Hypoxie a bunécny metabolismus

Blood vessel

Aerobic cells

anoxie - 0% kysliku

tkanova hypoxie — 0-3% kysliku
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tkanova normoxie — 3-5% kysliku

atmosféra — 21% kysliku
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In the human organisms, O, concentration varies significantly between the tissues: in the lung parenchyma and in circulation (McKinley and Butler, 1999;
Saltzman et al., 2003; Johnson et al., 2005; Wild et al., 2005), as well as in well irrigated parenchymal organs (liver, kidneys, heart; Wo™ Ifle and Jungermann,
1985; Jungermann and Kietzmann, 1997; Roy et al., 2000; Welch et al., 2001; Mik et al., 2004) it is comprised between 14% and 4%. In other tissues, relatively
less irrigated, O, concentration is even lower: in the brain, it varies from 0.5% to 7% (Whalen et al., 1970; Nwaigwe et al., 2000; Hemplhill et al., 2005) in the
eye (retina, corpus vitreous), from 1 to 5% (Buerk et al., 1993; reviewed in Yu and Cringle, 2005), in the bone marrow, from 0% to 4% (Tondevold et al., 1979;
Chow et al., 2000).



Regulace vyuziti a dostupnost kysliku:

> Organismus (tepova a dechova frekvence)
> Organy / Tkané (krevni tlak, angiogeneze, erytropoéza)

> Bunky (hypoxicka odpovéd a metabolicka adaptace bunék)

RUzné adaptace dle hierarchie, primdarni rozpoznani a odpovéd vidy zacind na bunécné udrovni



Bunécné procesy vyzaduijici O,

Energeticky metabolismus (OXPHOS)

Hydroxylace (postranslacni modifikace, detoxikace,..)

Produkce ROS a NOS (oxidativni vzplanuti, vazokonstrikce, transdukce signalu,..)

Co ovlivni zména hladiny O, dostupného pro bunky / reakce buriky na zménu hladiny O,

Energetickou bilanci (hladina ATP x AMP => tvorba energie, ...)

pH, aktivitu kanall a transportérl (transformace energie, gradienty, ...)

Pool intermedidlnich metabolitl (tvorba/transformace energie, vystavba bunék, ...

Genovou expresi



Mechanismy rozpoznani mnozstvi dostupného O, burikou - sensoring

Pokles produkce ATP, narust koncentrace AMP — aktivace AMPK (aMp-activated protein kinase)

Nedostatek substratu pro produkci —OH & ROS/NOS

Stabilizace hypoxii indukovanych faktort — HIFs (hypoxia-inducible factors)

Vysledek sensoringu hladiny O, u bunky (intenzita a vyznam odpovédi je bunééné specificky)

Adaptace metabolismu (O, glykolyza x O, 1* OXPHOS, vyuziti lipid()

Produkce signdlt a regulatorl vedouci k celkové adaptaci (VEGF/angiogeneze;

EPO / erytropoésa; zména membranového napéti / tepovd a dechova frekvence)

Adaptace funkci buriky (zmény v expresi ,, pracovnich” proteint)

Zména osudu bunék (proliferace, diferenciace/(transformace), apoptodsa,...)



A) 1xglukéza + 2xATP => 2xpyruvat (laktat) + 4XATP + 2xNADH + 2xH* (-2x NADH + 2x H*)

Zakladni cesta energetického metabolismu B) 2x pyruvat => 2xCO, + 2xNADH + 2xH*
C) 2x acetyl => 2x (1XATP + 3xNADH + 1xFADH,+ 2xCO,)
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MitAnimace/etc.html

Inhibice glykolyzy
v dusledku oxidativni
fosforylace

Produkty aktivity mitochondrii
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Zapojeni aminokyseliny (proteinu) do energetického metabolismu
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Zjednodusena sumarizace produktu anaerobni glykolyzy
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Alternativni premény jsou spojeny s utilizaci NH,*

Vyuziti glutaminu (GIn) / glutamatu (Glu)

Alternativy v energetickém metabolismu Glufusc
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Sumarizace ulohy a moznosti vyuziti glutaminu (Gln) v metabolismu bunky

zdroj o-ketoglutaratu, alternativni tvorba ATP
utilizace NH,*
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Duplikace predchoziho + vznik ketolatek a glukosy z oxalacetatu
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HYPOXIE |O,




