CHEMICKYCH REGULATORU SIGNALNI

.I|”H| ENZYMY METABOLISMU CIZORODYCH LATEK A
TRANSDUKCE:

Enzymy 1. faze biotransformace xenobiotik, steroidnich
hormont a mastnych kyselin -

oxygenazy (CYP, AKR, FMO, COX, LOX), reduktazy
(AKR, NQO), hydrolazy (esterazy, epoxidhydrolazy).

2. faze biotransformace (GST, UDPGT, SULF aj.).

3. faze biotransformace (ABC transportéry)

Modulace dalSich enzymu:
proteinkinazy (,,moduly* mitogen-aktivovanych proteinkinaz

ERK, p38, JNK), fosfatazy; enzymy biotransformace
lipidnich signalnich molekul (fosfolipazy, dihydroceramid-

desaturaza, sfingomyelinaza aj.).
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” BIOTRANSFORMACE CIZORODYCH LATEK, STEROIDU,
EIKOSANOIDU AJ. ENDOGENNICH LATEK

= —

Glucuronides,
Nucleophiles Sulfoconjugates HHH; {hagnl.-atml}

SULTs
U NQO1
S

Electrophiles =g GSH conjugaies MRP2 [Bpl:ﬂl}
G5Ts

DNA, proteins




‘ ” 1. FAZE BIOTRANSFORMACE:
monooxygenazove reakce

CYP enzymy

\4

RH + 0, + NADPH — R-OH + NADP® + H,0

(substrat) (produkt)

- Prenos elektronti z NADPH na CYP enzym
- Aktivace molekuly kysliku, ,,roztrzeni“ vazby
- Oxidace substratu (hydroxylace, N-demethylace, epoxidace....)

-H — R-OH

N-CH, — >N-H + HCHO

Chosrreny




MONOOXYGENACE A AKTIVACE KYSLIKU

nuH Fe>* FIH®
= h

'I|‘H||| CYKLUS CYTOCHROMU P450:

Prenos elektronu:

3
NADPH Fe™ RH  NADPH-P450 reductase™

‘ -
NADPH:P450 oxido- \19 @ N
reduktaza NADPH-P450 reductase

|

cytochrom P450

(substrat RH,
produkt ROH,
produkce ROS)

Aktivace kysliku:
ROS = vedlejsi
produkty NADPH-P450 reductase™® NADPH-P450 reductase®”
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.'I|‘H||| SPECIFICKE SUBSTRATY CYP ENZYMU

Estradiol

Steroids

(testosterone, R = -OH

androstenedione, R = =0
progesterone, R = -COCH3
(4-Pregnene-3,20-dione))

Hydroxylace steroidu

v ruznych pozicich

(v zavorkach isoformy

CYP enzymu) H-16p (2B1)
2 H-16a

6B-hydroxylace = . (2C11, 2B1)

specificka reakce CYP3A
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"' 17.0x0 (2C11, 2B1)




'I .
Il“” REGIOSELEKTIVNI HYDROXYLACE
ESTRADIOLU ISOFORMAMI CYTOCHROMU P450

EI
T

. s A, ) r 8
TAL 1AL 101, A1 SA4 TAS
3686, 308, 209, 2010, 1D, ‘ ——
€ 1A
\JA‘. ‘I‘-. -.«n

T
W 1AL 142,
O \l-..i

A4, JAS, SAT

1AL 1m |
A4

IAL IAZ IR _ Al 1AZ. I B
$ Ad %. 5 )

209,

| 3A4, 3AS, AT

‘ aboratory
ylokinetics



ROLE CYP1A1/CYP1A2/CYP1B1 A

‘ | | EPOXIDHYD’ROLAZ \' METABQLICKE AKTIVACI
POLYCYKLICKYCH AROMATICKYCH UHLOVODIKU

BlaiP , 2,

e )

: I “
- apern

P450 e

;“":

OH [+)- B(alP-1,8-dlel OH

“ / (+])- and (-)- B(alP-],8-dlol- n“ﬂ
: 9.10-epoxide /

“‘ - hydrolase

R (+)- and (-)-B(2)P-
1.8-0xdde

HO I : i
oH [=)- BlalP-1,8-diol OH

Chosrreny



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

Mikrobialni
degradace

Metabolismus

u vyssSich
zivocichu:
oxidativni metab.
(hl. cesta C, D)

