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Molekularni toxikologie: Uvod

v ramci toxikologickych oboru se molekularni toxikologie soustredi
pfedevS§im na objasnéni Skodlivého pusobeni xenobiotik na
bunééné a molekularni Grovni;

prispévek nejen k poznani mechanisml toxicity konkrétnich
chemickych latek, ale i objasnéni obecnych biologickych a
fyziologickych regulacnich mechanismi na urovni bunécéné,
tkanové i celého organismu; muze tak pfispét k poznani vzniku a
rozvoje nejriznéjSich civilizaénich onemocnéni, jako jsou napf.
nadorova onemocnéni, vyvojové poruchy, naruseni endokrinni
regulace apod.;

poznani molekularnich mechanismu toxicity mize vyznamnym
zpusobem pfispét k omezeni testovani na laboratornich zviratech
— eticky rozmér;
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Molekularni toxikologie: Uvod

interakce se specifickymi vnitrobunéénymi receptory; regulace
genove exprese;

transport, metabolismus a exkrece xenobiotik;
interakce toxickych latek s makromolekulami;
generace oxidativniho stresu;

deregulace vnitrobunécné signalizace;

jaky maji tyto procesy dopad na bunécné funkce a procesy zahrnujici
mezibunéCnou komunikaci, apoptézu, diferenciaci a proliferaci;

moderni metodicke pristupy;
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» teorie ,receptoru” — koncepce vyvijejici se od konce 19. stoleti (C.
Bernard, P. Ehrlich, J. Langley, A.J. Clark)

« Fada xenobiotik vyuziva specifickych bunécnych receptoru;

« receptor rozpoznava specifickou latku (ligand) a predava tuto
informaci v burice dale; pokud se jedna o receptor, pak sam o sobe
nepozméni ligand chemicky a musi prodélat zménu na biochemické
urovni, ktera nasledné vede napf. ke zmeéne transkripce genu, ovlivni
permeabilitu membrany, aktivaci/inaktivaci proteinu apod.
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Arch Phar Res 2005 28(3): 249-268
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Molekularni toxikologie:
Ah receptor (AhR; receptor pro
aromatické uhlovodiky)
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Per-Arnt-Sim —nadrodina proteinu PAS

environmentalni senzory, které zprostredkovavaji transkripéni
odpovéd’' na rtzné typy stimulu:

cirkadianni rytmy — vnimani svételnych podnétu;
vnimani hladiny kysliku;
sensing of toxicants;

<<«

vV vyvojové regulace — deregulovany v nadorovych
onemochénich;

Tyto proteiny umoznuji adaptaci na rychle
zmeny v prostredi.
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PAS proteiny jsou soucasti Sirsi rodiny basic-helix-loop-
helix (bHLH) proteinu:

Existuji 3 hlavni podskupiny bHLH protein(:

(a) pouze s bHLH doménou; nebo ty, kde bHLH doména navazuje na druhou
dimerizaCni doménu:

(b) doménu leucinovych zipu (Zip) nebo

(c) PAS doménu.




Mammalian PAS Superfamily

PAS proteiny (rodina transkripénich faktoru):
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PAS doména

PAS oblast obsahuje 2 sousedici opakovani ~130
aminokyselin, PAS A and PAS B.

Tato doména je velmi stary signaliza€ni prostredek,
ktery zGistava zachovan v pribéhu evoluce. Byla
identifikovana v proteinech zivocich, bakterii, hub,
kvasinek a rostlin:

rada bakterii obsahuje PAS-like proteiny, které detekuji
svetlo a kyslik (Dos, Aer, FixL, PYP);

podobné proteiny vnimaji svétlo u rostlin (fytochromy
PhyA-PhyE, NPH1; faktor interagujici s fytochromem -
PIF3).
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Struktura a funkce domén AhR a ARNT:

Ligand/HSP90/X  AhR

: : AP2 binding protein
Dimerizace
N C
Variabilni
NLS
bHLH
NLS Dimerizace Arnt
protein

100 aa

Annu Rev Pharmacol Toxicol. 2000:40:519-61.
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AhR =

* transkripc¢ni faktor aktivovany ligandy;
« zprostredkovava toxicitu rady environmentalnich
polutantu;
 reguluje metabolizaci xenobiotik a podili se na

bioaktivaci promutagenul.



