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Abstract

Human survival relies on an adequate oxygen (O2) supply. Hemoglobin (Hb) is the main carrier
of O2 in the circulatory system and its levels directly affect tissue oxygenation. When O2 levels
decrease, a state of hypoxia occurs. Under hypoxia, a systemic response mechanism activates,
increasing O2 supply and decreasing O2 demand. The response is regulated by the hypoxia-
inducible factor (HIF) which targets genes in various pathways including energy metabolism. HIF
is governed by O2-dependent HIF prolyl 4-hydroxylases (HIF-P4Hs 1-3), and inhibitors of these
enzymes are currently used to treat renal anemia. Lower serum cholesterol levels have been
reported in patients receiving HIF-P4H inhibitors.

To study the roles of each HIF-P4H isoenzyme in metabolism, we used two pan HIF-P4H
inhibitors in wild-type (WT) and HIF-P4H deficient mice. Both inhibitors improved the metabolic
profile of WT mice in a dose-dependent and safe manner. HIF-P4H-1 loss lowered body weight
and cholesterol levels upon aging while HIF-P4H-3 loss led to an adverse metabolic profile. HIF-
P4H-2 deficiency promoted metabolic health, protecting from non-alcoholic fatty liver disease via
increased browning of white adipose tissue (WAT) and consequent thermogenesis, and by
enhanced fructose metabolism in the intestine. Regulation of HIF target mRNAs was isoenzyme-
specific, very few requiring inhibition by all three isoenzymes.

Using the normal variation in Hb levels as a surrogate measure for hypoxia, we explored how
Hb levels relate to metabolic health in mice and humans, and used Mendelian randomization (MR)
to evaluate causality. Lower Hb levels associated with a healthier metabolic profile and higher Hb
levels with an adverse one. Additionally, higher Hb levels associated with development of type 2
diabetes, an increased risk for liver fat accumulation and with both total and cardiovascular-related
mortalities. Moreover, expression of key HIF target genes associated with lower systolic blood
pressure in MR analyses and healthier body composition in mice. Lastly, venesection altered Hb
levels and metabolic parameters in mice.

The results present selective inhibition of isoenzyme 2, or 1/2, as a novel therapeutic option for
metabolic diseases. Additionally, low-end normal Hb levels present as metabolically favorable,
whereas high Hb levels increase the risk for developing metabolic diseases.

Keywords: hemoglobin, HIF prolyl 4-hydroxylase, hypoxia, hypoxia-inducible factor
(HIF), metabolic dysfunction, mortality, non-alcoholic fatty liver disease (NAFLD)
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Tiivistelmä

Ihmisen elämä on riippuvainen riittävästä hapensaannista. Hemoglobiini (Hb) on verenkiertoeli-
mistön ensisijainen hapenkuljettaja ja sen pitoisuus vaikuttaa suoraan kudosten hapettumiseen.
Kun happipitoisuus laskee, vallitsee hypoksia. Hypoksia aktivoi elimistössä vastemekanismin
lisäten hapen kuljetusta ja vähentäen kulutusta. Vastetta säätelee hypoksiassa indusoituva tekijä
(HIF), säädellen kohdegeenejä useilla biologisilla reiteillä, mukaan lukien energia-aineenvaih-
dunta. Happiriippuvaiset HIF-prolyyli-4-hydroksylaasit (HIF-P4H-1-3), joiden estäjiä käytetään
munuaisperäisen anemian hoitoon, säätelevät HIF:ää. HIF-P4H estäjää saaneilla potilailla on
raportoitu matalampia seerumin kolesteroliarvoja.

Tutkiaksemme HIF-P4H isoentsyymien vaikutuksia aineenvaihdunnassa, käytimme kahta
HIF-P4H estäjää villityypin (VT) ja HIF-P4H-puutteisilla hiirillä. Estäjät olivat turvallisia ja
paransivat VT hiirten metabolista profiilia annosriippuvaisesti. Ikääntyessä HIF-P4H-1 puutos
alensi painoa ja kolesterolitasoja, kun taas HIF-P4H-3 puutos johti epäsuotuisaan metaboliaan.
HIF-P4H-2 vaje paransi metabolista terveyttä, suojaten hiiriä ei-alkoholiperäiseltä rasvamaksal-
ta lisääntyneiden valkean rasvan ruskettumisesta johtuvan lämmöntuoton ja suoliston fruktoosi-
metabolian johdosta. HIF kohdegeenien lähetti-RNA tasojen säätely oli isoentsyymikohtaista ja
vain muutamia säädeltiin kaikkien kolmen estolla.

Käyttäen Hb:n normaalivaihtelua hypoksian mittarina ja Mendeliaanista randomisaatiota
(MR) kausaliteetin arviointiin, tutkimme Hb tasojen vaikutusta metaboliaan. Matalat Hb tasot
assosioituivat suotuisaan ja korkeat epäsuotuisaan metaboliseen profiiliin. Lisäksi korkeat Hb
tasot assosioituivat tyypin 2 diabeteksen kehittymiseen, lisääntyneeseen maksan rasvoittumisris-
kiin ja kokonais- sekä sydän- ja verisuonisairausperäiseen kuolleisuuteen. Lisäksi keskeisten
HIF-kohdegeenien ilmentyminen assosioitui matalampaan systoliseen verenpaineeseen MR ana-
lyyseissä ja terveempään kehonkoostumukseen hiirillä. Verenluovutus vaikutti hiirten Hb tasoi-
hin ja metabolisiin muuttujiin.

Töissä saadut tulokset esittävät erityisesti isoentsyymi 2, tai 1/2 selektiivisen HIF-P4H eston,
uutena mahdollisena hoitovaihtoehtona metabolisille sairauksille. Lisäksi matalat normaalivaih-
teluvälin Hb tasot esiintyvät metabolisesti suotuisina ja korkeat lisäävät metabolisten sairauksi-
en kehittymisriskiä.

Asiasanat: ei-alkoholiperäinen rasvamaksa, hemoglobiini, HIF-prolyyli-4-
hydroksylaasi, hypoksia, hypoksiassa indusoituva tekijä, kuolleisuus, metabolinen
oireyhtymä
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2,3-BGP 2,3-bisphosphoglycerate 

2OG 2-oxoglutarate 

2-OGDD 2-oxoglutarate-dependent dioxygenases 

aa amino acid 

ABP  ambulatory blood pressure 

Ac acetylation 

ACE angiotensin convertase enzyme  

Adipoq adiponectin 

ADM adrenomedullin 

ADO cysteamine 2-aminoethanethiol dioxygenase  

AFLD alcohol-induced fatty liver disease  

AHA American Heart Association 
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ALT alanine aminotransferase 
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Ang II angiotensin II 
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ARNT1 aryl hydrocarbon receptor nuclear translocator 1 

ARNT2 aryl hydrocarbon receptor nuclear translocator 2 
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ATR angiotensin receptor type 1  

ATRP ataxia telangiectasia and rad3 related protein 
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Bclaf1 bcl-2-associated transcription factor 1 
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bp blood pressure 

BRD bromodomain 
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BRD4 bromodomain-containing protein 4 

Ca calcium 

CA9 carbonic anhydrase 9  

CAT c-terminal catalytic domain 
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CCL2 chemokine (c-c motif) ligand 2 

CDK8 cyclin-dependent kinase 8 

CETP Cholesteryl ester transfer protein 

CH3 methylation 
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cHif-p4h-3-/-  conditional Hif-p4h-3 knockout 

CHIP carboxyl terminus of Hsp70-interacting protein  

ChREBP carbohydrate response element binding protein 

CI confidence interval 

circZFR zinc finger RNA binding protein  

CITED2 CBP/p300-interacting transactivator 2 

CITED4 CBP/p300-interacting transactivator 4 

CK1δ casein kinase 1δ  

CKD chronic kidney disease 

CKII casein kinase II 

Cl- chloride ion 

CO2 carbon dioxide 

Co2+ cobalt ion 

CP ceruloplasmin 

CpG cytosine guanine binding site 

CRA cancer-related anemia 

CRDAC cardiovascular and renal drugs advisory committee 

C-TAD C-terminal transactivation domain 

CTGF connective tissue growth factor 

CTSC cathepsin C 

CV cardiovascular 

CVD cardiovascular disease 

Cyp2e1 cytochrome P450 2E1 

Cys cysteine 

DAMP damage-associated molecular protein 

DFO desferrioxamine 
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ECM extracellular matrix 
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EPAS1 endothelial pas domain protein 1 

EPAS2 endothelial pas domain protein 2 
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EPOR erythropoietin receptor 

eQTL expression quantitative trait loci  

ERK extracellular regulated kinase 

ERRα estrogen-related receptor α  

FAS fatty acid synthase 

FBXO11 f-box only protein 11 

FDA United States Food and Drug Administration 

Fe2+ ferrous iron 

FECH ferrochelatase 

FFA free fatty acid 

FG-4592 roxadustat  

FGF21  fibroblast growth factor 21  

FIH factor inhibiting HIF 

FLT1 vascular endothelial growth factor receptor 1 

FOXO1 forkhead box protein O1 

G 6-P Glucose 6-phosphate  

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GLUT1 glucose transporter 1 

GLUT3 glucose transporter 3 

GLUT4 glucose transporter 4 

GPI Glucose 6-phosphate isomerase 

Gpx1 gluthathione peroxidase 1 

GSEA gene set enrichment analysis  

GSK3β glycogen synthase kinase 3β 
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GSV glut4 storage vesicle 

GTF general transcription factor 

GWAS genome-wide association 

H2O water 

HAF hypoxia-associated factor 

HAMP hepcidin 

Hb hemoglobin 

HDAC4 histone deacetylase 4  

HDL high density lipoprotein 

HDX highly divergent homeobox  

HER3 human epidermal growth factor receptor 3 

HER4 human epidermal growth factor receptor 4 

HFD high fat diet 

HFHF high fat high fructose 

HIF hypoxia-inducible factor 

HIF-P4H HIF-prolyl 4-hydroxylase 

HIF-P4H-1 HIF prolyl 4-hydroxylase-1 

Hif-p4h-1-/-  global knockout of gene coding for Hif-p4h-1 

HIF-P4H-2  HIF prolyl 4-hydroxylase-2 

Hif-p4h-2+/-  heterozygous for Hif-p4h-2 

Hif-p4h-2gt/gt mouse strain hypomorphic for Hif-p4h-2 

HIF-P4H-3 HIF prolyl 4-hydroxylase-3 

Hif-p4h-3-/-  global knockout of gene coding for Hif-p4h-3 

HIPK2  homeodomain-interacting protein kinase-2 

His histidine 

HK1 hexokinase 1 

HK2 hexokinase 2 

HOMA-β HOMA of β cell function 

HOMA-IR homeostatic model assessment of insulin resistance 

HR hazard ratio 

HRE hypoxia responsive element 

HRG heregulin 

i.v. intravenous 

I/R ischemia/reperfusion  

ICA 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido) 