Zajisténi chodu bunky vyzaduje preménu chemické energie spojenou:

se s potfebou substratu (glukésa, aminokyseliny, mastné kyseliny,...)
s regeneraci kofaktorit — NADH/NAD*, FADH,/FAD, NADPH/NADP*
s tvorbou ATP, GTP,...

se spotiebou O,

s uvolnénim finalnich produktu (H,O, CO,, NH,*, laktat, ketolatky, vybranych AA,...

se syntézou potrebnych molekul



Energeticky sensoring poklesu O,

Pokles O, pro OXPHOS => pokles ATP / narast AMP => aktivace AMPK (AMP-activated protein kinase)

r D
Low nutrient levels
Metabolic stress

—< Alkaline pH —

Hypoxia
| ,_/“'"’\

Ischemia
Activation stimuli [ Protein Phosphatases ]

S / PP2A, PP2C
Thr172

e

AMP AmpY +
—1 High ratio ATP Low ratio
ATP) t

Activated Inactivated

CaMKK2 - Ca?*/Calmodulin-dependent protein kinase
LKB1 — Liver kinase B1



Aktivace AMPK v zavislosti na intenzite stresu
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TRENDS in Endocrinalogy & Metabolism

ACC - Acetyl-CoA carboxylase

(acetyl-CoA => malonyl-CoA, 15t krok v syntéza FA)



Syntéza lipidu a pentézovy cyklus
- Vyznam acety-CoA
- Regenerace NADP*/NAD

- Syntéza nukleovych kyselin
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Aktivni AMPK zvysuje uptake glukosy a potlacuje syntézu mastnych kyselin
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Dalsi regulatory aktivity AMPK a ji regulované procesy

- obecné podpora tvorby ATP, uvolnéni energetickych substratu -

- Inhibice anabolickych procest / syntézy
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Synteticky sensoring poklesu O, HIF — hypoxii indukované faktory

HIF Regulation of Transcription

OH(P564) PHD
Proteasomal degradation K\__

? Hypoxic conditions
OH(P564) @
i OH(P402)

Normal oxygen conditions

Hypoxic conditions occur when the oxygen concentration falls below 5%. This can
lead to several cellular and molecular changes, many of which are affected through
the basic helix-loop-helix transcription factor HIF-1a. Three proteins have been
identified in vertebrates that respond to hypoxic conditions: HIF-1e, HIF-2a and
HIF-3a. Under normal oxygen conditions the HIF-1a protein is rapidly

ubiquinitated and degraded. Under hypoxic conditions, the protein is stabilized,
heterodimerizes with ARNT (aryl hydrocarbon receptor nuclear translocator), and
translocates to the nucleus where it activates franscription from a number of
hypoxia-responsive genes, including VEGF, EPO, PDGF-g, etc.

Transcription

m jSou soucCasti obecné odpovedi na hypoxii mjsou konstitutivné exprimovany pritomnost
m kysliku indukuje jeho degradaci m nedostatek kysliku zpusobuje jeho akumulaci
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Prolyl hydroxylasy ( PHD)

Asparagin hydroxylasy (FIH)
- sensory kysliku a regulatory stabilizace HIF-Xalpfa
- substraty a-ketoglutarat (2-oxoglutarat), O,, kofaktor Fe?*,...
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FE_!-l'
R-2HG | Ferritin
Succinate \ = .’;P[EPJ_.:l Fp2t
Fumarate F'EEF'l,-‘E ) e e

e
Hypoxia FE\
ROS
EDE-Pmi:-_'-P \"" HEE:IE
Fe

2-05 Succinate
Fenton Ascorbate
G5H

Substrate Substrate .
reacton
FE'3+
Fentonova reakce

OH
+ «0H Fe?* + H,0, = Fe¥* + HO + OH-
+ OH Fe3* + 0, = Fe?* + O,




Pyruvate "
f Acetyl

vate dehydro (]ﬂl ase

cca2 +NADH, H'

Pyruvatc carboxy ase
:ADP +P,

Oxaloacetate ]