Jak byl objeven AhR?

* ruzna citlivost inbrednich mysSich kmenu na indukci aktivity enzymu
(CYP1A) v jaternich mikrozomech po expozici TCDD a 3-
methylcholanthrenu — 60. léta;

» autozomalne dominantni typ dédiCnosti;

* izolace unikatniho proteinu; klonovani genu — 90. léta

200 kDa
Br@C:@:N;, 115 kDa
3H —
(103 cpm) By - s .¢ 89 kDa
2-azido-3-[1251]-7,8-dibromo-
dibenzo-p-dioxin
-
52 kDa
PAS domain
/'—A_‘\
H,N | |bHLH] Al Bl | | Q-rich | | coon
\—(_J .
ligand and hsp90 binding Josephy and Mannervik,
- _— Molecular Toxicology,

AhR:Arnt:DRE
complex formation 2nd ed.



Evoluce a AhR:
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Evoluce a AhR:

Organism: Name: Ligand-binding: Physiological
function:

Nematodes: AHR-1 No Neuronal development;
Caenorhabditis elegans Behavioral effects.
Insects: Spineless (Ss) No Development;
Drosophila melanogaster Regulation of homeobox

genes and dendrite
Vertebrates: AhR Yes

(AhR1, AhR2)

LiVer-ane
development;

Neuronal
differentiation?

Circadian rhytms?




Toxické AhR ligandy:

» polychlorované dibenzo-p-dioxiny, dibenzofurany a bifenyly;
» polycyklické aromatické uhlovodiky;

"

IICII

7.8-Tetrachlorodibenzo-

ioxin '4.'5-Pentachlorobiphenvl

Annu. Rev. Pharmacol. Toxicol. 43:309



Polycyklické aromatické uhlovodiky (PAHs)

« véazny regionalni problém v CR —
doprava; priumyslova vyroba;
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2,3,7,8-tetrachlordibenzo-p-
dioxin

Cloveka,;
* modelovy zastupce této skupiny, definujici jejich toxicitu;



Dioxiny a kontaminace potravin:
Sy = 4

Langlebiges Gift
Ein Dioxin-Skandal erschuttert
Deutschland:

-

Huhner, Puten und Schweine haben auf
deutschen Bauernhofen vergiftetes Futter
gefressen. Ein Futtermittelhersteller hatte
technische Fette aus der Diesel-
Produktion fur Tiernahrung genutzt. Uber
Eier oder Fleisch nehmen Menschen die
Dioxine auf, wo sie sich in Leber und
Gewebe einlagern.

Cl O Cl

Cl O Cl




Dioxiny a kontaminace potravin:

Seveso - 1976

V Cervenci 1976 doslo k malé chemické tovarné zhruba 15 km severné od
Milana k explozi a zamoreni okoli 2,3,7,8-tetrachlorodibenzo-p-dioxinem (TCDD)

Cl Ci NaOH  C \[C[OH Highdomp:  © j@io:@a
CI: : :CI cl ci cl o cl
3
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Vyroba a pouzivani herbicidl

Vietnam — Agent Orange
Spolana Neratovice — pracovni
expozice




Endogenni a prirodni ligandy AhR?7??

vV derivaty tryptofanu;
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Jiné prirodni ligandy AhR?7??

vV derivaty lipidi a flavonoidy

Annu. Rev. Pharmacol. Toxicol. 43:309



Toxické ucinky dioxinu:

Epithelial hyperplasia Tumor promotion

Induction of drug- \ / Persistent thyroid hormone
metabolizing enzymes \ / receptor activation