ID2 DNA-binding protein inhibitor id-2 

IDF International Diabetes Federation 
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IFG impaired fasting glucose 

IGF-2 insulin-like growth factor 2 

IGFBP3 insulin-like growth factor-binding protein 3 

IGT impaired glucose tolerance 

IL-1β  interleukin 1β 

IL-33 interleukin 33 

IL-4 interleukin 4 

ILC2 innate lymphoid cell 2 

IPAS inhibitory PAS domain protein  

IR insulin resistance 

IRS insulin receptor substrate 

IRS2 insulin receptor substrate 2 

ITF trefoil factor 3 

KDM6A histone lysine demethylase 6A 

KHK ketohexokinase 

Khka ketohexokinase a 

Khkc ketohexokinase c 

Km Michaelis constant 

LAD left anterior descending coronary artery 

LCAT HDL-associated lecithin-cholesterol acyltransferase 

LDHA lactate dehydrogenase A 

LDL low density lipoprotein 

LDLR-/-  global knockout of gene coding for low density lipoprotein 

receptor  

LIMS1 lim and senescent cell antigen-like-containing domain 

protein 1 

LOX lysyl oxidase 

LOXL2 lysyl oxidase like 2 

LOXL4 lysyl oxidase like 4 

Lpin1 lipin-1 

Lpin2 lipin-2 

LPL lipoprotein lipase 

LPS lipopolysaccharide 

LSD1 lysine-specific demethylase 1  

Lys lysine 

LZIP leucine zipper motif  

MAFLD  metabolic dysfunction-associated fatty liver disease 
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MAG monoacylglycerol 

MAPK mitogen-activated protein kinase  

MBD3 methylated CpG binding protein 3 

MCD methionine-choline-deficient 

MCT4 monocarboxylate transporter 4  

MDS myelodysplastic syndrome 

MET tyrosine-protein kinase Met 

MetS metabolic syndrome 

MHO metabolically healthy obese 

MI myocardial infarction 

miRNA micro RNA 

MR Mendelian randomization  

mRNA messenger RNA 

mTOR mammalian target of rapamycin  

mTORC1 mammalian target of rapamycin complex 1 

mTORC2 mammalian target of rapamycin complex 2 

N asparagine 

NAFLD non-alcoholic fatty liver disease 

NASH non-alcoholic steatohepatitis 

NE neuroendocrinology 

NEB pulmonary neuroepithelial body 

NFBC1966 Northern Finland Birth Cohort 1966 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B 

cells 

NHE1 sodium-hydrogen antiporter  

NHLBI National Heart, Lung and Blood Institute 

NLR NOD-like receptor 
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N-TAD N-terminal transactivation domain 

NV  neovascularization 
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O2 molecular oxygen 

ODD oxygen-dependent degradation domain  

OEC oxygen equilibrium curve  

OH hydroxylation 

OPERA Oulu Project Elucidating Risk of Atherosclerosis 

OR odds ratio 

OXPHOS oxidative phosphorylation 

P Pro 

p300 E1A binding protein P300 

P4H-TM transmembrane prolyl 4-hydroxylase 

P50 the pO2 at 50% O2 saturation 

PAD peripheral artery disease  

PARP-1  poly (ADP-ribose) polymerase-1 

PCAF the p300/CBP-associated factor  

PCSK9 proprotein convertase subtilisin/kexin type 9 

PDK1 pyruvate dehydrogenase kinase 1  

PFKL Phosphofructokinase, liver type 

PGK1 phosphoglycerate kinase 1  

PGM phosphoglucomutase 

PHD prolyl hydroxylase domain 

PI pro-inflammatory 

PI3K Phosphoinositide 3-kinase 

PIC pre-initiation complex 

PKA protein kinase a 

PKM2 pyruvate kinase isozyme M2 

PLK3 polo-like kinase 3 

PLTP phospholipid transfer protein 

Pnpla2 patatin-like phospholipase domain-containing protein 2 

Pnpla3 patatin-like phospholipase domain-containing protein 3 

pO2 partial pressure of O2  

Pontin ATPase/helicase chromatin-remodeling factor [ruvbl1] 

PPARγ peroxisome proliferator-activated receptor gamma 

PPARδ peroxisome proliferator-activated receptor delta 

PRMT1 protein arginine N-methyltransferase 1 

PRMT5 protein arginine methyltransferase 5 

PRMT9 protein arginine methyltransferase 9 

Pro proline 



18 
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PXR pregnane X receptor  

RACK1 receptor of activated protein kinase c  

RanBP2 ran binding protein 2 

R-A-S renin-angiotensin-aldosterone system 

RBC red blood cell 

REPC renal epo producing cell 

Reptin ruvbl2 

RhoA-ROCK ras homolog family member a; rho-associated protein 

kinase 

RNAPII RNA polymerase II 

ROS reactive oxygen species 

S1P sphingosine-1-phosphate  

Scd1 stearoyl-CoA desaturase-1  

SEC super elongation complex  

Ser serine 

Set7 set domain-containing lysine methyltransferase 

SGLT2 sodium/glucose cotransporter 2 

SIRT1 sirtuin1 

SIRT6 sirtuin 6 

Slc2a1 glucose transporter 1 

Slc2a2 glucose transporter 2 

SNAI1 zinc finger protein 1  

SNAI2 zinc finger protein 2  

SNS sympathetic nervous system  

sO2 O2 saturation of hemoglobin 

SP1 specificity protein 1  

SP3 specificity protein 3 

SREBP-1c sterol regulatory element-binding transcription factor 1 

Stat3 signal transducer and activator of transcription 3 

STC2 stanniocalcin-2 

SUMO sumoylation 

T2DM type 2 diabetes 

TCF3 transcription factor 3 

TF transferrin 

Tf-Fe2 diferric transferrin 

TFR transferrin receptor 
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TFR1 transferrin receptor 1 

TFR2  transferrin receptor 2 

TG triglyceride 

TGFα transforming growth factor alpha 

Thr threonine 

TIE2 angiopoietin-1 receptor 

TKT transketolase 

TKTL2 transketolase-like protein 2 

TLR2 toll like receptor 2 

TLR4 toll like receptor 4 

TMD transmembrane domain  

TPI1 triosephosphate isomerase 1 

Ub ubiquitination 

UCP1 uncoupling protein 1  

UTR untranslated region 

V Val 

VEGF vascular endothelial growth factor 

VIM vimentin 

VLDL very low density lipoprotein 

WAT white adipose tissue 

WT wildtype 

XBP1 X-box binding protein 

YB-1  Y box binding protein 1 

YFS cardiovascular risk in Young Finns Study 

ZEP1 synaptonemal complex protein ZEP1 
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1 Introduction 

The atmospheric O2 levels started to rise some 2.5 billion years ago when simple 

photoautotrophic organisms harnessing solar energy began to produce glucose and 

O2 from carbon dioxide (CO2) through photosynthesis. About 1.5 billion years ago 

eukaryotic cells appeared and started using O2 to produce adenosine triphosphate 

(ATP), the cellular equivalent for energy, CO2 and water (H2O) from glucose 

through cellular respiration. Mitochondria and an increased supply of O2 enabled 

cells to utilize oxidative phosphorylation (OXPHOS) in addition to glycolysis to 

produce 18 times more ATP from a single glucose molecule compared to that of 

anaerobic respiration. Increased energy efficiency sparked the evolution of 

multicellular organisms (Semenza, 2001).  

All aerobic organisms require O2 to maintain normal cellular function. 

Hemoglobin (Hb) is the main carrier of O2 in the circulatory system and its levels 

directly affect the arterial O2 concentration and thereby tissue oxygenation (Jobsis, 

1977; Sevick et al., 1991). Hb levels are regulated genetically and environmentally, 

and they vary by sex, race, age, altitude and acquired factors such as smoking (Patel, 

2008; van der Harst et al., 2012). Individual Hb levels in adults, however, are 

relatively stable (Patel, 2008). In general, high-end Hb levels within the normal 

range are considered beneficial for health (Patel, 2008). Even slight reductions in 

tissue oxygenation, potentially also those stemming from the normal variation in 

Hb levels, may result in activation of cellular O2-sensing mechanisms.   

A state of reduced O2 availability in tissues and cells is referred to as hypoxia. 

As a response to hypoxia, the hypoxia response pathway is activated. A key 

regulator in the pathway is the hypoxia-inducible factor (HIF). The stability of HIF 

is governed by O2-dependent HIF prolyl 4-hydroxylases (HIF-P4Hs). Under 

hypoxia the activated HIF response not only promotes O2 availability and delivery 

but also decreases O2 demand by reprogramming cellular energy metabolism to a 

less O2 demanding state, making HIF a master regulator of metabolism (Kaelin & 

Ratcliffe, 2008; Schofield & Ratcliffe, 2004).  

Metabolic syndrome (MetS) is defined as a group of metabolic disorders which 

increase the risk for type 2 diabetes (T2DM), cardiovascular diseases (CVDs) and 

all-cause mortality. The major components of MetS are visceral obesity, 

dyslipidemia, hyperglycemia, hypertension and impaired glucose metabolism 

(Alberti et al., 2005; Eckel et al., 2005). Non-alcoholic fatty liver disease (NAFLD) 

is also considered a co-morbidity of MetS (Eslam et al., 2020). In the past few 

decades MetS has become an epidemic affecting almost a third of the world’s adult 



28 

population in 2017 (Engin, 2017a). Primary prevention of these highly prevalent 

diseases is of the utmost importance as many of the conditions place a heavy burden 

not only on the individual patient’s health but also on the whole healthcare system. 

Management of MetS currently consists of lifestyle intervention by dietary caloric 

restriction, regular physical exercise and pharmacologic treatment of comorbidites 

as well as bariatric surgery in severe cases (Grundy, 2016). No specific effective 

treatment for NAFLD is available, although exercise and weight loss can 

ameliorate it (Diehl & Day, 2017; Romero-Gómez et al., 2017). As the HIF pathway 

regulates glucose and lipid metabolism, it is a potential therapeutic target for 

diseases characterized by metabolic dysfunction (Koivunen et al., 2016). Several 

pan HIF-P4H inhibitors are already in clinical use for the treatment of renal anemia 

and new studies investigating their use in other diseases, such as metabolic 

disorders, are needed. 
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2 Review of the literature 

2.1 Metabolic syndrome 

2.1.1 Definition 

MetS is a cluster of highly prevalent metabolic diseases that result from the 

increasing prevalence of obesity (Eckel et al., 2005). Though the MetS pandemic 

started in the Western world, it has now become a global problem with the spread 

of the so-called “Western diet” that includes plenty of high-calorie-low-fiber fast 

foods, and general inactivity due to mechanized transport and sedentary forms of 

leisure and work (Saklayen, 2018). MetS is defined as a cluster of metabolic 

disorders which increases the risk for T2DM, CVDs and total mortality. The major 

components of MetS are visceral obesity, dyslipidemia, insulin resistance (IR) and 

hypertension (elevated blood pressure (bp)) (Alberti et al., 2005; Eckel et al., 2005). 