Legend

o Hydrogen
€ carbon

Coenzyme A

Q Coenzyme Q

Pyruvate dehydrogenase

% Ordinary bond
D High-energy bond

l» Adenosine

) ATP * triphosphate

[~ Guanosine

""GTP triphosphate

NADH Nicotinamide adenine dmuclentlde

Enzyme

Aconitase

dehydrogenase

Succinate

inyl-CoA synthetase

GDP +P,

sSucc




- vdechny podjednotky HIF prakticky konstitutivni exprese
Regulace HIF |_ regulace zejména degradaci podjednotek HIFa
(- ¢dstelné i requlaci transkripce)

Degradace HIF v pfitomnosti O,
- hydroxylace prolyl hydroxylasami PHD, asparagin hydroxylazami FIH
- degradace v proteasomu zprostiredkovana pVHL faktorem (Von Hippel-Lindau tumor suppressor)

0, high 0O, low
Active HIF hydroxylases Inactive HIF hydroxylases
PHDs FIH Stable HIF-x 0

Co-activator

Unstable HIF-2 H@--’DH \ recruitment
(5300)
r @J
pVHL mediated Blocked p300 co- ]

degradation  activator recruitment HIF-14

\ / |

Inactivation of HIF transcriptional activity Activation of HIF transeriptional activity




Podpora glykolyzy
prostrednictvim HIF-1

- zvySeni expresse GLUT1,4
- zvysSeni exprese enzymu glykolyzy
- inhibice premény pyruvatu na AcetylCoA

Glykolyza — substraty intermedialni produkty
=> rust bunék

OXPHOS - energie => prace, produkce
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H I F — hypoxii indukovany faktor

HIF1 B (ARNT) / HIF1a => HIF1 (obecna bunééna odpovéd’ na hypoxii)
- (-) exprese c-myc / cD1 => cell cycle arrest
- stabilizace NICD (Notch)/ B-cat (Wnt) => (+) glykolyza
- (+) glykolyza (PDK, Glut1/3, LDHA, HK,..)
- (+) MTC4 (eflux laktatu)
- (-) mitochondrie = (-) oxid. fosforylace (-) ROS

| HIF20. => HIF 2 (¢asteéné bunééné specifické, EPO)

(EPAS1) - podpora bunéc¢ného cyklu (+) exprese c-myc / cD1
- syntéza FA

[HIF30. => HIF 3 (kompetuje s HIFa, bunééné specifické)
- inhibitor akce HIF (?)



Stabilita a transaktivacni aktivita HIF je také regulovana dalSimi

postranslaénimi modifikacemi véetné fosforylace (vazba na bunécné signalizace)

HYPOXIA PKC
B * +
> 4 / RAS Pitk
.I."---- NFkB L L
UPR RAF PDKEA
e MAP-K 'y l-
e _ ki
Tl _ mTORY
~& | HIFt-a | *
H|F"|_|3 — Auclicii
HRE — TRANSCRIPTION
Increased VEGF  Increased CACR4 Increased CXCL12
l‘k‘“jDPPd
-1
Inactive  gijtagliptin
CXCL12
HIF-1
1II _"‘--n._‘_‘__‘_
\ +02 OH-HIF-1
¥

. \ l+ VHL
| |1
N |
A "," p-HIF-1 » PrOIEGSGrﬂE
Akt '.III degradation
Inactive w \

p-GSK-3 Lithium inhibits
| this at 2 meq

GROWTH FACTDRS [EGF: VEGF)

pVHL

HIF-1a

d Ub

Ischemia (0.1 mM Gic, 0.1% O,)

'

ROS generation

;

Dissociation of GRX/TRX from ASK1

|

Activation of ASK1

'
'

p38 MAPK (o, B, v, 8)

I

Dissoclation

Proteasomal degradation

enhances this
at 0.8 meq

Lithium ‘



Exprese a stabilita HIF-Xalpha jsou regulovany i methylaci a acetylaci,
jak na DNA tak proteinové urovni