Persistetni arom.
slouceniny: obsah.
Cl v sousednich
pozicich — bariéra
vzniku epoxidu
monooxygenaz.
reakci
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'|||H NUKLEARNI A CYTOSOLOVE RECEPTORY
KONTROJUJICI EXPRESI CYP PROTEINU

Foreign Chemical p» Hormones, Cytokines
Inducers Growth Factors

a rd

RECEPTORS and
TRANSCRIPTION FACTORS

l Induction

CYP GENE EXPRESSION

v

_(P450 ENZYMES )
K P
Foreign Chemical Metabolism of

Metabolism Endogenous Steroids,
Fatty Acids, Prostaglandins
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XENOBIOTIKA, STEROIDY AJ.
LATKY INDUKUJi VLASTNI
METABOLISMUS AKTIVACI
RECEPTORU (TRANSKRIPCNICH
FAKTORU), KTERE KONTROLUJI

EXPRESI BIOTRANSFORMACNICH
ENZYMU A ABC TRANSPORTERU

- vazba xenobiotika na receptor
(aktivace receptoru)

- dimerizace receptoru

- vazba receptoru na specifické
elementy v promoterovych
oblastech cilovych genu

Drugs
Chemicals
Xenobiotics

i

| Receptor-mediated

Phase | Drug
metabolizing Enzymes




III
l“”” NUKLEARNi A CYTOSOLOVE RECEPTORY

nuklearni receptory cytosolovy receptor
e h .
a) peroxisome proliferators b) phenobarbital c) dioxin
5 RA PB RA 0
'k \
PPARa RXR CAR | RXR AnR ARNT
\.._,ff _..I‘:"—-'—
) N\ \WR 1
WAVAV/A \/ \WVAVAVAN

*

PPRE ~— PBREM DRE

ligand receptoru dimerizacéni partner
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'||” NUKLEARNI A CYTOSOLOVE RECEPTORY
H||| KONTROLUJICI EXPRESI CYP ENZYMU

CYP Induction Mediated by Nuclear Receptors

Prototypic responsive
P450 inducing agents rat liver CYPs Receptor

——

Polycyclic aromatic

hvdrocarbons 1AL, 1A2, 1BI Ah receptor”
Phenobarbital 2B1, 2B2 CAR
Dexamethasone 3A1, 3A2, 3A23 PXR
Fibrate drugs 4A1. 4A2, 4A3 PPARa
Cholesterol TAI LXRa
Bile acids” TAl FXR
Thyroid hormone P450 reductase TR

' PAS transcription family member, not a nuclear receptor.
" Inhibiters of CYP7AI transcription
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BIOSYNTEZU / METABOLISMUS STEROIDU A

'||”H| SEZNAM (CYP) ZODPOVEDNYCH ZA
METABOLISMUS XENOBIOTIK

CYP1A1, CYP1A2, CYP1B1: genova exprese regulovana AhR (indukce
dioxiny, PAH; endogenni ligandy?) monooxygenace PAH, estradiolu;

CYP2B: exprese regulovana GR/CAR, indukce steroidy, fenobarbitalem,
monooxygenace velké rady xenobiotik, testosteronu a;j.

CYP2A, CYP2C, CYP2D

CYP2E: indukce predevsim stabilizaci proteinu (indukuji etanol, pyrazol aj.),
monooxygenace etanolu, (o-1)-hydroxylace mastnych kyselin
CYP3A: exprese regulovana GR/PXR; indukce dexametazonem aj. steroidy,

6B-hydroxylace testosteronu
CYP4A: exprese regulovana PPARc, indukce peroxisomalnimi proliferatory
(clofibrate, dialkylestery kyseliny ftalové), m-hydroxylace mastnych kyselin
CYP7A, CYP11A, CYP17, CYP19 (aromataza): enzymy steroidogeneze
dalsi dulezité CYP metabolismu vitaminu D3 a kyseliny retinové
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REGULACE EXPRESE BIOTRANSFORMACNICH ENZYMU:

CYTOSOLOVY Ah (aryl hydrocarbon) RECEPTOR

Cﬂﬁ'éﬁf.?.!?.cs




CYTOSOLOVE RECEPTORY: AhR
(Aryl hydrocarbon receptor)

AhR kontroluje genovou expresi

e

biotransformaénich enzymu  regulatora bun. cyklu /
apoptézy

CYP1A1/1A2/1B1,
UGT, GST, NQO1 p27, Bax, ... primé interakce (ER?,..)
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SUBSTRATEM CYP1A