NAFLD is also considered a co-morbidity of MetS (Eslam et al., 2020). The 

individual components of MetS tend to cluster in individuals with the syndrome 

and as a result, the risk for CVDs increase (Eckel et al., 2005).  In 2010 the 

definition of MetS was unified by the International Diabetes Federation (IDF), the 

American Heart Association/National Heart, Lung and Blood Institute 

(AHA/NHLBI), World Heart Federation, International Atherosclerosis Society, and 

International Association for the Study of Obesity as presented in Table 1.  

Table 1. Criteria for clinical diagnosis of metabolic syndrome.  

Parameter  Categorical cutpoints 

Increased waist circumference Population-specific definitions 

Increased triglycerides or lipid medication ≥150 mg/dL (1.7mmol/L) 

Reduced HDL cholesterol or lipid medication <40 mg/dL (1.0 mmol/L) in men 
 

<50 mg/dL (1.3 mmol/L) in women 

Increased bp or bp medication Systolic bp ≥130 and/or diastolic bp ≥85 mmHg 

Increased fasting glucose or antiglycemic medication   >100 mg/dL (5.5 mmol/L) 

HDL; High Density Lipoprotein, bp; blood pressure  

Although obesity is a major factor in the pathogenesis of MetS, obesity is not 

always synonymous to MetS. Subjects with obesity and with a high level of insulin 
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sensitivity, regular bp and a normal lipid profile are so-called metabolically healthy 

obese (MHO) subjects (Saklayen, 2018).  

2.1.2 Incidence and prevalence 

The incidence of MetS often parallels the incidences of obesity and of T2DM, 

(Saklayen, 2018). According to a 2015 global survey of obesity in 195 countries, 

604 million adults and 108 million children were obese having a body mass index 

(BMI) ≥ 30 (GBD 2015 Obesity Collaborators et al., 2017). According to an IDF 

report of 2015, the global prevalence of T2DM was 8.8% (415 million individuals) 

(Saklayen, 2018). In the US, the combined prevalence of T2DM and prediabetes is 

over 50% (Petersen & Shulman, 2018). The average prevalence of MetS was 31% 

in 2017, although the numbers vary depending on the definition used to diagnose 

MetS (Engin, 2017a). The prevalence of MetS is highly age dependent increasing 

gradually with aging (Eckel et al., 2005).  

MetS predicts a future diagnosis of T2DM (Eckel et al., 2005). MetS is 

associated with a two-fold increase in the risk of coronary heart disease, 

cerebrovascular disease, and a 1.5-fold increase in the risk of all-cause mortality 

(Engin, 2017a). Between the years 1990 and 2015, the global rate of death related 

to high BMI increased by 28.3% (Saklayen, 2018).  

2.1.3 Genetics and epigenetics 

Some genes are known to associate with MetS and obesity. However, the explosive 

growth of the MetS pandemic implies that genetic factors are a minor component 

of the pandemic (Saklayen, 2018). Common (multifactorial) obesity, most likely 

resulting from an interplay of genetic, epigenetic and environmental factors is 

clearly linked to a genetic predisposition by multiple risk variants, which, however, 

only account for a minor part of the general BMI variability (Rohde et al., 2019). 

A genome-wide association study (GWAS) and Metabochip meta-analysis of BMI 

identified 97 BMI-associated loci. These loci account for 2.7% of BMI variation. 

In contrast, the common variation accounts for >20% of BMI variation (Locke et 

al., 2015; Saklayen, 2018). While a very small proportion of obesity cases result 

from monogenic alterations, rare cases of monogenic obesity have also been 

reported. For example, mutations in the leptin gene cause obesity through almost 

unsuppressed overeating (Rohde et al., 2019). 
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Although the effect of genetics on promoting MetS seems minor, the role of 

epigenetics (or behavioral and environmental effects on genetics) seems to have a 

major role in promoting MetS. Non-genetic factors such as eating behavior or 

physical activity (the so-called obesogenic environment) strongly modulate the 

individual risk for developing obesity and can interact with genetic predisposition 

through epigenetic mechanisms (Rohde et al., 2019). For example, children born to 

parents who underwent bariatric surgery before conception are less prone to 

develop obesity or MetS than children born before the parents’ bariatric surgery 

(Saklayen, 2018).  

2.1.4 Pathophysiology 

Obesity and adipose tissue inflammation 

Adipose tissue has important roles in the storage of excess nutrients, sensing 

nutrient status and regulating energy mobilization. In addition, adipocytes directly 

contribute to energy expenditure via thermogenesis. Thermogenesis is mainly due 

to brown adipose tissue (BAT), characterized by adipocytes with a high 

mitochondrial content and multilocular lipid droplets. BAT is abundant in rodents 

and infant humans, and some evidence indicates that variable amounts of BAT are 

present in adult humans (Reilly & Saltiel, 2017). 

Humans obtain all energy from ingested food and drink, store it as high-energy 

molecules, and expend it during basal metabolic functions, activity, and 

thermogenesis. In the long term, a positive energy balance will result in obesity as 

the excess energy is stored as fat or glycogen, used for the biosynthesis of proteins 

or lost during thermogenesis (Oussaada et al., 2019). Obesity is characterized by 

excess amounts of body fat  stored in adipocytes and by a state of chronic, low-

grade inflammation (Engin, 2017b; Oussaada et al., 2019). 

Both WAT and BAT contain immune cells. In lean adipose tissue under normal 

energy balance, adipocytes and immune cells coordinate to regulate the storage or 

mobilization of energy in response to the organism's needs. In lean adipocytes 

interleukin 33 (IL-33) secreted from epithelial cells activates innate lymphoid cells 

(ILCs) to generate cytokines, which in turn activate eosinophils. Eosinophils 

secrete Interleukin 4 (IL-4)  which maintains macrophages in an activated state 

(M2-polarized) and induces WAT browning. Macrophages depend on peroxisome 

proliferator-activated receptor gamma (PPARγ) and delta PPARδ, which activate 
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the expression of genes that encode anti-inflammatory proteins. Furthermore, M2 

macrophages preserve the insulin sensitivity of adipocytes, consequently 

suppressing lipolysis (Reilly & Saltiel, 2017). 

A positive energy balance causes the hypersecretion of insulin and other 

hormones. As a response, adipocytes expand to accommodate the need for 

increased lipid storage and the anabolic force of increased insulin levels. Expansion 

causes stress on the adipocytes which can lead to adipocyte death, hypoxia or 

mechanical stress which can induce an inflammatory response. The trigger for 

adipose tissue inflammation can also emanate from a gut-derived substance, dietary 

component or metabolite (Reilly & Saltiel, 2017). 

Adipocytes are surrounded by a dense network of extracellular matrix (ECM) 

proteins (such as collagen 1) with which they interact. Obesity causes increased 

storage of triglycerides (TGs) in adipocytes resulting in their expansion which 

causes mechanical stress. Cell shape affects the gene expression in various cellular 

systems that depend on the cytoskeleton (Reilly & Saltiel, 2017). The RhoA-

ROCK-pathway (Ras homolog family member A; Rho-associated protein kinase), 

a pathway responsible for cytoskeleton regulation, was shown to be activated by 

mechanical stress and obesity in mouse adipocytes (Hara et al., 2011).   

Obesity increases intestinal permeability, which increases circulatory levels of 

lipopolysaccharides (LPSs) produced by gut bacteria. Diabetics have higher levels 

of LPSs compared to controls. In adipocytes, LPS might initiate the inflammatory 

response through transmembrane receptors like the toll-like-receptor 4 (TLR4). 

Free fatty acids (FFAs) that are increased in obesity also promote the inflammatory 

response of adipocytes through TLR2 and TLR4. Downstream, the TLRs promote 

expression of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κβ). which, in turn, promotes the synthesis and secretion of chemokines that 

activate the migration of immune cells (Reilly & Saltiel, 2017).  

Dead adipocytes attract macrophages, which are observed in abundance in the 

WAT of obese subjects. Dead and dying adipocytes increase the levels of damage-

associated molecular proteins (DAMPs) in the circulation. DAMPs activate the 

inflammatory response through NOD-like receptors (NLRs). Downstream, the 

NLRs activate the NLR family pyrin domain containing 3 (NLRP3) which triggers 

the immune response (Reilly & Saltiel, 2017).  

Hypoxia develops in the adipose cells as the cells collectively expand and O2 

tension decreases as cellular perfusion decreases. However, the molecular events 

of adipose tissue hypoxia and inflammation have not yet been elucidated, studies 

have reported that signaling through the NF-κβ pathway might be increased in 
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hypoxic adipose tissue (Reilly & Saltiel, 2017; Rius et al., 2008). It remains 

uncertain whether local hypoxia is a consequence of adipose tissue expansion or a 

direct causative contributor to obesity/MetS (Reilly & Saltiel, 2017).  

Increased inflammation in the adipose tissue of obese individuals results from 

a higher proportion of pro-inflammatory macrophages (M1) in the tissue. M1 

macrophages secrete cytokines such as tumor necrosis factor (TNF) and interleukin 

1β (IL-1β). The combination of an increase in total macrophages and an increased 

ratio of M1 to M2 macrophages is associated with the development of IR and 

metabolic diseases (Reilly & Saltiel, 2017). The key mechanisms of how obesity 

induces adipose tissue inflammation are presented in Figure 1.  

Dyslipidemia 

Lipid metabolism is regulated by numerous factors including the postprandial state, 

TG-rich lipoprotein concentrations, high density lipoprotein (HDL) levels and 

function, energy expenditure, insulin levels and sensitivity and adipose tissue 

function. 

After fats are ingested in reasonable amounts, TGs are lipolyzed into free fatty 

acids (FFAs) and monoacylglycerols (MAGs) in the small intestine lumen and 

taken up by enterocytes and specific transporters. Cholesterol is taken up by the 

enterocytes via a specific cholesterol transporter NPC1L1 (Niemann-Pick C1 Like 

1 protein). In the enterocytes, cholesterol is esterified and FFAs and MAGs are 

again assembled into TGs. Cholesterol-esters and TGs are packed with 

phospholipids and apolipoprotein (apo) B48 to form structures known as 

chylomicrons. Fully assembled chylomicrons are secreted into the lymphatic 

vessels and into the circulation via the thoracic duct. The liver synthesizes 

lipoproteins rich in TGs known as very low density lipoproteins (VLDL). VLDL 

levels increase postprandially due to an increase of TGs and FFAs in the liver. 

Synthesis of VLDL is similar to chylomicrons, but the structural protein of VLDL 

(and its remnants) is the larger apoB100, which cannot be processed by the liver to 

the smaller apoB48. Chylomicrons and VLDL then proceed to deliver FFAs to other 

tissues such as skeletal muscle and WAT for energy expenditure and storage (Klop 

et al., 2013).   
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Fig. 1. Mechanisms of obesity-induced adipose tissue inflammation. Mechanical stress 

causes the adipocytes to expand against the extracellular matrix (ECM), inducing the 

RhoA-Rock pathway and consequent inflammatory response through NF-κβ. The 

lipopolysaccharides from the gut and free fatty acids (FFAs) activate inflammatory 

signaling through toll-like receptors (TLRs) at the plasma membrane. Dying adipocytes 

secrete damage-associated molecular proteins (DAMPs) that initiate inflammatory 

responses through NOD-like receptors (NLRs). Hypoxia might play a role in the obesity-

related inflammatory responses through NF-κβ. Expression of adipokines and 

inflammatory cytokines promote the recruitment, activation and polarization of pro-

inflammatory immune cells. 