- Acetylace protein podporuji degradaci pres interakci s pVHL PCAF SIRT1
ARD1

HDAC kacf { SIRT2

aC K674 aC




Priklady dalSich partnert a substrati PHD

Activating transcription factor 4

Human precursor RNA processing 19

Paired box gene 2

Sprouty homolog 2

TCP-1 ring complex®
Osteosarcoma amplified 9
A-kinase (PREA) anchor protein 12

Mitogen-activated protein kinase
organizer 1
Inhibitor of growth protein 4

lron-only hydrogenase-like protein 1
Melanoma antigen gene protein-Al11

ATF4

hPRP19
Pax2

Spry2
TRIC
05-9
AKAP12

Morgl

ING4
IOP1
MAGE-11

Cerebellar degeneration-related protein 2 Cdr2

Myogenin
Kinesin-like protein 1B B
Large subunit of RNA polymerase |l

pl2)-Adrenergic receptor

Human homolog of the Casnorhabditis
elegans biological clock protein CLK-2

Cysteine synthase like-1
Phospho-diesterase 4D

Myogenin
KIF1BR
Rbp1

pl2)AR
HCLK2

CYSL-1
PDE4D

PHD1/3

PHD3
PHD3

PHD1/2/3

PHD3
PHD2/3
PHD2

PHD3

PHD2
PHD2
PHD2
PHD1
PHD3
PHD3
PHD1/2

PHD3
PHD3

EGL-9
PHD2

Binding

Binding

Hydroxylation (7]

Hydroxylation

Binding
Binding
Binding (/)

Binding

Binding
Binding ()
Binding
Binding

Hydroxylation
Hydroxylation (7]
Hydroxylation

Hydroxylation
Hydroxylation

Binding

Binding; hydroxylation

MNegative regulation of transcription
factor activity

Inhibition of cell death

Megative regulation of transcription
factor activity

MNegative regulation of Sprouty
2-mediated inhibition of FGF-
induced ERK1/2 activation®

Protein folding (7); activity (7)
Enhanced hydroxylase activity

Enhanced association of HIF-1a
and PHD?2

Enhanced hydroxylase activity

Enhanced hydroxylase activity
Enhanced hydroxylase activity (7)
Decreased hydroxylase activity
Enhanced repression of HIF
Stabilization of myogenin protein
Induction of apoptosis

Activation of Rbp1 and tumor
growth promotion

Regulation of receptor degradation

Promotes DMNA damage response

Inhibition of Egl-9 in hypoxia
Regulation of intracellular cAMP
levels



Dalsi priklady vyznamu O, a hydroxylace

Hydroxylace prolinu v kolagenu

n COO_ ) o]
C MONooXveEenasa I
Ny e ‘ISHz A % G coo™
[ (askorbat. Fe?=) &
g + 0, +  CHy :
¢=0 CH,
HH coo~ CcO, H *oH Co0
prolin 2-oxoglutarat 4-hydroxyprolin sukcinat
Skorbut (kurdeje) Jazykova poznamka
Nedostatek kyseliny askorbové — nedochazi k hydroxylaci askorbové odvozeno z:

Nemiize dochazet ke vzniku pri¢nych mistki

a- (ne, anti) + skorbut

Znac¢na ¢ast abnormalniho kolagenu je degradovana v butice

Krvacivost, uvolnéni zubt, $patné hojeni ran, praskani jizev apod.

Hydroxylace systémem cytochromu
(soucast detoxikace)

R-H + O, + NADPH + H* - R-OH + H,O + NADP*

NADPH+H"

NADP*

Fe'*
hem
FADH, Fe®

cyt. reduktasa

hem

cyt P-450

i
:
o

2

H,O0



MITOCHONDRIE x HYPOXIE

Zralejsi mitochondrie => vic ATP
=> vic ROS (reaktivni kyslikové radikaly)
=> poskozeni DNA
=> peroxidace lipidt, deregulace signalnich drah

HYPOXIE => stresované mitochondrie (bez O, a Acetyl-CoA)

=> pfechodné vic ROS (=> stabilizace HIF1)
=> prfechodné akumulace fumaratu a sukcinatu
(=> inhibice PHD => stabilizace HIF1)



Produkce ROS ] HIF

mitochondriemi ‘
Oxidant dependant signaling pathways?
Hypoxia [
TH,05

cytosol




HIF1 - indukuje autofagii mitochondrii
- potladuje biogenezi mitochondrii => snhizeni ROS

- potlacuje maturaci mitochondrii

¥ 02 =» Mitochondrial ROS 4

I
|

L
T
l
I

PDH Autophagy

l

Mitochondrial ROS ¥

ISCU1/2

@
o
L




Na bunécné urovni je mnozstvi a maturace mitochondrii regulovana:

A) Aktualni dostupnosti kysliku — PHD / HIF
-> ¢astécné i ochrana pred ROS
-> hospodarnost systému

B) Anabolické pochody / syntéza — AMPK, PHD / HIF

MITOCHONDRIAL LIFE CYCLE

Copynight 2002 Visualyhledical com




Glucose Glutamine

I

SLC1AS5

4
Glutamine

*

Pyruvate <—.— Malate ™.