Altered ER signaling ———» O <«——— EGF receptor down-regulation
Porphyria ————> <— Lipid peroxidation
Deregulated lipid metabolism ———> M) <\‘ - IImmunosuppression
Decreased serum thyroxine > / \ <— Inhibition of gluconeogenesis
Wasting -————>» (‘ } - ITcratogenesisfembryotoxicit_\-'l

Metabolism of arachidonic acid /'/‘ ‘\‘\ Utilization of

to biologically active products brown adipose tissue

Vitamin A depletion Cardiac dysfunction

Figure 1 Biological responses to TCDD. A wide variety of cellular processes have been shown
to be affected by TCDD.

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



Aktivace AhR:
(podle Kewley et al., 2004)
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Aktivace AhR:

& ligand
QOO hspo

B immunophilin
26S proteasome

{ Ubiquitin

Fig. 1. Model of AHR-mediated signal transduction pathway. (1) Ligand enters cell. (2) Ligand binds
to AHR -hsp20-immunophilin complex causing conformational change and exposing the NLS domain.
(2 AHR complex is actively imported into the nucleus via NLS and nuclear import receptors. (da) If
receptor complex is in a misfolded conformation. it may be proteolytically degraded. (4) AHR
dissociates from hsp20 and immunophilin exposing HLLH PAS domain and NES. (5) AHR dimerizes
with ARNT-blocking NES sequence. (6) AHR-ARNT complex binds to XRE regions in DNA. (7)
AHR-ARNT complex dissociates from DNA and ARNT exposing NES. (8a) AHR is ubiquinated in the
nucleus and degraded or (8) AHR is exported from nucleus via CRM-1 export receptor. (9) AHR is
ubiquinated in cytoplasm and (10) targeted to 26S proteasome for degradation. Note that the pathway
is linear and also note the degradation of the AHR terminal step regardless of whether it occurs within
the nucleus or cvtoplasm. NLS. nuclear localization signal: CRM-1. chromosome region maintenance
protein 1: 2658, 26S proteasome.

Chemico-Biological Interactions 141 (2002) 41-61



Aktivace AhR:
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Geny regulované AhR

obsahuji v promotorové nebo enhancerové oblasti tzv.
xenobiotic response elements (XRE) / dioxin responsive
elements (DRE):

 enzymy |l. faze biotransformace - CYP 1A1, CYP 1A2, CYP 1B1;

- enzymy ll. faze biotransformace - UDP-glucuronosyltransferase,
GST-Ya, NADP(H).oxidoreductase;

* regulatory bunéc¢ného  cyklu, apoptozy, diferenciace,
senescence — Bax?, p27Xirl, JunD, TGF-g;

« AhRR.



AhR deficientni mysi:

® rustova retardace;

®* naruseni vyvoje jater a imunitniho systému;
®* hromadéni retinoidu v jatrech;

®* abnormalni vaskularizace ledvin a jater;

* fada efektu v imunitnim systému a hematopoéze;

* odolné vudi karcinogennim ucinkum BaP a teratogenité
TCDD;



Jaterni defekty:
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Fig. 1. Ah —/— mice have smaller hepatocytes than wild-type mice. Livers of
1-year-old mice were fixed in formalin, and 6-um sections were examined
afterstaining with hematoxylin/eosin. (A and B) Thin sections from wild-type
(A) and age-matched Ah knockout (8) mice are shown, and results of mor-
phometric analyses follow. (C) There is asignificant decrease in the total area
of the hepatocytes of Ah —/— mice. (D and E) Whereas the cytoplasmic area
of Ah —/— hepatocytes is significantly decreased (D), the nuclear areas of Ah
+/+ and Ah —/— hepatocytes are not different (£). Mean and standard errors
generated from comparison of six 1-year-old male Ah +/+ and six age- and
sex-matched Ah —/— mice are shown; asterisks indicate significance (P < 0.05).
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Walisser et al., J Biol Chem 2004;279:16326-31