Lipolysis of TG-rich lipoproteins is required for FFAs to be released into the 

circulation. Lipoprotein lipase (LPL) is the primary enzyme of TG lipolysis in the 

circulation. The amount of FFA detached from chylomicrons and VLDL depends 

on the activity of LPL, which is stimulated by insulin and inhibited by ApoCIII. 

Therefore, chylomicrons compete with VLDL for the action of LPL. The detached 

FFAs are taken up by adipocytes and re-synthesized into TGs. Chylomicrons and 

VLDL shrink during the process of lipolysis and form chylomicron remnants and 
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dense LDL, respectively, and are both processed by the liver. LDL is taken up by 

the liver via the LDL receptor. After this the LDL receptor is recycled and re-

assembled at the cell surface in a process regulated by PCSK9 (proprotein 

convertase subtilisin/kexin type 9) (Klop et al., 2013). 

The postprandial rise in insulin levels is an important regulatory mechanism 

for fat storage. Insulin inhibits the hormone sensitive lipase enzyme responsible for 

hydrolysis of intracellular lipids. Despite the uptake of FFAs by adipocytes and 

myocytes, some FFAs remain in the plasma and are transported to the liver. If the 

supply of FFAs is insufficient, FFAs can be re-mobilized from the adipose tissue in 

an insulin-dependent manner and delivered to energy demanding tissues. Therefore, 

insulin has a major impact on lipid metabolism (Klop et al., 2013).  

The intestines also play a role in the reverse cholesterol transport by the 

synthesis of HDL particles consisting of apo A1, which is synthesized by the  liver. 

HDL promotes the uptake of free cholesterol from peripheral tissues and returns it 

to the liver. Subsequently, the cholesterol within HDL becomes esterified by LCAT 

(HDL-associated lecithin cholesterol acyltransferase). In the circulation the HDL 

particles become enriched in cholesterol-esters by CETP (cholesterylester-transfer-

protein) and PLTP (phospholipid transfer protein). By the action of CETP, HDL 

acquires TGs from TG-rich lipoproteins in exchange for cholesterol-esters. Hepatic 

lipase then hydrolyses the HDL-associated TGs inducing formation of smaller HDL 

particles which again can contribute to the reverse cholesterol transport (Klop et al., 

2013).  

The typical obesity-related dyslipidemia consists of increased TGs and FFAs, 

decreased HDL cholesterol with HDL dysfunction and normal or slightly increased 

LDL cholesterol with increased small dense LDL. The concentrations of plasma 

apo B are also often increased due to the hepatic overproduction of apo B 

containing lipoproteins (Klop et al., 2013). The mechanisms by which obesity and 

excess energy consumption affect lipid metabolism are summarized in Figure 2.  
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Fig. 2. Mechanisms of dyslipidemia. Excess consumption of dietary fats eventually 

leads to increased levels of free fatty acids (FFAs) in the circulation. Increased FFA 

fluxes to the liver lead to hepatic accumulation of triglycerides (TGs), and increased 

hepatic VLDL synthesis. Increased levels of VLDL compete with chylomicrons for the 

lipolytic activity of lipoprotein lipase (LPL) which dampens the lipolysis of TGs in 

chylomicrons and increases the amount of remnant TGs transported to the liver. 

Hypertriglyceridemia induces exchange of cholesterol esters and TGs between VLDL 

and HDL and LDL by cholesteryl ester-transfer-protein (CETP). The increased exchange 

leads to a decrease in HDL cholesterol levels and reduces TG content in LDL. Hepatic 

lipase removes TGs and phospholipids from LDL to form small dense LDL. The light 

yellow color represents cholesterol and bright yellow the TG content within the 

lipoproteins. Obesity induced changes are marked with red arrows.  

Insulin resistance (IR) and NAFLD 

Insulin is a peptide hormone produced by the endocrine cells of the pancreas. 

Insulin exerts its known physiological effects by binding to the insulin receptor 

(INSR) on the plasma membrane of target cells. INSR is a tyrosine kinase receptor 

dependent on activation and recruitment/phosphorylation of signaling proteins, 

most prominently IRS (insulin receptor substrate), PI3K (phosphoinositide-3-

kinase), and AKT (protein kinase B). Insulin directly affects myocytes, hepatocytes 

and white adipocytes. These tissues have distinct roles in metabolic homeostasis.  
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In skeletal muscle the main function of insulin is to allow glucose to enter cells 

from the bloodstream. In hepatocytes, insulin activates glycogen synthesis, 

increases lipogenic gene expression, and decreases gluconeogenic gene expression. 

In WAT, insulin suppresses lipolysis and increases glucose transport and 

lipogenesis. In addition to the direct effects, insulin also has indirect effects on 

target tissues. For example, insulin suppresses WAT lipolysis which in turn 

suppresses hepatic gluconeogenesis (Petersen & Shulman, 2018).  

IR is a condition where at an expected plasma insulin level, target tissues are 

unable to mount a normal coordinated glucose-lowering response involving 

suppression of endogenous glucose production, suppression of lipolysis, cellular 

uptake of available plasma glucose, and net glycogen synthesis.  IR causes 

compensation in insulin secretion, thus fasting plasma insulin levels increase 

(Petersen & Shulman, 2018).  

In skeletal muscle, IR primarily affects the glucose uptake of skeletal myocytes, 

which are normally responsible for 70-80% of blood glucose disposal. Glucose 

uptake is severely compromised in IR due impaired insulin signaling and 

consequently impaired myocellular GLUT4 (glucose transporter 4) translocation to 

the plasma membrane of the myocyte (Petersen & Shulman, 2018). The mechanism 

of skeletal muscle IR is presented in Figure 3.  

In WAT, insulin stimulates LPL and inhibits lipolysis. Suppression of lipolysis 

reduces fatty acid (FA) delivery to the liver, reducing β-oxidation (breaking down 

FAs in the liver). When IR develops, lipolysis increases in the adipose tissue 

producing an abundance of free FAs (Petersen & Shulman, 2018). The mechanism 

of IR in adipocytes is presented in Figure 4. 

In hepatocytes insulin affects the metabolism of all macronutrients. The 

mammalian liver is responsible for coordinating glycogen metabolism with 

glycogenesis and glycogenolysis, and the process is governed by insulin. As insulin 

also suppresses lipolysis in WAT, the amount of FA and glycerol delivery to the 

liver and consequent β-oxidative flux and gluconeogenesis are also governed by 

insulin. Gluconeogenesis is suppressed by insulin and multiple other factors. 

Glycogenesis is stimulated by insulin and consequently glycogenolysis is 

suppressed by insulin. Insulin also promotes hepatic de novo lipogenesis (Petersen 

& Shulman, 2018). 
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Fig. 3. Skeletal muscle insulin resistance. A = insulin-sensitive skeletal myocyte 

activates the IRS1-PI3K-AKT insulin signaling cascade to increase glucose uptake and 

glycogen synthesis. B= Insulin resistant myocyte is impaired in insulin signaling 

leading to impaired glucose transporter 4 (GLUT4) translocation from GLUT4 storage 

vesicles (GSVs) and impaired glycogen synthesis. 

 

Fig. 4. Effects of insulin resistance in WAT. A = normal insulin sensitivity in WAT results 

in inhibition of lipolysis. B = IR suppresses the inhibition of lipolysis and excessive 
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amounts of FAs and glycerol are released into the blood stream. Red arrows mark the 

IR-induced changes. 

In IR the effects of insulin are suppressed in the liver. As lipolysis increases in WAT 

the liver is forced to deal with an abundance of FAs and glycerol. Although the 

effect of insulin on hepatic de novo lipogenesis is suppressed, re-esterification of 

FAs is promoted increasing the level of TG accumulation in the liver. Furthermore, 

subjects with IR tend to have excess intake of various macronutrients. Intake of 

excess glucose and fructose are dealt with by non-insulin dependent pathways 

involving ChREBP (carbohydrate response element binding protein). ChREBP is 

stimulated by glucose and fructose and further stimulates SREBP-1c (sterol 

regulatory element-binding transcription factor 1), which promotes de novo 

lipogenesis. In turn, excess amino acids  stimulate mTORC1 (mammalian target of 

rapamycin complex 1) which further stimulates SREBP-1c again promoting de 

novo lipogenesis (Petersen & Shulman, 2018).  

In T2DM, gluconeogenesis is promoted causing fasting hyperglycemia 

although factors other than insulin, such as the FOXO1 (forkhead box protein O1) 

transcription factor, also affect the gluconeogenic pathways. Glycogenolysis is 

promoted, further increasing fasting glucose levels. Therefore, hepatic IR causes 

an increase in fasting glucose levels accompanied by increased hepatic fat 

accumulation and consequent NAFLD (Petersen & Shulman, 2018). The 

mechanisms of hepatic IR and development of NAFLD are presented in Figure 5.  

 

Fig. 5. Effects of insulin resistance and excess food consumption on the liver. A = In an 

insulin sensitive liver, insulin promotes hepatic de novo lipogenesis through SREBP-
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1c. B = In an insulin resistant liver and when excess amounts of macronutrients are 

consumed, insulin-mediated de novo lipogenesis is suppressed, but re-esterification of 

FAs, increased gluconeogenesis and non-insulin dependent pathways of lipogenesis 

are promoted causing increased fasting glucose levels, accumulation of triglycerides 

in the liver and consequent NAFLD.  

Obesity-related hypertension 

The relationship between obesity and hypertension is well established both in 

adults and children. Individuals with obesity show higher levels of office and 

ambulatory bp from childhood to old age. The mechanisms involved in obesity-

related hypertension include adipose tissue derivatives (adipokines and cytokines), 

neurohumoral pathways, metabolic functions and modulation of pressor/depressor 

mechanisms (Kotsis et al., 2010). 

An increase in sympathetic nervous system (SNS) activity is considered to 

have a major function in the pathogenesis of obesity-related hypertension. 

Excessive energy consumption increases plasma noradrenalin levels and stimulates 

sympathetic activity via α- and β-adrenergic receptors leading to hypertension. 

Modest weight reduction suppresses the activity of the SNS. A reduced sensitivity 

of the arterial baroreflex occurs in hypertension and obesity. Arterial baroreceptors 

initiate an acute response to increases in bp by parasympathetic activation and 

sympathetic inhibition. Impaired baroreflex sensitivity causes parasympathetic 

cardiac modulation leading to impaired cardiac response to changes in bp (Kotsis 

et al., 2010). 