CCR Molecular Pathways




Hypoxie a na HIF nezavisla regulace genové exprese

Zastava Krebsova cyklu

=> pokles produkce citratu

Glucose

[Glycolysis J«— HypoXxia

/

VTJ_‘-"

Lactateqmmmm Pyruvate PDK1!

=> pokles Acetyl-CoA pro acetylasy histonu

=> inhibice epigenetické regulace genové exprese

/? Pyruvate |
)s PDH ©

Acetyl-CoA

- —

TCA |

\\ Mitochondria //1

/7

= "’\Citrateq-—ocnrate- » Acetyl-CoA

1.“.“5%%\

l Meterochromatm

\

RA response

Ny, /



Signalni drahy podporujici glykolyzu - Wnt a Notch

- Indukce exprese c-myc + enzymu glykolyzy + pfijmu a metabolismu glutaminu
- Stabilizace HIF1a s B-cateninem (Wnt) a nebo s NICD (Notch)

WNT Off WNT On
LRPS/6 FZD @
5--:! ~ . 1}/ - i e T,
OOCOCOO00  MOOOOCCO0COC] |' H I.. r FIHT.EI’J..{TIT.ETJ.D (B & F i; | l: [ H rnrxrx‘.-:uxrn‘.-crxr
{ |
B ]("l“.l:"l'x'l'x'l:‘f‘(‘l£ |' ' E!:'I'Y'l".l:"l')':f'l"'('l'x'l'x'l":- R o I: | F t H L}"!’:I".C'l'x'l"x"l“.ﬂ"l"’:f'l’\:!’]".:
"\...? LJ

@Prme osomal

degradation

NN T_}\ "D/

:Axlﬁ e ‘**” VL

e &

TCF/LEF

JNNTRNOUP NN

Transcription activation
(C-myc, SOX9, CD44)

Signal sending cell

Ligand —/
endocytos =

3 Ligand
Notch Receptor 3

ADAM
(S2 Cleavage)

y-Secretase
(S3/S4 Cleavage)

Signal

receiving cell
Receptor
endocytosis

/Transcrlptlonal
Switch



Uloha c-myc ve vyuziti glutaminu v bunééném metabolismu
(transkripCni faktor, pro-onkogen, regulator proliferace bunék)

Glucose Leucine Glutamine Glutamine ——— L-asparaginase
Phenylbuyrate

'E‘-Iutaminﬂ
’ Azasering —— "'"'""""!""
Y + L-DON
- 'I'.'ilutumntu
Pyruvate ------------ = Pyruvate I AOA
—— Imtuglutaratu
ME NADPH HA.DH a'

Phenformin
Malate Ac-CoA Eu:::lnyl-cun AL Metformin
T 1 &
Euc:u:‘lnati
OAA Citrate —=
; Fumnrnta ATP

Ac-CoA

;

Lipid synthesis/Protein acetylation

I .,u-"’"



Patologie v souvislosti s hypoxii

R LeF %, %
a HIFs «%@*’“}Q N B %Y
) “I-‘-"% ‘s‘ﬁm@@% G"”@@% .
q_?,-b @\CJ o ‘G?/‘@&**
't~\#r.la'2’ﬁ® /%'%
- Ischemie /reperfuse
: . HIF
- Tumorigeneze (glykolyza,..) Signaling
G 5 {
- Choroby krve (EPO, anemie,...) ee \:
=z
- Metabolické choroby %% 3%%
> 7%
- Vaskulogeneze (VEGF, PDGF) > 7

Related genes:
MYC, mxi1, SP1
PDK1, VEGF

Cell growth!
ifferentiatio™



Ischemie / reperfuse

Blood flow

L)
1Glucose and O,

}

Ana eml_:-ic
metabolism

}

ATPase failure
l Disruption of ion
r homeostasis
Energy imbalance

Mitochondrial
injury

— Excitotoxicity

ROS

!

Reperfusion

!