.'I”w” AKTIVACE Ah RECEPTORU A INDUKCE CYP1A1

substrat S je ligandem AhR monooxygenazova reakce

M,
3P

L

N

CYP1A1

.[ ARNT 1

ARNT |

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

Cl;ﬁ'éﬁf.?li’i'c‘s’ VEL



'I
I”H” LIGANDY AhR

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

OOC

2.3, 7 B-tetra-chlorodibenzofuran
(TCDF)

Cl 0 Cl
2,3,7 8-tetra-chlorodibenzodioxin

34,53 4 -pentachlorbifenyl
(TCDD)

(PCB)

TCDD = nejsilnéjsi agonista AhR
= modelovy dioxinovy toxikant

Nekoplanarni latky

(napr. PCB se dvéma —p
chléry v pozici ortho)
nevykazuji planarni

pozici aromatickych jader

a nejsou agonisty AhR

Cl Cl

2,2'4,4'6,6'-Hexachlorobipheny
(Not coplanar)
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dosud nejsou znamy (derivaty tryptofanu ?)

.'I|‘H||| ENDOGENNi AGONISTE AhR

Funkce AhR:

nezbytny v radé
proliferaénich a
vyvojovych
procesu

(viz mysi AhR-
deficientni
modely)

000t GOY O
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.'I”H AKTIVACE Ah RECEPTORU / AhR-
DEPENDENTNi GENOVA EXPRESE

( oo ligand (TCDD etc.)

Produkty genové @; Pen m
exprese: =D < e

-detox./bioaktiv. enzymy RAHEY 4
- apoptédza;

- bun. cyklus;
-?

Primé interakce AhR 2

(,,cross-talk“ s ER, ...) / VVVVVVVY
z z' 'I' / Cyp1lal, p27, Bax, Ahr, etc.

Regulace AhR:

- degradace AhR po \ % -

navazani ligandu
- AHRR = AhR represor

‘ aboratory
ylokinetics




.'I”w” REGULACE CYTOCHROMU P4501B1 (CYP1B1)

\ @ Estrogen
DRE = A \.,  (orestrogen
dioxin " —1/  metabolite)
response e

element

PKA ‘ .
phosphorylates r"

DRE AP-1 site ERE

(<5298 to 5110) (53 to 524) (14910 4129) (Bdlo-9)

(other SFe=1 ard CRERB binding occurs upstream)

Choseery




REGULACE EXPRESE BIOTRANSFORMACNICH ENZYMU:

NUKLEARNI RECEPTORY

Caﬁ'éﬁf.?éi’.cs




7 R
|HH||| NUKLEARNiI RECEPTORY (NR)

L

" Histone acetyl-
iIstone transferases

deacetylases Ligand binding
Proten kinases

Dimarization ’ intagratnrs
Translocation

== 4 Co-activators

No ligand
Antagonist

Gene
Repression Activation

Model for gene activation and gene repression by NRs
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"I|H NUKLEARNi RECEPTORY:
struktura domén receptoru

hER« l

hERB

transcriptional
activation
nuclear ™~ aktivace MAPK

translocation - meiasmnne iy - - vazba ligandu
dimerization
DNA binding
hsp90 binding

Coactivator binding -

Corepressor binding
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Ligand-independentni
modulace
transkripéniho

faktoru (MAPK, PKA,..)

cjbﬁﬁﬂﬁl

NUKLEARNI RECEPTORY

Hydrophilic
Xenobiotic

.

Lipophilic

Xenobiotic
i

— ‘-"”

ey -
¢ Signaling N\

L F)
" - L
Crosy. ~Molecule,

I ="
ik ="
5

. Cellular Events
il ., ~ :
( Transcription) Cell cycle regulation
. Factor Enzyme induction

(Transc n

\'-.__\_F'..th'l:I -/ e B
= o ol

Target Gene(s)




Vucleor Hormore Receprors

________

NUKLEARNI RECEPTORY

CHEVCEN DNA B Ligand COOH
Adopted
Endocrine Orphan Orphan
Receptors Receptors Receptors
Ligands: High-affinity, Low-affinity, Unknown
hormonal lipids dietary lipids

ER a,B
PR
AR
GR
MR

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

SF-1

LRH-1
DAX-1

SHP

TLX

PNR
NGFI-B a,B,y
ROR o,y
ERR a,B.y
RVRa,B.y
GCNF

TR 2,4
HNF-4
COUP-TFa,B,y
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' o
I”H||| NUKLEARNiI RECEPTORY

Acetyl CoA Fatty Acids

: fnncm, ]
ipidni A -

sensory“ a tcypes Retinoic Acids [nfis Isoprenoids
»,Xenosensory“ 1 Diet

Lanosterol ;