FFA levels are elevated in obese hypertensive individuals. Multiple 

mechanisms have been reported to underlie the contribution of FFAs to the 

development of hypertension including enhancement of a-adrenergic sensitivity, 

changes in signaling pathways,  increased production of reactive oxygen species 

(ROS) as well as mediation of signal transduction and cell regulation (Kotsis et al., 

2010).  

The kidneys have a major role in bp regulation. Renal control of bp occurs via 

regulation of diuresis and natriuresis. Excretion and retention of sodium and water 

acts as a feedback loop which normally stabilizes bp and body-fluid volumes. 

Obesity causes multiple changes in the renal bp regulative mechanisms. During the 

early phases of obesity, primary sodium retention occurs as a result of an increase 

in renal tubular reabsorption, which eventually causes an increase in body-fluid 

volume leading to increased bp and consequent cardiac and renal load. Chronically, 
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the kidneys are affected by physical compression due to increased visceral fat 

accumulation.  Renal compression affects both vascular and tubular elements of the 

kidney causing increased sodium reabsorption and activation of the renin-

angiotensin-aldosterone system(R-A-S) (Kotsis et al., 2010). 

R-A-S, the major hormone system regulating salt balance and thus bp, is also 

affected by obesity. Plasma renin activity increases in obesity possibly due to 

changes in intrarenal physical forces caused by fat accumulation around the renal 

medulla. Renin, angiotensin II (Ang II), angiotensinogen and Ang II receptors are 

all present in adipose tissue suggesting an adipocyte level R-A-S system. Adipose 

tissue-derived angiotensinogen can also enter the circulation. Angiotensinogen 

production acts both as a cause and effect of adipocyte hypertrophy and leads to 

elevation of bp by activating Ang II, consequently inducing systemic 

vasoconstriction and activation of the R-A-S system (Kotsis et al., 2010).  

In addition to the R-A-S system, several other hormones affect bp regulation. 

In addition to its glucose regulating functions, insulin exerts a sodium retaining 

effect on the kidneys, acts as an activator of the SNS and causes vasoconstriction. 

Leptin, a peptide hormone secreted from adipose tissue in direct proportion to 

adipose tissue mass, acts on the hypothalamus and regulates the transmission of 

appetite controlling neuropeptides. Physiologically, high leptin levels decrease 

food consumption and upregulate thermogenesis and energy expenditure. Although 

obese individuals have high levels of circulating leptin, the expected metabolic 

actions of leptin leading to reduction in food intake and increased energy 

expenditure are absent since obesity causes leptin resistance. High levels of leptin 

also cause activation of the SNS, promoting hypertension. Leptin also promotes 

endothelial dysfunction via dysregulating the expression of nitric oxide (NO) 

synthase which is responsible of synthesizing endothelial NO that acts as a 

vasodilator. Adiponectin, another peptide hormone synthesized in adipose tissue, is 

downregulated in obesity. Adiponectin is a positive regulator of insulin sensitivity 

and also prevents the formation of atherogenic plaques, suggesting that 

hypoadiponectinemia also contributes to obesity-related hypertension (Kotsis et al., 

2010). 

The vascular endothelium directly affects bp. Obesity represents a state of 

systemic and vascular inflammation that can cause endothelial dysfunction. 

Adipose tissue generates ROS and multiple proinflammatory and inflammatory 

molecules including interleukins and C-reactive protein (CRP).  IR, low levels of 

adiponectin, high plasma leptin, increased levels of plasma glucose and FFAs and 

low levels of NO also contribute to the inflammatory profile of the endothelium 
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and subsequent hypertension (Kotsis et al., 2010). The major mechanisms of 

obesity-related hypertension are presented in Figure 6.  

 

Fig. 6. Mechanisms of obesity-related hypertension. Adiposity has a major role in the 

pathogenesis of hypertension by promoting several hypertension causing factors. 

Major components of hypertension include renal and humoral mechanisms, activation 

of the sympathetic nervous system and endothelial dysfunction. The red arrows mark 

the obesity-induced effects.  

2.1.5 Clinical measures and current management strategies 

MetS is a cluster of many metabolic disorders whose treatment guidelines for 

specific components usually include lifestyle interventions, adequate treatment of 

other comorbidities if they exist and regular support and monitoring in general 

practice. As the individual components tend to cluster, many of these treatment 

guidelines overlap. Primary prevention of these highly prevalent diseases is of the 

utmost importance as many of the conditions place a heavy burden not only on the 

individual patients’ health but on the whole healthcare system. Furthermore, the 

further these diseases are allowed to develop the heavier the burden becomes. The 

following chapters briefly discuss the disease-specific treatment strategies of these 

diseases currently in use in Finnish general practice.  



43 

Obesity and adipose tissue inflammation 

Obesity is characterized by increased body weight, waist circumference and 

adipose tissue mass. BMI, determined from patient’s weight in kilograms divided 

by height in meters squared, is used as a surrogate measure of adiposity. The World 

Health Organization classifies a BMI of ≥ 30 kg/m2 as obese. Although BMI is not 

an exact measure of body composition, it’s a reasonable approximation when 

accompanied with a regular clinical examination. Waist circumference evaluates 

the amount of visceral fat mass (adipose tissue mass accumulated around the 

internal organs). In Finland the obesity-related cut-off values for waist 

circumference are 100cm for men and 90 cm for women (Lihavuus Käypä hoito-

suositus, 2020).  

Current guidelines suggest lifestyle modifications and reduction in body 

weight for all patients with obesity. Modest restriction of salt intake, low intake of 

saturated fats and cholesterol with increased consumption of fruits, vegetables and 

whole grains is recommended. Modest physical exercise is also recommended to 

support the dietary changes. In addition, behavioral therapy including self-

monitoring, psychological support and stress management should be considered. 

Surgical approaches should be reserved for morbidly obese patients (Klop et al., 

2013).  

According to the current Finnish treatment guidelines pharmacological 

treatment of obesity should always be accompanied with lifestyle interventions. 

Pharmacological treatment can be considered in individuals with a BMI ≥ 30 

kg/m2 or ≥ 27 kg/m2 if comorbidities exist. Pharmacological treatment options 

include orlistat, liraglutide and combination treatment with naltrexone and 

bupropion. Orlistat is a lipase inhibitor which prevents the absorption of fats from 

the gut. Liraglutide is primarily used for the treatment of T2DM since it increases 

insulin release from the pancreas. Liraglutide also decreases appetite which 

promotes its usage for the treatment of obesity. Naltrexone and bupropion act to 

decrease the urge to overeat and support mental health during lifestyle interventions 

(Lihavuus Käypä hoito-suositus, 2020).  

Dyslipidemia 

Dyslipidemias are characterized by an abnormal lipid profile with increased LDL 

cholesterol levels, low HDL cholesterol levels and high TG levels. On a population 
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level 5 mmol/l of total cholesterol and LDL cholesterol ≤ 3.0 mmol/l is considered 

beneficial for health. Individual target levels depend on patients’ comorbidities.  

As with obesity, treatment strategies for dyslipidemias always include lifestyle 

modifications. Dietary restriction of saturated fats is the cornerstone of dietary 

modifications regarding dyslipidemias. The main treatment goal of dyslipidemia is 

to reduce the risk for atherosclerotic vascular disease. In Finland, dyslipidemia 

patients are classified as high or low risk patients. Patients with diagnosed 

atherosclerosis, T2DM, chronic kidney disease (CKD) or severe hypertension are 

classified as high risk patients. Patients with familial hypercholesterolemia, any 

other inheritable dyslipidemia or severely high plasma LDL cholesterol (≥ 5.0 

mmol/l) are also classified as high risk patients. If no high risk medical conditions 

exist, the total risk is evaluated with a specific nationwide model. The model 

includes general risk factors of atherosclerotic vascular disease including male sex, 

age, smoking status, total and HDL cholesterol levels, systolic bp and family 

history of atherosclerotic vascular diseases. The risk level determines the target 

levels for LDL cholesterol with the highest risk patients having the strictest target 

level (LDL cholesterol≤ 1.4 mmol/l) (Dyslipidemiat Käypä hoito-suositus; 

FINRISKI-laskuri). 

Lipid medications are in common use as high risk patients usually require 

pharmacological treatment to accompany the lifestyle interventions. Statins are the 

most commonly used pharmacological treatment option for dyslipidemias. Statins 

inhibit HMG-CoA reductase, which is the rate-controlling enzyme of cholesterol 

synthesis. Other treatment options include ezetimibe, PCSK9 inhibitors and resin, 

which are usually used as a combination treatment with statins (Dyslipidemiat 

Käypä hoito-suositus).   

Type 2 diabetes (T2DM) 

T2DM is characterized by increased fasting glucose levels (≥ 7 mmol/l) or 

increased 2h glucose levels after a glucose tolerance test (OGTT) ≥ 11 mmol/l) or 

elevated levels of glycated Hb (HbA1c ≥ 48 mmol/mol). Impaired fasting glucose 

(IFG) is classified as fasting glucose of 6.1–6.9 mmol/l and impaired glucose 

tolerance (IGT) as 2h glucose after OGTT of 7.8 mmol/l–11.0 mmol/l (Tyypin 2 

diabetes Käypä hoito-suositus 2020). 

Treatment focuses on maintaining blood glucose at a reasonably normal level 

and as constant as possible thus preventing hypoglycemia and  long term 

complications caused by hyperglycemia. Current treatment strategies involve 
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lifestyle interventions, regular physical exercise, adequate treatment of 

comorbidities and pharmacological interventions. Pharmacological treatment 

options include oral medications and insulin treatment via subcutaneous injections. 

Metformin, a biguanide, is usually the first in line medication for T2DM. It 

increases insulin sensitivity and thus decreases hepatic gluconeogenesis. As 

metformin also reduces appetite it supports any lifestyle interventions aimed at 

weight loss. If lifestyle interventions and metformin are not enough to sustain a 

healthy blood glucose level, additional medication is considered. Second in line 

medications include sulfonylureas and glinides which promote pancreatic insulin 

production, incretin mimetics and gliptins which decrease glucagon production, 

pioglitazone which reduces IR by promoting lipid and glucose metabolism of 

tissues and SGLT2 (sodium/glucose cotransporter 2) inhibitors which inhibit the 

glucose reabsorption mechanism of the kidneys. If oral combination treatment is 

inadequate in maintaining a healthy blood glucose level, insulin treatment should 

be considered (Tyypin 2 diabetes Käypä hoito-suositus 2020).  

NAFLD 

NAFLD can easily be detected as bright hepatic echoes in abdominal sonography. 

No exact laboratory measures for NAFLD exist although elevated levels of serum 

alanine aminotransferase (S-ALT) are a common indicator for various liver diseases. 

However, 50% of patients with NAFLD have normal S-ALT levels. NAFLD is 

common in patients with T2DM or MetS, therefore it is not necessary to pursue the 

diagnosis of NAFLD when the patient has a diagnosis of T2DM or MetS. However, 

if left untreated NAFLD can progress into non-alcoholic steatohepatitis (NASH) or 

even hepatocellular carcinoma (Ei-alkoholiperäinen rasvamaksa Käypä hoito-

suositus, 2020).  