BaP neni karcinogenni v
AhR KO mysich:

Genotype +H+ - -/- ++  +- -/-
BlajP -+ -+ -+ -+ -+ - *
NN — -

| —=———_ L S

3-Actin L S

Fig. 1. Cyplatl, Cypiaz, and AhR gene expression in the skin and liver of
AhR(+/+), AhR(+/-), and AhR(-/-) mice, with and without B[a]P treat-
ment. One-microgram aliquots of RNA extracted from skin and liver of control
and B[a]P-treated mice of the three genotypes were reverse-transcribed and
analyzed by PCR using specific primers for the Cypiat, Cypiaz, and AhR and
B-actin genes.
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Fig. 2. Subcutaneous tumor induction in wild-type (~) and AhR-deficient
male mice (+/—, [0; =/, O) injected with B[a]P.

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

Shimizu et al., PNAS 2000;97: 779-82



AhR a imunitni systém
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Seminars in Immunology 23 (2011) 99-105



AhR a imunitni systém
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Koncepce toxickych ekvivalentnich faktoru
(TEF)

* vzhledem k tomu, ze latky dioxinového typu maji
spolecny mechanismus ucCinku — aktivaci AhR, Ize
predpokladat, ze jejich schopnost aktivovat tento
receptor je umerna jejich toxicite;

* referencéni toxikant — TCDD:;

« TEF = ECS50 (dana latka)/EC50 (TCDD);

« TEF pro jsou definovany WHO,;

Toxicita smési - TEQ = 2[C] x TEF,



Toxické ekvivalentni faktory (TEF)

TABLE 1
Summary of WHO 1998 and WHO 2005 TEF Values

Compound WHO 1998 TEF WHO 2005 TEF
Chlorinated dibenzo-p-dioxins
2,3,7.8-TCDD 1 1
1,2.3,7.8-PeCDD 1 1
1,2,3,4,7,.8-HxCDD 0.1 0.1
1,2.3,6,7.8-HxCDD 0.1 0.1
1,2.3,7.8,9-HxCDD 0.1 0.1
1,2.3.4.6,7.8-HpCDD 0.01 0.01
OCDD 0.0001 0.0003
Chlorinated dibenzofurans
2,3,7.8-TCDF 0.1 0.1
1,2.3,7,.8-PeCDF 0.05 0.03
2,3.4.7.8-PeCDF 0.5 0.3
1,2,3.4,7,8-HxCDF 0.1 0.1
1,2.3,6,7.8-HxCDF 0.1 0.1
1,2,3,7,8,9-HxCDF 0.1 0.1
2,3.4.6,7,8-HxCDF 0.1 0.1
1,2,3,4,6,7.8-HpCDF 0.01 0.01
1,2.3,4,7.8,9-HpCDF 0.01 0.01
OCDF 0.0001 0.0003
Non-ortho—substituted PCBs
3,344 -teraCB (PCB 77) 0.0001 0.0001
344" 5-tetraCB (PCB 81) 0.0001 0.0003
3.3'.4.4' 5-pentaCB (PCB 126) 0.1 0.1
3.3'.4.4'.5,5'-hexaCB (PCB 169) 0.01 0.03
Mono-ortho—substituted PCBs
2,3.3" 44" -pentaCB (PCB 105) 0.0001 0.00003
2,3.4.4' 5-pentaCB (PCB 114) 0.0005 0.00003
2,3'.44" 5-pentaCB (PCB 118) 0.0001 0.00003
2'.3,44' 5-pentaCB (PCB 123) 0.0001 0.00003
2,3.3" 44" 5-hexaCB (PCB 156) 0.0005 0.00003
2,3,3'.4,4' 5'-hexaCB (PCB 157) 0.0005 0.00003
2,344 5,5 -hexaCB (PCB 167) 0.00001 0.00003
233" 4455 -heptaCB (PCB 189) 0.0001 0.00003

Bold values indicate a change in TEF value.