Diet

7-Dehydro- 1,25-Dihydroxy-
Cholesterol \Htam?; D3

Ab Cholesterol Mhess 20-Hydroxy-

Ecdysone
Xenobiotics m
. her ‘scyprat

4cyp24

Oxysterols

Steroids Bile Acids

xR 2
CD
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"H‘H NUKLEARNI RECEPTORY:
vazba antagonistického a agonistického ligandu

s

£2 2N

Antagonisté:
vazba bez

transaktivace _
+ Agonist (H)

R T
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{
I”H||| REGULACE GR/ PXR / CAR

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

NUCLEUS

a®
CAR, PXR,

, . , RXR
Vice urovni %,__/

regulace;

aktivace nizkou (@ l

vs. vysokou '-*
koncentraci 1 6RE H xR H—
ligandu

Xenobiotics

CYP2C9

RE —L CYP3A4

’—. CYP2B6
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'I”w” REGULACE GR / PXR / CAR

CAR/RXR
PXR/RXR
i ﬂ

GOOTCAggaaAGTACA TGAACTgaaTGTTTT TGAAAT :lncﬁG'ITCh

{1 ome I e CYP2B6 Ll taa CYRoy s m CYP3A4
GGTTCAggaaAGTC CAAACTcucTGACCT  TGAACTigeTGACCC

K TGAACl‘tmnAGGTEA

‘ aboratory
ylokinetics



Dal
mo

akti

Si faktory
duluji
ivaci

transkripce

ct

aboratory
ylokinetics

REGULACE

o

( I orepressors

Histone
Deacetylase

Chromatin
Remodeling

FENOBARBITALEM

Enhanceosome
Complex

Histone
Acetyl Transferase

CAR/RxRa. Accessory

Complexes

Transcriptional
Resnes Activation




"I”H FENOBARBITAL (PB) — AGONISTA
A DALSICH PROCESU

Cell Growth

Cell Communication
Tumor Promotion
Induction of Genes

Biotransformace: a1-Acid Glycoprotein

enzymy 1. faze UDPGTs R

enzymy 2. faze

t

Concerted Reactions

Motabohsm

X onowohcs/Storond

Glucose Metabolism (NADPHT, UDP-GAN

Intracellular Redox Potential
Hepatic ER Proliferation
Heme Synthesis and Metabolism |
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PPARa

(Peroxisomal
Proliferator-
Activated

Receptor alpha)
kontroluje expresi
CYP4A1 a enzymu
metabolismu
lipidt

Cl;ﬁ';!ﬁi’.?li’i'c‘s’

Peroxisome - proliferator

CH3
V™ :
Cl Q —{? —CO0CH,
CH3

|

N gl

\
WM

Induktory:
mastné
EEA
hypo-
lipidemika
(fibraty),
environ.
latky
(ftalaty)




.||”H|| LIGANDY PPAR

aesy
Farmaka

(hypolimidemika) Wy 14,643

(8]
oo [ESSE
Environmentalni y

kontaminanty Clofibrate

o
o CH,
~

I |
C—O—CH,—CH—CH,—CH,—CH,—CH, . ) . : \
©: cis9 trans11 conjugated linoleic acid

C—0—CH,—CH—CH,—CH,—CH,—CH,

cH
CH,

Di(2-ethylhexyl)ftalat (DEHP) (Endogenni) lipidy

‘ aboratory
ylokinetics




Ligand

{ :
Im”” DUSLEDKY AKTIVACE PPARq.

Nerovnomeérna
indukce CYP4A

(vedl. produkt: H,0,)

a dalSich enzymu =Fatty acid transport

(napf. CAT) Fatty acid activation

dependentnich -Iﬂﬂatt_v -'c]l:l-[l- uxn:'latlnn
PPARalf =Cell proliferation

na alta *Other pathways

Target tissues

Regulation

*Lipid homeostasis
~Cancer (Rodents only?)
* Atherosclerosis
*Unidentified functions
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REGULACE DALSICH ENZYMU 1.FAZE
BIOTRASFORMACE

Cﬂﬁ'éﬁf.?.!?.cs




ARE = antioxidant
response element

Bifunkéni induktory

= xenobiotika induk.