Weight loss and dietary restriction can ameliorate NAFLD. Treatment of 

NAFLD focuses on dietary restriction, physical exercise and adequate treatment of 

comorbidities. No specific pharmacological treatment options for NAFLD 

currently exist (Ei-alkoholiperäinen rasvamaksa Käypä hoito-suositus, 2020).  

Hypertension 

Hypertension is characterized by elevated office or ambulatory bp levels. Treatment 

of hypertension is based on lifestyle interventions including sodium restriction, 

plant based diet  and regular physical exercise. Medical treatment should be 
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considered if systolic bp is  ≥ 140 mmHg or diastolic bp is  ≥ 90 mmHg after 

lifestyle interventions. Individual target bp levels depend on comorbidities, but in 

general the aim is to reach the lowest possible asymptomatic bp levels (120/80 

mmHg) without extreme non-physiological fluctuations in bp levels.  

Medical treatment of hypertension currently consists of substances acting on 

R-A-S, calcium (Ca) channel blockers, diuretics and β-blockers. β-blockers should 

only be considered as the primary treatment of hypertension if there is another 

indication for them such as coronary artery disease. Substances acting on R-A-S 

include angiotensin convertase enzyme blockers (ACE blockers), angiotensin 

receptor type 1 blockers (ATR blockers) and less commonly renin blockers. Thus, 

bp is lowered by the suppression of R-A-S. Ca channel blockers act on the Ca 

channels of large blood vessels and heart thus decreasing the magnitude of 

vasoconstriction and heart rate. Diuretics increase the fluid volume excreted by the 

kidneys thus reducing fluid volume in the vasculature. The optimal choice of 

medication varies individually as it highly depends on comorbidities. Most 

antihypertensive medications are well-tolerated in small doses. Combination 

therapy should therefore be considered if individual medication is not sufficient.  

2.2 Oxygen sensing  

The atmospheric O2 levels started to rise some 2.5 billion years ago when simple 

photoautotrophic organisms harnessing solar energy began to produce glucose and 

O2 from CO2 through photosynthesis. About 1.5 billion years ago eukaryotic cells 

appeared and started using O2 to produce ATP, CO2 and H2O from glucose through 

cellular respiration. Mitochondria and an increased supply of O2 enabled the cells 

to utilize OXPHOS in addition to glycolysis and produce 18 times more ATP from 

a single glucose molecule compared to that of anaerobic respiration. Increased 

energy efficiency sparked the evolution of multicellular organisms (Semenza, 

2001).  

Adequate O2 supply drives cellular energy production and in complex 

organisms, such as human and mouse, a sophisticated cardiovascular (CV) system 

developed which meets the O2 demand of every cell. In the CV system Hb 

molecules in red blood cells are the primary carriers of O2 and are specialized in 

not only binding O2 in high supply areas such as the lungs but also releasing O2 in 

high demand areas such as peripheral tissues. Changes in circulatory O2 and CO2 

concentrations are sensed by the peripheral chemoreceptors of the carotid body and 

transmitted to the central chemoreceptors of the medulla oblongata. If the 
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circulatory O2/CO2 balance is not sufficient, the medulla induces acute 

neuroendocrinological (NE) signals which transcribe into acute CV and respiratory 

responses such as hyperventilation and increased cardiac contractility to quickly 

restore O2 homeostasis. The key organs that maintain O2 homeostasis are presented 

in Figure 7. In addition to the NE, respiratory and CV mechanisms, delicate cellular 

signaling pathways, especially the HIF pathway have developed which constantly 

sense and adapt to changing O2 availability. In addition to the fundamental HIF 

pathway, other cellular O2 sensing mechanisms have recently been discovered. For 

example, a thiol oxidase, cysteamine 2-aminoethanethiol dioxygenase (ADO), acts 

as an O2 sensor distinct from HIF-P4Hs but on a shorter time scale, and a histone 

demethylase KDM6A (lysine demethylase 6A) directly senses O2 to control 

chromatin fate (Chakraborty et al., 2019; Masson et al., 2019). Similar data have 

also been reported on KDM5 paralogues (Batie et al., 2019).  

More than two decades after the earliest discoveries regarding the cellular 

mechanisms of O2 sensing by the HIF pathway, William G. Kaelin Jr, Sir Peter J. 

Ratcliffe and Gregg L. Semenza were awarded the Nobel prize in Physiology or 

Medicine in 2019 for their discoveries of how cells sense and adapt to oxygen 

availability (www.nobelprize.org.). 

2.3 Hemoglobin (Hb) 

2.3.1 Structure 

The human hemoglobin A (from now on referred to as Hb) belongs to a large 

superfamily of hemoglobin proteins (Gell, 2018). Among proteins it is one of the 

most studied and was one of the first to be studied by X-ray crystallography 

(Ahmed et al., 2020). In 1962 for their studies of the structures of globular proteins, 

Max Perutz and John Kendrew were awarded the Nobel Prize in Chemistry  

(www.nobelprize.org). 

Some hemoglobins function as monomers and others are assembled from 

multiple globin subunits like Hb, which is a tetramer of two Hb α (α1 and α2) and 

two Hb β subunits (β1 and β2) that are both structurally similar and about the same 

size (Gell, 2018; PERUTZ et al., 1960).  The subunits form two dimers, α1β1 and 

α2β2, which arrange in 2-fold symmetry resulting in a cavity between the dimers. 

The cavity is larger in the deoxygenated tense state (T-state) and smaller in the 

oxygenated relaxed state (R-state). The T-state structure is characterized by more 
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chemical interactions such as hydrogen-bonds which contribute to the more 

compact structure (Ahmed et al., 2020). In normal human adult erythrocytes, Hb A 

(α2β2) accounts for approximately 97% of the Hb molecules, Hb A2 (α2δ2) for 2%, 

and hemoglobin F or fetal hemoglobin (α2γ2) for 1% (Schechter, 2008). 

 

Fig. 7. Key organs that maintain O2 homeostasis. The heart, blood vessels and lungs 

are responsible for circulating the O2 rich arterial blood and replenishing the blood with 

new O2 molecules in the lung alveolae. Changes in circulatory O2 and CO2 

concentrations are sensed by the peripheral chemoreceptors of the carotid body and 

transmitted to the central chemoreceptors of the medulla oblongata. In the mammalian 

cardiovascular system, Hb molecules in red blood cells are the primary carriers of O2 

and are responsible for tissue oxygenation. 

All hemoglobin subunits have a conserved core topology comprised of 6-8 α-

helices, named A-H, that are joined by non-helical segments. Each globin subunit 

has a binding pocket for heme (iron-protoporphyrin-IX) formed by the E and F 

helices (Ahmed et al., 2020; Gell, 2018). The heme-coordinating histidine residue 

(HisF8, also known as the proximal histidine) is the only conserved residue in the 
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Hb superfamily (Gell, 2018). Each heme contains a central ferrous iron in the center 

of a porphyrin ring, which is coordinated by nitrogen atoms (Ahmed et al., 2020). 

The ferrous iron is also covalently bound to Hb by an imidazole of HisF8. This 

conformation allows Hb to bind four O2 molecules or other similar gases (such as 

carbon monoxide CO or NO). These other gases act as competitive inhibitors for 

O2, and some have a higher binding affinity making them toxic for humans. For 

example, the affinity of CO is 240 times that of O2 (Ahmed et al., 2020; Gell, 2018). 

In addition to the state of the ferrous iron, ligand binding affects the whole structure 

of Hb by inducing conformational changes to the globin structures and non-

covalent chemical interactions across the α1β1–α2β2 (α1β2 or α2β1 or α1α2 or β1β2) 

dimer interfaces. These allosteric changes affect the T → R transition and thus O2 

affinity (Ahmed et al., 2020). A simplified structure of Hb is presented in Figure 8.  

 

Fig. 8. Basic structure of human hemoglobin (Hb). Hb is an iron containing 

metalloprotein consisting of four globin subunits. The allosteric conformation of the 

four globin subunits determines the O2-binding properties of Hb.  Each globin subunit 

contains a heme complex which in turn contains a ferrous iron, the ion responsible for 

O2 binding. 

2.3.2 Function  

Hb is the main carrier of O2 in the mammalian circulatory system and its levels 

directly affect the arterial O2 concentration and thereby tissue oxygenation (Jobsis, 

1977; Sevick et al., 1991).  Hb has multiple functions ranging from catalytic 

functions to maintaining redox and pH balance, but the primary function of Hb is 

to transport O2 from the lungs to the peripheral tissues, binding and releasing O2 in 
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a cooperative manner (Ahmed et al., 2020). The O2-binding and -releasing 

functions of Hb are traditionally explained by the two states: the unliganded state 

(also known as the tense state or T-state) and the liganded state (also known as the 

relax state or R-state) (Ahmed et al., 2020). The T-state has a low O2 affinity which 

allows Hb to not bind O2 in low concentration areas (such as the periphery). The 

R-state has a high O2 affinity which allows Hb to effectively bind O2 when O2 is 

abundant and to effectively transport O2 from high concentration areas (such as the 

lung alveolae) to low concentration areas (such as the periphery). The equilibrium 

between the two states is affected by various ligands, most notably 2,3-

bisphosphoglycerate (2,3-BGP), protons (H+) and CO2 (Ahmed et al., 2020).  

The release of O2 follows a specific O2 equilibrium curve (OEC), which 

represents the O2 saturation of Hb (sO2) at different partial pressures of O2 (pO2) as 

presented in Figure 9. The pO2 at 50% sO2 (P50) measures the normal O2-affinity 

for Hb, which is about 26 mmHg for normal adult human Hb (Ahmed et al., 2020).  

 

Fig. 9.  O2 equilibrium curve (OEC) of Hb presenting O2 saturation of Hb (SO2) at varying 

partial pressures of O2 (pO2). Various ligands affect the OEC by either stabilizing the R-

state (presented in red) or by stabilizing the T-state (presented in blue). The R-state has 

a higher O2 affinity compared to the T-state. 
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2.3.3 Endogenous modulators 

Hb’s affinity for ligands is highly dependent upon the acid-base equilibrium or pH 

of the environment. This effect is also known as the Bohr effect (named after 

Danish scientist Christian Bohr). The Bohr effect states that CO2 concentration 

lowers Hb’s O2 affinity. In the peripheral tissues CO2 is constantly produced 

through cellular respiration. The CO2 arising from cellular respiration is converted 

to carbonic acid (CO2 + H2O ↔ H2CO3) inside erythrocytes by carbonic anhydrase. 

Carbonic acid dissociates to bicarbonate (HCO3
−) and H+, lowering the pH and 

decreasing O2 affinity. HCO3
− is released back into the plasma in exchange for 

chloride ions (Cl−), whereas H+ accumulates inside erythrocytes. Consequently, the 

Bohr effect critically increases the functionality of Hb as an efficient O2 deliverer 

(Ahmed et al., 2020). Cl- contributes to the Bohr effect by neutralizing positively 

charged valine (V) and lysine (L) residues of the central water cavity of Hb. 