van den Berg et al., Toxicol Sci, 2006;93:223-41



AhR interaguje s radou dalSich proteinu:

TABLE 1. Interactions Between Signal Transduction Path-

‘b J.R. Petrulis. G.H. Perdew  Chemico-Biological Interactions 141 (2002) 2540
ways and AhR"

Interactions References hsp90
p23
==y Direct interactions with AhR
HSP90 [79) A %) AhR
XAP2 [80-82]
ER, ERRa [24] = "y
NFxB (Rel A/ p65) (39] A2
Rb (44-46] Fig. 4. Model for the arrangement of proteins found in the unliganded AhR complex.
RIP 140, p300/CBP [41,51,53]
SRC-1, NCoA-2, pCIP [41,54]
ERAP 140, SMRT [49,50]
COUP-TF1 [24]
ppo0re [70,71]
tyrosine phosphorylation [69]
== Direct interactions with AhR complex proteins® )
HIF-1a, PAS proteins (ARNT) [32,35] O. Hankinson | Archives of Biochemistry and Biophysics 433 (2005) 379386
p300/CBP (ARNT) [52]
SRC-1, NCoA?2 (ARNT) (54 -
SHP (ARNT) (78]
AhRR (ARNT) [20]
ARNT Repressor (ARNT) [21]
CK2 (XAP2) [74]
p23 (HSP90) [76]
XAP2 (HSP90) [80]
== Indirect interactions (cross talk) with AhR
ER [8,25,29)
hypoxia [33,36]
NF«B [40-42]
PKC [59-66]
tyrosine kinases / phosphatases [69,72,73]
c-myc, AP-1, CK2 [72)
TGF-p (7] ——
p27 (Kip 1) [43]
NF-1 27) RES
C2<ceramide [47)

CCAAT TATA

Fig. 3. Hypothetical model of coactivator recruitment at the Cyplal gene.

J Biochem Mol Toxicol 16:317-325, 2002;



AhR-ERa crosstalk

E2 HO-E2

S * Decreased E2  #1
CYP1A1 /CYP1B1 ¢

Tf(-) === Inhibition of E2-

induced genes #2

" Direct inhibition of 43
\LIDRE L JJ\) E2-induced genes

Coactivator

Limiting levels
binding of coactivators #4
ERad lati Eg Limiti
a gaownreguiation miting
(proteasomes) levels of ERa #5

Figure 3. Proposed mechanisms of inhibitory AhR—ERa cross-
talk (/23— 126).

Safe et Wormke, Chem Res Toxicol, 2003;16:807-16



Prima interakce AhR-ERq ?
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Vyuziti AhR-ERa crosstalk v nadorové terapii?

TABLE 1
Effects of 17B-Estradiol and TCDD on Cell Cycle

Distribution of MCF-7 Human Breast Cancer Cells?

Treatment

Cell cycle phase (%)

(time, h) Go/G, S G,/M
Control 89.9 + 2.1 19+156 5.2 +006
[i2 (12) 87.7+ 2.1 6.0+ 14 1.4 +0.7
2 + TCDD (12) 87.2+0.2 79+07 4.9 +0.5
TCDD (12) 89.1 + 0.8 6.7 + 0.8 4.2 +0.2
52 (24) 75.1 = 0.67 234+ 1.7° 1.5 +1.2
2 + TCDD (24) 81.0 + 1.3° 15.8 + 1.8 3.2 +07
TCDD (24) 90.8 + 0.6 52+05 4.0 0.9

A

Time (h)

E2

E2+T T
1 |

[ 1
6 12 24

I
6 12 24 6

1
12 24

cdk4 activity-» S h e GST-Rb
WO o s s s

cdk2 activity-»