AhR a Nrf2
GST =

enzym 2. faze
biotransformace

Cl;ﬁ';!ﬁi’.?li’i'c‘s’

KLASICKY POHLED NA INDUKCI GENOVE
EXPRESE KONTROLOVANOU XRE A ARE

Bifunctional inducer Monofunctional inducer

EQ

a/"
/

/
>

TCDD

SFP
DADS /

CYP metabolism

.
~

A

i

— . /
. electrophilic metabolites /
— f

--L\___ — _—‘_ *

—
—

Sensor

\
'\\_l\c.np 1 _/\

nuclear | translocation
nuclear | translocation

lﬁ@‘_‘i)
-1 XRE

e -
VPl Nrf2 | Maf .
CYPIA 9 GST/NQO
ARE




OXIDATIVNIM STRESEM / ELEKTROFILNIMI

I . ,
I”H||| TRANSKRIPCNI FAKTOR Nrf2 JE REGULOVAN
METABOLITY A TAKE AKTIVACI AhR

"l]'\.-‘.”

e

'y

ltcrme diate

e laboligs

Miao et al., JBC, 2005

Cl;ﬁ';!ﬁi’.?li’i'c‘s’



-vétsinou monomerické NAD(P)(H)-dependentni oxidoreduktazy
- konvertuji karbonyl —+=——=Hohol

- dosud 115 enzymu ve 14 ,,genovych rodinach*

- substratova specifita: cukerne aldehydy; steroidni hormony;

prostaglandiny a lipidove aldehydy; chemické karcinogeny
(NNK, PAH-trans-dihydrodioly, aflatoxindialdehyd)

Priklady lidskych AKR:

AKRI1A1 (aldehydreduktaza)

AKRI1BI1 (aldosareduktaza)

AKRICI-1C4 (20a-, 3a-, 3a/17a-, 30-HSD)
AKRIDI1 (5B-reduktaza)




Detoxikace
versus
bioaktivace

ct

aboratory
ylokinetics

1. faze biotransformace PAH:
ucast CYP1A1/1A2/1B1 (monooxygenace), EH
(hydrolaza) a

S Ny ™
L CYP-Peroxidase

——————p= Depurinating
. /f ~ - DNA Adduct.

BP
CYPIA1/CYP1B1

l Epoxide Hydrolase kateChOIy -
e - metabolity PAHs,

l/\p/f\/'? - podobné
HOY Y "~ metabolity

on steroidt (E2)

(-)BP-7 8-Mol

CYPI1AI
(
HO"
()H
()a J -RPDE NAID(P
()'

;f'\.

NAD(PYH
Stable DNA Adducts O ﬁl
Q)

BP-7.8-Dion¢ ———————sff Stable and



PUFA’s (e.g. linoleic acid and arachidonic acid)

| ROS

Lipid ROOH (e.g. 13-HPODE and 15-HPETE) . °
Biotransformace aldehydu

l Bifunctional electrophile lipidni peroxidace

S
PN N P GST
H \ oH

- .0
4-Hydroxy-2-nonenal N Y \T//-

‘ GS H
AKRIBIJ‘
L

/
N~ Nicotine
(tobacco smoke)

TH
\r

3 N = CH]
1,4-Dihydroxy-2-nonene ’
' Q N=0 Carbonyl Reduction OH N=0
= ~ N |
‘,/‘ \%\v,/ N CH, 118-HSD Type | N\/\V,N\CHJ
S N AKRICI ’
N~ NNK AKRIC2 N/) NNAL
AKRIC4
‘UDPGT
'
CYP2A6/3A4 i -
Detoxikace NNK (a-hydrpxylation) |N"“'3’“°“'°“‘d°
' '
DNA-adducts Excretion
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—

AKRIBI

Osmotic Stress —_—

—>

Reactive Oxygen x AKRIBI
Species AKRICI

—>

AKRICI
AKR7Al

Chosrreny



-||”H| EPOXIDHYDROLAZY

Funkce:
- metabolismus lipida (epoxidtl) v zivociSnych a rostlinnych bunkach
- metabolismus intermediati xenobiotik s epoxidovou skupinou

celkem 7 forem EH:

- sav€i solubilni (cytosolova) EH
- mikrosomalni EH

- leukotrien A4 hydrolaza

etc.

Regulace?
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ROLE CYP1A1/CYP1A2/CYP1B1 A

‘ | EPOXIDHYDROLAZ V METABOLICKE AKTIVACI
POLYCYKLICKYCH AROMATICKYCH UHLOVODIKU

12 1
BlalP .,
10 I a

8 7

=
VAl e

" PASO _
PA50 .

OH [+)- BlalP-1,8-dlel

(+)- and (-)-B(2)P-