Neutralization relieves the repelling electrical force between the positively charged 

residues which stabilizes Hb towards the T-state and further decreases the O2 

affinity of Hb (Ahmed et al., 2020; Gell, 2018).  

2,3-BPG is a secondary metabolite of glycolysis produced in mammalian red 

blood cells or (RBCs). 2,3-BPG has a central role in Hb allostery by reducing 

Hb’s O2 affinity and therefore allowing efficient tissue oxygenation. 2,3-BPG 

interacts with key His and Lys residues in the β-cleft of deoxygenated Hb, linking 

the two β-subunits together and consequently stabilizing the T-state. In contrast to 

the T-state, the R-states have relatively smaller β-clefts explaining their lower 

affinity for 2,3-BPG (Ahmed et al., 2020; Gell, 2018). 

Sphingosine-1-Phosphate (S1P) is a signaling molecule abundantly expressed 

in erythrocytes. S1P regulates various biological processes through activation of 

S1P receptors in the cell surface and by interacting with critical cellular regulatory 

proteins. S1P binds to the surface of the Hb close to the heme pocket and requires 

binding of 2,3-BPG at the β-cleft. The binding of S1P leads to a significant 

conformational change further promoting the T-state (Ahmed et al., 2020). 

2.3.4 Synthesis and regulation by acute hypoxia 

Every day 200 billion RBCs are produced, a process that requires a total of 6g of 

Hb and consequently 20mg of iron. Thus RBC production (erythropoiesis) the 

center of iron metabolism in mammals (Muckenthaler et al., 2017). Hb production 

in erythroid cells is summarized in Figure 10.  
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Fig. 10. Hb synthesis in erythroid cells. In erythropoiesis, erythroid progenitor cells and 

consequently reticulocytes (inmature RBCs) are formed from the common myeloid 

progenitor cells. Most of the iron required for maturation of erythroid cells and 

synthesis of Hb is provided by specialized macrophages of the spleen and liver. The 

iron acquisition of the erythroid cells is dependent on endocytosis of diferric transferrin 

(Tf-Fe2) via the Tf receptor (TFR1). Iron is freed from Tf and exported into the cytoplasm 

of the erythroid cell. Pinocytosis of ferritin also provides iron for the erythroid cell, but 

the amount it provides is not sufficient for functional erythrocytosis. Binding of Tf-Fe2 

to TFR1 also triggers signaling for independent iron uptake. Transferrin receptor 2 

(TFR2) is involved in sensing the plasma Tf-Fe2 concentration and modulates 

erythropoietin receptor (EPOR) signaling. The accumulated iron is then transported into 

the mitochondria of the erythroid cell for heme synthesis or stored in ferritin, exported 

from the cell through ferroportin or used for the synthesis of other iron-based proteins. 

In the mitochondria the Fe2+ is inserted into the porphyrin ring (protoporphyrin IX) by 

ferrochelatase (FECH) to produce heme. Heme is transported out from the mitochondria 

and incorporated into globins to form functional Hb. 

Living at high altitude, blood loss or compromised erythropoiesis causes acute 

hypoxia, and in response, erythropoietin (EPO) is produced by the kidneys and to 

some extent the liver. Increased EPO levels induce erythropoiesis in the bone 

marrow (Muckenthaler et al., 2017). The EPO response is regulated by the HIF 
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pathway which is discussed in more detail in later chapters.  As erythropoiesis 

intensifies, the demand for iron delivery to erythroid cells also increases. Hepcidin, 

a negative regulator of iron-recycling and absorption in mammals is down-

regulated by increased EPO levels, consequently also increasing iron availability 

and thus Hb production in acute hypoxia (Q. Liu et al., 2012). TFR2 also regulates 

RBC production by direct interaction with the EPOR, modifying EPORs EPO 

sensitivity in an iron-dependent manner (Muckenthaler et al., 2017). In addition, 

hypoxia controls iron absorption directly in duodenal enterocytes, increasing the 

transcription of genes involved in iron acquisition (Muckenthaler et al., 2017). 

Thus, interplay between the cellular iron control system and O2 sensing operates at 

multiple levels (Muckenthaler et al., 2017). 

2.3.5 Individual levels and related disorders 

Individual Hb levels are regulated genetically and environmentally, and the levels 

vary according to age, sex, and race/ethnicity and by the altitude at which the 

person lives (Patel, 2008). A slight physiological decrease in Hb levels occurs with 

aging in men throughout adulthood, while in women the decline is generally 

postmenopausal. An individual’s Hb levels during adult life are, however, very 

stable and used, for example, in an athlete’s biological passport to detect blood 

doping (Lobigs et al., 2016). However, a variety of diseases can cause individual 

Hb levels to change and Hb levels can also be elevated by behavioral factors such 

as smoking. The following paragraphs discuss the most well-known and common 

disorders involving notable changes in individual Hb levels.  

Abnormally low Hb values (anemias) are among the most common medical 

conditions and classified as conditions in which the body lacks healthy RBCs and 

consequently adequate O2 transport to tissues is compromised (Cascio & 

DeLoughery, 2017). The diagnosis of anemia is based on Hb levels below the lower 

Hb cutoff values that vary by gender and race as well as the individual’s Hb level 

trend (Cascio & DeLoughery, 2017). The Finnish reference values for normal Hb 

levels are 117-155 g/L for women and 134-167 g/L for men (Kairisto et al., ). 

Patients who gradually develop anemia over a long period of time can tolerate 

lower Hb levels due to compensatory mechanisms such as increased cardiac output, 

increase in plasma volume and increase in 2,3-BPG (Cascio & DeLoughery, 2017). 

Anemias can be classified according to erythrocyte size. Microcytic (or small 

erythrocyte) anemias usually reflect defects in Hb synthesis due to syndromes like 

thalassemia and sideroblastic anemia (defect of heme synthesis) or, and most 
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commonly, due to lack of iron. Macrocytic (or large erythrocyte) anemias reflect  

erythrocyte membrane or DNA synthesis defects and are commonly caused by 

vitamin B12 or folate deficiency or by chronic diseases such as hypothyroidism or 

liver disease.  Normocytic anemias are caused by acute blood loss or by earlier 

stages of the causes for micro- and macrocytic anemias (Cascio & DeLoughery, 

2017). The usual symptoms of anemias include general fatigue, cardiac arrythmias, 

shortness of breath, dizziness and headaches. One of the most common causes of 

anemia in the elderly population is cancer-related anemia (CRA), which occurs in 

more than 30% of cancer patients (Madeddu et al., 2018). 

Over 1000 mutations in Hb genes have been described and many are involved 

in pathologies such as polycythemia or anemia, cyanosis and respiratory distress 

(Ahmed et al., 2020; Gell, 2018). Perhaps the most notable is the one causing sickle 

cell anemia. The sickle cell mutation causes changes to the quaternary structure of 

Hb that disrupts the architecture and flexibility of the RBC, resulting in a multitude 

of biochemical and physical changes, including the sickle cell shape (Ahmed et al., 

2020). The thalassemia syndrome (α-thalassemias and β-thalassemias) is another 

well-characterized genetic disorder caused by mutations in the respected globin 

coding genes (Schechter, 2008). Estimates suggest that 300 000 children are born 

each year with either sickle cell anemia or a form of thalassemia (Weatherall, 2010). 

Abnormally high (or polycythemic) Hb levels are also observed in many 

common medical conditions. Dehydration causes the concentration of Hb to 

increase but is caused by a decrease in serum fluid levels and not by an absolute 

increase in Hb levels. Polycythemia vera is a condition of the bone marrow, where 

RBCs are produced at an abnormally high level causing a rise in Hb levels. Both 

anemia and polycythemia are observed in patients with chronic obstructive 

pulmonary disease, with anemia being more common (Cote et al., 2007). In patients 

with obstructive sleep apnea, a disorder which causes chronic hypoxia, mostly 

normal Hb levels were reported, but an increase in EPO levels was simultaneously 

reported suggesting Hb levels remained normal due to an increase in cytolysis 

and/or erythropoietic resistance to EPO (Gangaraju et al., 2016; J. Song et al., 2019).   

As Hb levels are closely related to a variety of clinical conditions, blood Hb 

levels (B-Hb) is one of the most commonly measured clinical laboratory 

parameters. B-Hb is commonly measured with a simple Hb meter or as a part of 

the complete blood count (CBC). In addition to B-Hb, the CBC measures the 

number of erythrocytes (B-Eryt), hematocrit (the proportion of erythrocytes to 

plasma volume, B-HKR), red blood cell indices, number of leucocytes (white blood 

cells, B-Leuc) and number of platelets (thrombocytes, B-Trom). Non-enzymatic 
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modification of Hb by glycation of the β-chain amino-terminal residue by glucose 

forms glycated Hb (HbA1c), the levels of which are increased due to impaired 

glucose metabolism and commonly used in diagnostics of T2DM (Rahbar et al., 

1969).  

2.4 Hypoxia-inducible factor (HIF)  

2.4.1 Structure  

HIF is an O2-regulated transcription factor that responds to hypoxia. HIF consists 

of two subunits being an αβ heterodimer. The β subunit (HIF1β  or ARNT1) is 

stable and constitutively present, whereas the α subunit is O2-regulated and short-

lived. The α subunit has three known isoforms in higher metazoans (HIF1α - HIF3α) 

of which HIF1α and HIF2α (also known as EPAS2 and EPAS1, respectively) are 

the best characterized. HIF3α  (or IPAS) is less studied. In mammals, the α subunits 

are encoded by three genes: HIF1A, HIF2A and HIF3A. The HIF1β subunit is 

encoded by ARNT1 while its homologue ARNT2, which also can dimerize with 

HIFα is expressed in a limited number of cells and is not fully characterized 

(Dengler et al., 2014; Iyer, Leung et al., 1998; Tian et al., 1997). The human HIF1A 

gene consists of 15 exons that are interrupted by introns at the same locations as in 

the mouse Hif1a gene (Iyer et al., 1998). HIF2A shares high sequence identity with 

HIF1A while HIF3A displays less similarity (Dengler et al., 2014).The gene 

expression levels of the HIF subunits differ in different tissues. HIF1α is the most 

abundant of the α subunits and is expressed in nearly all tissue types (Dengler et 

al., 2014). HIF2α is more specifically expressed in certain cell types including 

endothelial cells, hepatocytes, type II pneumocytes and cardiomyocytes (Zhao et 

al., 2015). Many cancer cell-lines and tumor macrophages commonly express 

HIF1α and/or HIF2α (Semenza, 2007a). Tissue specific HIF3α  expression is highly 

dependent on the splice variant type (Dengler et al., 2014). 