0;

L
-

—

Inflammation —\* ~

4 BBB
damage
MMPs ——}
Activation
of apoptotic
cascade
Cell death



Summary of the effects of HiF1a, HiF2a and HiF13 on

metabolic disease

HIF
HIF1a
HIF1a

HIF1a
HIF1a

HIF1a
HIF1a

HIF1a

HIFZa
HIFZa

HIFZa
HIFZa

HIF2a
HIF1p

HIF1p

Tissue
Adipose
Adipose

Adipose
Adipose

Macrophage

Pancreatic f-cell
Pancreatic f-cell

Liver

Liver

Liver

Intestine

Adipose

Pancreatic p-cell

Liver

HIF signalling
Activation
Inhibition with
dominant
negative HIF1a

Inhibition
Inhibition

Inhibition

Inhibition
Activation

Activation

Activation

Inhibition

Inhibition

Inhibition

Inhibition

Inhibition

Phenotype
Increased obesity and insulin resistance

Increased obesity and insulin resistance

Decreased obesity and insulin resistance

Decreased insulin resistance and unchangec
obesity

No phenotype

Increased p-cell dysfunction and glucose
intolerance

Increased p-cell dysfunction and glucose
intolerance

Increased hepatic steatosis and fibrosis

Decreased glucose intolerance,
gluconeogenesis and glucagon response

Decreased non-alcoholic steatohepatitis

Decreased obesity, insulin resistance and
hepatic steatosis

Slightly increased insulin resistance

Increased P-cell dysfunction and glucose
intolerance

Increased glucose intolerance



Bunécna uroven — jednotlivé molekularni mechanismy citlivé ke zménam

koncentrace O, ; Intenzita a vyznam reakci je bunécné specificka

Akutni hypoxie

Bioenergetické sensory — klicova tloha mitochondrii

- AMP (adenosin monofosfat) kinazy, energeticky stav bunky
(citlivost na pomér AMP:ATP)

glucose

glucosée
Stimulated by AMPE: sefiie-

Inhibited by AMPK: ——=

FAT tnw:mm
tﬂltimd
/ o

Iatnr acid

!

glucose ___al.':etyl_l_k ial'lf'_ur acid

W

pyruvate  ohajectarol

(Towler a Hardie, 2007 ) LIVER

\

CO;

AMPK reguluje metabolismus
i aktivitu iontovych kanalu

hypoxia
ADP ﬂAMP .F-.TF' 5

AMPK @'

(Peers et al., 2010)




- ROS (reactive oxygen species), redoxni teorie

Proposed bioenergetic O, sensor mechanisms

ROS production

-

HIF-1c stabilisation

PASMCs
Ca?* sensitisation

ATP production

~
7
~ -
%

—| AMP kinase activity T

HYPOXIA
¢

/AN

Redox state

Ca®* store release + SOCE )

Glomus cells
Inhibition of K™ channels,
Depolarisation

AN

PASMCs

ROS production |

Inhibition of K* channels,
Depolarisation

ey

AMCs
Inhibition of K* channels,

Depolarisation

(Ward, 2008)




Biosyntetické sensory
- NADPH oxidasy
- Hem oxygenasa-2
- Cytochrom p-450 monooxygenasy

Activity
N, : K*channel inhibition
N ) \Ql’f"' gl7ic s i and depolarisation
Freeey oS . . Madulatiﬂn (glomus cell) !
DAREH - +<]l> ”__F_'?ﬁf_' oduction T - * T Ca® (PASMC), HPV
TN
CYP 2 » CYP products |
% / - Multiple mediators
o mememmaes . & (eiepesesccoccocedcos: .r" and targets
0 (ROS SAAT e b T Treveeneen > ' cYp products T
::- ----------- i B et
I

and depolarisation

HO-2 “\%f” » CO production

____________

BK channel inhibition J

NI

; ROsT
R e[ i1 otabilicat
PHDs, |_____ '{} " HIF-1a stabilisation o
FIH-1 4 and transactivation Gene transcription ]
Chronicka hypoxie

Sensorem jsme zejména prolyl-hydroxylasy => stabilizace / degradace hypoxii
indukovaného faktoru (HIF)




Priklady otazek
Co je hypoxie a jaky je jeji dopad na bunku a tkan.
Jak bunka reaguje na hypoxii a jak se na ni adaptuje?

Na jakych principech je bunkou zaznamendan pokles hladiny
dostupného kysliku?

Co se vSe podili na regulaci HIF?

Co jsou prolylhydroxylazy a co se podili na regulaci jejich
aktivity?