TUMOR VOLUME (mm®) &  TUMOR VOLUME (mm3) >

TUMOR VOLUME (mm?) <2

—=— Control
—+—TAM 100 pg/kg
-+ TAM 50 pglkg
——TAM 25 pglkg

8
g

10000 -

6000 -

—=— Control

—— 6-MCDF 100 pg/kg
—=—6-MCDF 50 ng/kg
——6-MCDF 25 ug/kg

= Control
-+ TAM 100 ug/kg + 6-MCDF 100 ug/kg
—=—TAM 50 ug/kg + 6-MCDF 50 pg/kg
——TAM 25 ug/kg + 6-MCDF 25 parkg

3 5 7 9 11 13 15 17 19 21

TREATMENT DAY

ARCHIVES OF BIOCHEMISTRY AND BIOPHYSICS 356, 239-248, 1998;
CANCER RESEARCH 61, 3902-3907, 2001



Vyuziti AhR-ERao crosstalk v nadorové terapii?
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Uloha AhR v regulaci bunééného cyklu

pRB-dephosphorylation

cyclin A/IB
+ cdk1

D-cyclins
+ cdk4 / cdk6
cyclin A ‘
+ cdk2
)\ pRB-phosphorylation
9\ |
Q p27— cyclin E

+ cdk2

pRB = retinoblastoma protein
cdk = cyclin-dependent kinase



Uloha AhR v regulaci bunééného cyklu
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Figure 2.. TCDD induces growth inhibition in rat 5L hepatoma cells.

Panel A, total protein from 5L and BP8 cells was fractionated by SDS-PAGE and probed for AhR protein with an anti-AhR antibo-
dy (Western). Analysis of AhR expression was also performed by RT-PCR on total RNA from 5L and BPS8 cells using primers spe-
cific for rat AhR (rAhR) and GAPDH (as a control for RT-PCR).

Panel B, 5L (solid bars) and BP8 (open bars) cells (2x105) were grown in the presence of 10 nM TCDD (+) or absence of TCDD (-) tor
24h or 48h and counted. The values presented are the mean £ S.D. of three independent experiments.

Progress in Cell Cycle Research, 5 (2003): 261-267
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Faktor indukovany hypoxii — HIF1

HIF-a
NORMOXIA BHLA PAS ) ODD HYPOXIA
0,
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Fe®*
- R BHLH PAS  ODD

bHLH  PAS OoDD

" Hypoxic
response genes

Proteasomal Degradation

The International Journal of Biochemistry & Cell Biology 36 (2004) 189-204



HIF podrodina:

bHLH PAS OoDD
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HIF-301 [ [ F
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Biochimica et Biophysica Acta 1755 (2005) 107 — 120



né prostredi méni hladinu HIF:

Graded HIF
responses to
O2 and cellular
environment

e
— Y i
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Phosphorylation Acetylation
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Induction of
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i v

Intermediates and

Growth factors,

oncogenes,

differentiation cofactors of energy

metabolism tumour suppressor

pathways

and apoptosis metabolism reactions

Masson, N. et al. J Cell Sci 2003;116:3041-3049



Table 2. HIF-1 target genes.

