlv?)
*Atherosclerosis

sUnidentified functions




DALSI ENZYMY 1.FAZE BIOTRASFORMACE A
JEJICH REGULACE

flavinmonooxygendzy (FAD enzymy, NADPH primo reaguje s
enzymem);

peroxidazy (hemoproteiny oxidujici 2-aminofluoren, PAH, fenoly:
radikdlové jednoelektronové reakce):

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

aldehyddehydrogendzy (oxidace= detoxikace aldehydiu a ketonu);
aldoketoreduktdzy (AKR, oxidaéni reakce alkoholi - NAD+; redukce
aldehydu a ketonu na alkoholy za (¢asti NADPH);

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

hydrolazy (Stépeni substratu za dcasti vody: acetylcholinesterdzy,
karboxyesterdzy, epoxidhydrolazy)



FLAVINMONOOXYGENAZY
(obsahuje flavinovy koenzym FAD)

The catalytic cycle of FMO
7 "

] H‘lf;ﬂ | o -
OO . podrx
HTo < i

0., W o
H [[FADH-COHNADPE [{FADH-OHENADE| H
a A,
= l Hal»
|[F.ﬁ.DH2]|_MAEIP'*]j [[FAD)(MADP*]) ﬁl
XX X0
J;J(kf 0/ N;q/m
N.ﬁ.DF‘H AL+ 0

NAPDH + H* + 02 g NADP+ + Hzo

Some characteristics of FMO

Isoforms most relevant
for drug metabolism

= FMO1] (fetal human liver, adult kidney, intestineg,
liver of nonhuman mammeals)

* FMOZ2 (lung)

= FMO3 (adult liver)

Substeate chamactenstics

+ Soft nucleophiles (basic amines, sulfides, Se- or
P-containing compounds)

* Favorable: neutral or with single positive charge

* Unfavorable: zwitterions, anions, dications

Typical reactions

* Formation of N-oxides (aliphatic, heterocyclic
amines), S-oxides, Se-oxides, phosphine oxides

* Mo direct dealkylations or deaminations by C-
hydroxylation as with CYPs

Albendazole, benzydamine, chloropheniraming,

cimetiding, clindamycin, fenbendazole, itopnde,

Typical drug substrates olopatadine, pargyline, ranitidine, sulindac sulfide,
thiondazine, xanomeline, zimeldine
Endogenous substrates Cysteamine, cysteine conjugates, lipoic acid,

methionine, trimethylamine (FMO3)

Enzyme subclass

and sub-subclass

EC 1L Oxidoreductases acting on paired donors, with
inearporation ar reduction of molecular oxygen /7

EC FI4.13: With NADH or NADPH as one donor, and
iicorporation of one O-atoim

Systematic name

NA-Dimethylaniling, NADPH: oxygen
axidareductaze {N-oxide-forming)

Ciene root, isoforms

FMQ, five functional human enzymes (FMO1 to FMOS)

Prosthetic group

Flavin-adening dmnueleotide (FAL)

Cofactor

NADFH

Subeelluler localization

Membrane of smooth endoplasmic reticulum

Ogans (highest levels)

Liver, lumngs, kidneys




ALKOHOLDEHYDROGENAZY

NAD+ NADH
ADH
(low km)
NAD* NADH
ALDH
CH,C0,0H CH,COH flow kam) CH.COO"
Ethanol Acethaldehyde * \cetate
YP2ET
(high km)
NADPH NADP* H.0, H,0
Catalase
NAD* NADH
Metabolismus etanolu tremi ADH
P , Ethanol —> Acetaldehyde ") Acetate
enzymovymi systemy ol ALDH

CYP2E1

0,+ NADPH  NADP* + H,0



ALDOKETOREDUKTAZY

-vétsinou monomerické NAD(P)(H)-dependentni oxido-
reduktdzy; konvertuji

- dosud 115 enzym ve 14 ,genovych rodindch";

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

(NNK, PAH- frans-dihydrodioly, aflatoxindialdehyd)

Priklady lidskych AKR:

AKR1A1 (aldehydreduktdza)

AKR1B1 (aldosareduktaza)

AKR1C1-1¢4 (20a-, 3a-, 30/170a-, 30-HSD)
AKR1D1 (5B-reduktaza)



AKR (reduktaza)

(;:@ CYP-Peroxidase
° e ————— = Depurinating
Detoxikace

DNA Adduct-
BpP

versus ‘é’:ﬁ&ﬂ Hydrotase i katecholy =
bioaktivace - metabolity PAHs,
N~ 1o metabolity
e steroid(i (E2)

o
1&%;””’ _*
% Damage
w Q=
OH
Oxidative DN

w=semiquinone anion radical
BP-7.8-Dione —————»={ Stuble and

(4 )ar-BPDE 02
fos
Depurinating

Stable DNA Adduacts

NAD(PIH



ALDOKETOREDUKTAZY:

PUFA's (e.g. linoleic acid and arachidenic acid)
| ros
Lipid ROOH (e.g. 13-HPODE and | 5-HPETE)

|

Bifunctional electrophile

s H
AKRIAL AKRIBI
AKICI-AKRIC3
H H
/‘\‘AJ\?XGH OH

1, 4-Dihydroxy-2-nonene

Detoxikace NINK
(redukce)

priklady detoxikacnich reakct)

Biotransformace (detoxikace) aldehydu
vzniklych v pribéhu lipidni peroxidace

=

N~ Nicotine
| P | (tobacco smoke)
N CH;
0 Irl:q Carbonyl Reduction m N=0
N N
| = CHy 11IB-HSD Type | = A~ TCH;
s AKRICI
N~ NNK AKRIC2 N7 NNAL
AKRIC4
. UDPGT
L
CYP2AGIAS NNAL-glucuronide

{u-hydr?:ylnlfon]

| |

DNA-adducts Excretion



REGULACE ALDOKETOREDUKTAZ

A T AKRIBI
Osmotic Stress — GEERE
o jun —
) 7, . X AKRIBI
Reactive Oxygen | =—————{Pp | APl AKRICI

Nrf2 / - p—fpe

: AKRICI
ARE. | AKR74]




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

Bifunctional inducer

Monofunctional inducer

EQ

TCDD PN SEP
ADS /
. v ¢ . 23T
Bifunkcni induktory CYP metaboliom
= xenobiotika =~
ak'ﬁvu\i iCi electrophilic metabolites
AhR a Nrf2 A
Rensor
6ST, NQO = Keapl
enzym 2. faze NFf2
biotransformace @~ = ___ |
nuclear | translocaton 0000000
nuclear | translocation
|,-5,1-|R5.-\Jt:~;-l-} CYPIA — e f‘.‘u‘f:tfl CSTNOO >
—] XRE — ARE STINQ

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

Cytoplasm

Nucleus

> Nrf2 Phase Il detoxification and
Anti-oxidant enzymes:

ARE Hemoxygenase-1 (HO-1)

NADIP]H: quinone oxidoreductase (NQO1) Keum' BIOI’I’\OI

Ther, 2012

Cellular stress
Superoxide dismutase (SOD)
y=Glutamylcysteine ligase (v=-GCL)
etc.

1. Halts Nrf2 protein ubiquitination
2. Promotes Nrf2 nuclear translocation

1. Keap1/Nrf2 regulatory kinases and the effect on ARE-dependent gene expression
A. MAPK: ERK (activation), JNK (activation) and p38 MAPK (activation or suppression)
B. PI3K/Akt (activation)
C. PERK (activation)
D. PKC (activation, directly phosphorylates Nrf2 at Ser40)
E. Fyn (suppression, directly phosphorylates Nrf2 at Tyr568)

2. Keap1/Nrf2 regulatory proteins:
A. ATF4: forms a heterodimer with Nrf2 and activates ARE.
B. DJ-1/PARKY: stabilizes Nrf2 by preventing association with Keap1.
C. Bach1: occupies enhancer region of HO-1 and suppresses Nrf2 binding to ARE.
D. p62: interacts with Nrf2 and stabilize Nrf2.




NQO: NADPH/CHINONOXIDOREDUKTAZA
(DT-DIAFORAZA)

- Kofaktory
NADPH
¢ c nebo NADH
(o] cl
Ci
NaD* NADH

Pentachlorophenol

OH o 0
Cl Cl Cl Cl Cl Cl
cl c ' * cl o ‘ * cl cl
OH % O OH % O 0

Tetrachlorohydroquinone Tetrachlorobenzoquinone
(TCHQ) (TCBQ)



EPOXIDHYDROLAZY

Funkce:
- metabolismus lipidl (epoxidl) v Zivocisnych a rostlinnych burikdch
- metabolismus intermedidtl xenobiotik s epoxidovou skupinou

celkem 7 forem EH:

- sav¢i solubilni (cytosolovd) EH - inaktivace epoxy-mastnych kyselin
- mikrosomadlni EH - inaktivace BaP-dihydrodiolepoxidu

- leukotrien A4 hydrolaza

etc.

Regulace napr. aktivaci Nrf-2



EPOXIDHYDROLAZY

COOH

Arachidonic acid (ARA, LC-PUFA)

CYP450 @
O

Epoxyeicosatrienoic acid (14,15 EET, EpFA)

SEH @

HO OH
Dihydroxyeicosatrienoic acid (DHET, diol)




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

(+1- and (-}- B(a)P-1,8-dlok-
9.10-epoxide /