Function Gene (abbreviation) Reference
Erythropoletin (EPO) Semenza et al., 1991)
Ervthropoiesis’  [Transfernn (T1) Rolfs et al., 1997)
wron metabolism  [Transferrin receptor (Tf) Bianchi et al., 1999)
Ceruloplasmin Lok and Ponka. 1999)
[Vascular endothelial growth factor (VEGF) Levyetal., 1995)
Angiozenesis Endocrine-gland-denved VEGF (EG-VEGF) LeCouter et al., 2001)
gIoE [ eptin (LEP) Grosfeld et al., 2002)
Transforming growth factor-beta3 (TGF- 3) Scheid et al., 2002)
Nitme oxide synthase (NOS2) Melillo et al., 1995)
Heme oxygenease 1 Leeetal, 1997)
. Endotheln 1 (ET1) Hu et al., 1998)
Vascalar tone A drenomedulin (ADM) (Nguyen and Claycomb,
1999)
11 B-adrenergic receptor (Eckhart et al.. 1997)
Matrix metalloproteinases (MMPs) Ben-Yosef et al., 2002)
Matrix metabolism Pllailsm)jnogen activator receptors and inhibitors(Kietzmann et al., 1999)
Collagen prolyl hydroxylase (Takahashi etal 2000) |
Adenylate kinase-3 ORourke et al., 1996)
Aldolase-A.C (ALDA.C) Semenza et al., 1996)
Carbonic anhydrase-9 Wykoff et al., 2000)
Enolase-1 (ENO1) Semenza et al., 1996)
Glucose transporter-1.3 (GLU1.3) Chenetal., 2001)
Glyceraldehyde  phosphate  dehydrogenase)Graven et al., 1999)
Glucose metabolisny GAPDH)
Hexokinase 1.2 (HK1,2) Mathupala et al., 2001)
L actate dehydrogenase-A (LDHA) Semenza et al., 1996)
Pyruvate kinase M (PKM) Semenza et al., 1994)
Phosphofructokinase L (PFKL) Semenza et al., 1994)
Phosphoglycerate kinase 1 (PGK1) Semenza et al., 1994)
5-phosphofructo-2-kinase/gructose-2,6- Minchenko et al,, 2002)
bisphosphate-3 (PFKFB3)
[nsulin-like growth factor-2 (IGF2) Feldser et al., 1999)
Cell proliferation/ Transformung growth factor-a (TGF- «) qlégggmamachan et al,
vl A drenomedullin (ADM) Cormier-Regard et al,
1998)
Bcl-2/adenovirus EIB 19kD-interacting protein J[C arrero et al., 2000)
Apoptosis BNip3)

Nip3-like protein X (NIX)

[ Bruick. 2000)

Molecular
Pharmacology Fast
Forward. Published on
August 3, 2006 as
doi:10.1124/mol.106.0
27029



ARNT - zakladni dimerizacni partner — vzajemna
kompetice??

(a)

(b) Hypoxia

Normoxia |=—=® Prolyl hydroxylase —>

. Ubiquitin-proteasome
Degradation <€ i HIF-1a

OH

Myre a Imbeault, 2013, Obesity Reviews, doi: 10.1111/0br.12086



Regulace cirkadiannich rytmu
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Regulace cirkadiannich rytmii

CLOCK/BMAL1 heterodimer kontroluje expresi genu zavislou na cirkadianich
rytmech — PER, CRY — zpétnévazebna regulace vlastni exprese;

INPUL sy PACEMAKET sy O UTPUL

CLOCK-B @—C RY

PAS proteiny

D ‘ P Nigh

Clock outputs

« Sleep-wake cycle

« Hormonal oscillations
« Body temperature

« Cell cycle

« Metabolism

« Feeding rhythms

Nature Rev Mol Cell Biol 11(2010): 764-776 Nature Rev Cancer 9 (2009): 886-896



V' dochazi k interakcim mezi AhR signalizaci a regulaci

cirkadiannich rytm?? — nezodpovézena otazka;

Inflammation
Diet . - ¢
Genetic and Leptin resistance, SubP Exogenous Toxins
Epigenetic Endogeous AHR Ligands
susceptibility Prrm— ‘ Chronodisruption
< Altered evolutionarily -
TiENAT Cortisol] T camp driven AHR ~ Circadian
IDO TDO Perl1/2 ~ circadian ‘
T kyn, KYNASPAHR = | PDE2
/ Y , T.' AHR ~ CIRCADIAN 1 inhibitor
¥ Melatonin TIDO, infl tion, O&NS
4 Serotonin | » INammadon, Valproate
4 a7nAChr | Melatonin
Altered TReg/Th17, Th1/Th2, Vitamin D
NK, MICA/B, MMPs, ADAMs \/
Inflammation/Tumor I
Comorbidites

Tumor microenvironment

T Somatization
T Depression

4 Cognition —
Tumeor

Biochemical Pharmacology 85 (2013): 1405-1416