Structurally the HIF subunits consist of a basic helix-loop-helix structure and 

a Per-Arnt-Sim domain (bHLH-PAS) as presented in Figure 11. Both the bHLH 

and PAS domains exhibit strong sequence and functional conservation among the 

HIF subunits. The HIF1α and HIF2α isoforms contain two transactivation domains, 

the N-terminal (N-TAD) and C-terminal (C-TAD) transactivation domains, that are 

required for activation of HIF target genes (Dengler et al., 2014). An alternative 

HIF1α splice variant has been described that lacks the CTAD (Gothié et al., 2000). 
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HIF3α  has at least ten splicing variants, some of which carry an N-TAD but lack a 

C-TAD, with several harboring a C-terminal leucine zipper motif (LZIP) which is 

involved in protein-protein interactions. HIF1β  lacks the transactivation domains.  

HIF1α, HIF2α and HIF1β consist of 826, 870 and 789 amino acids (aa), 

respectively, while the HIF3α  splicing variants differ in size. Many HIF3α  splicing 

variants are dominant-inhibitory with respect to HIF-dependent transcription. The 

best-characterized isoform, HIF3α4, lacks the known transactivation domains and 

acts as a negative regulator of HIF1α. HIF3α1 weakly transactivates target genes 

under HIF1β-limiting conditions suggesting that its negative function requires 

competition with HIF1α or HIF2α (Dengler et al., 2014). The HIF3α2 variant 

induces the expression of a gene subset, including the EPO gene, while 

simultaneous downregulation of all HIF3α variants leads to downregulation of EPO 

and additional genes (Tolonen et al., 2020). In the alpha subunits, the N-TAD is 

overlapped by the O2-dependent degradation domain (ODD). The ODD controls 

the activity and stability of the α subunits as it contains the key proline (P) targeted 

for hydroxylation in normoxic conditions by the HIF-P4Hs (Dengler et al., 2014). 

 

Fig. 11. Simplified structures of the HIF subunits. All subunits consist of a basic helix-

loop-helix (bHLH) and a Per-Arnt-Sim (PAS) domain but differ in size and structure. The 
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HIF-P4Hs target the specific proline residues (Pro) in O2-dependent Degradation 

Domains (ODDs). HIF1α and HIF2α contain two transactivation domains (N-TAD and C-

TAD) while HIF3α  has multiple splice variants (HIF3α1 shown here), some of which lack 

the transactivation domains but contain the C-terminal leucine zipper motif (LZIP). 

HIF1β lacks the transactivation domains. aa; Amino acids, OH; hydroxyl-group.  

2.4.2 Mechanism of action 

The stability of HIF is governed by the HIF-P4Hs as presented in Figure 12. The 

HIF-P4Hs require iron, α-ketoglutarate, ascorbate and O2 in order to hydroxylate 

the conserved P residues near the N-TAD. Hydroxylation of the P residues creates 

a binding site for the von Hippel-Lindau (pVHL) tumor suppressor protein, a 

component of a ubiquitin ligase complex. As a result, under normoxia the HIFα  

subunits are polyubiquitylated and subjected to proteasomal degradation by pVHL. 

The HIF-P4Hs activity is dependent on O2 and suppressed by hypoxia. Therefore, 

under low O2 conditions, or in cells lacking functional pVHL, HIFα  accumulates 

and dimerizes with HIF1β . Dimerization of HIF allows it to translocate to the 

nucleus and bind to DNA together with coactivator P300/CBP(CREB binding 

protein) at HREs which leads to the transcription of HIF target genes (Dengler et 

al., 2014).  

The spectrum of genes targeted by HIF span across diverse biological pathways. 

The most notable are involved in the regulation of O2 supply and demand via 

erythropoiesis, angiogenesis and metabolic reprogramming that shifts cellular 

energy metabolism from OXPHOS towards less O2 demanding glycolysis. Besides 

O2 homeostasis, HIF target genes are involved in autophagy, apoptosis, redox 

homeostasis, inflammation and immunity, stemness and self-renewal and tumor 

metastasis and invasion (Dengler et al., 2014). A functional hypoxia response 

pathway is essential for survival as evidenced by the embryonic lethality of HIF1α 

and HIF2α knockout (KO) mice (Iyer et al., 1998; Tian et al., 1998).  

In addition to the HIF-P4Hs, multiple transcriptional, translational and post-

translational modifications are known to modulate expression of HIF mRNA, 

protein stability and transcriptional activity (Dengler et al., 2014). 
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Fig. 12. Simplified presentation of the HIF response pathway. The HIF-P4Hs require O2, 

iron (Fe2+), and α-ketoglutarate (2-oxoglutarate) to function. Ascorbate supports the 

reaction. In normoxia the HIF-P4Hs target HIFα for proteasomal degradation via 

polyubiquitylation by the von Hippel-Lindau (pVHL) tumor suppressor protein. Under 

hypoxia the HIF-P4Hs lack O2 to function adequately allowing the HIFα subunit to form 

a heterodimer with the HIFβ subunit. The heterodimeric HIF then enters the nucleus and 

forms a complex with the transcription co-activator p300/CBP. The complex then binds 

to the HREs in HIF target genes which upregulates their transcription.  

2.4.3 Regulation 

HIF is regulated transcriptionally, post-transcriptionally, translationally and post-

translationally. Clear classification regarding these regulatory subclasses poses a 

challenge. It is clear however, that post-translational regulation of the stability of 

HIFα  proteins in response to hypoxia is of major importance (Kietzmann et al., 

2016). Most transcriptional, post-transcriptional and translational regulatory 

mechanisms known so far are cell line specific. The following chapters briefly 

summarize the vast field of HIF’s regulatory components.  

Transcriptional regulation of HIF subunits 

Transcriptional regulation occurs at two interconnected levels: The transcription 

factors and the transcription apparatus, and chromatin and its regulators (T. I. Lee 

& Young, 2013). Transcription factors are proteins that control the rate of 
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transcription by binding to specific DNA sequences, usually promoters, that 

activate gene transcription. Several transcription factors have been reported to 

affect activity of the HIF1A promoter region in various study setups and tissue 

types. Perhaps the most studied and notable transcription factor regarding HIF1A 

regulation is NF-κB. NF-κB is a protein complex that controls transcription, 

inflammatory response and other key cellular responses and is found in almost all 

eukaryotic cell types. NF-κB promotes HIF1A transcription and the process is 

regulated by ROS, the mammalian target of rapamycin (mTOR) complex with 

cofactor Rictor (mTORC2) and  the phosphatidylinositol 3-kinase (PI3K)/AKT 

pathway (Belaiba et al., 2007; Bonello et al., 2007; Rius et al., 2008). The 

PI3K/AKT/mTOR pathway is an intracellular signaling pathway important in 

regulating the cell cycle that is constitutively activated in many types of cancer 

(LoPiccolo et al., 2008).  

More specific regulatory mechanisms involving SP1 and SP3 (specificity 

proteins 1 and 3), Bclaf1 (Bcl-2-associated transcription factor 1), Egr1 (Early 

growth response protein 1), Stat3 (Signal transducer and activator of transcription 

3), PRMT1 (Protein arginine N-methyltransferase 1), HIPK2 (Homeodomain-

interacting protein kinase-2) and NRF1 (Nuclear respiratory factor 1) have also 

been reported in tissue specific studies (Iyer et al., 1998; Lafleur et al., 2014; Minet 

et al., 1999; Nardinocchi et al., 2009; Niu et al., 2008; Semenza, 2007b; Sperandio 

et al., 2009; D. Wang et al., 2016; Wen et al., 2019). Although not identified as a 

transcription factor per se, LPS-induced HIF1 complex has been reported to 

specifically bind to the HIF1 DNA-binding motif in macrophages (Blouin et al., 

2004). 

HIF2A is less studied in this area and most studies have been done in various 

cancer cell lines. mTORC2 and the PI3K pathway have also been reported to 

regulate HIF2A transcription in neuroblastoma cells (Mohlin et al., 2015). 

Methylated CpG binding protein 3 (MBD3) was reported to bind to the HIF2A 

promoter in breast cancer cells and amplified transcription through demethylating 

a CpG (Cytosine guanine binding site) located around the transcriptional initiation 

site (Cui et al., 2016). Hamidian and colleagues reported that a highly divergent 

homeobox (HDX) transcription factor inversely correlated with HIF2α in 

neuroblastoma cells may function as a transcriptional regulation mechanism 

(Hamidian et al., 2018). Transcription of HIF subunits and its regulation are 

schematically presented in Figure 13.  
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Fig. 13. A simplified schematic of the transcription and transcriptional regulatory 

factors of HIF. In transcription, HIF1α or HIF2α mRNA is formed by transcribing the 

genomic DNA. RNA polymerase binds to the promotor region of the gene and separates 

the DNA double helix. Pre-mRNA is synthesized from DNA by RNA polymerase by 

adding nucleotides from 5’ to 3’ complementary to that of the DNA’s 3’ to 5’. The 

spliceosome complex then splices the noncoding (intron) gene sequences forming 

mature mRNA from coding sequences (exon) only. Different factors regulate HIF1A and 

HIF2A transcription and most regulatory mechanisms are cell-line specific. Most 

regulatory mechanisms known so far target the gene’s promoter region.  

Post-transcriptional and translational regulation of HIF subunits 

Post-transcriptional and translational regulation are mechanisms that are used to 

modulate gene expression and ultimately, protein levels. The regulation can be 

global or mRNA specific. The mRNA-specific regulation is driven by regulatory 

protein complexes that recognize elements usually present in the 5′ and/or 3′ 

untranslated regions (UTRs) of the target mRNA. mRNA translation can also be 

regulated by small micro RNAs (miRNAs) (Gebauer & Hentze, 2004). miRNAs 

base-pair with complementary mRNA; this leads to silencing of the mRNA 
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molecules by cleavage, destabilization or less efficient ribosomal activity and 

therefore affecting protein synthesis and gene expression (Bartel, 2009).  

Several post-transcriptional factors are known to affect HIF1α and HIF2α 

mRNA expression in different cell lines and study setups. Similar to transcriptional 

regulation, mTOR has also been shown to regulate HIF1α post-transcriptionally by 

affecting HIF1α expression directly. Treatment with the mTOR inhibitor CCI-779 

resulted in a dose-dependent decrease in HIF1α translation in kidney cancer cells 

(Hudson et al., 2002; G. V. Thomas et al., 2006; Zhong et al., 2000). More recently, 

LIM and senescent cell antigen-like-containing domain protein 1 (LIMS1) was 

shown to promote HIF1α protein translation by also activating the AKT/mTOR 

signaling in pancreatic cancer cells (C. Huang et al., 2019). 

Two methyltransferases that transfer one or two methyl groups to the arginine 

residues of histones or non-histone proteins play critical roles in cellular processes 

such as gene expression. These methyltransferases are also abundantly expressed 

in cancer cells and have been reported to regulate HIF1α at the mRNA level. Protein 

arginine methyltransferase 5 (PRMT5) was found to be essential for HIF1α 

translation initiated by the 5' UTR of HIF1α mRNA, and PRMT9 (also known as 

FBXO11 [F-box only protein 11]) was found to inhibit de novo synthesis of HIF1α 

by destabilizing HIF1α mRNA (Ju et al., 2015; Lim et al., 2012). More recently, 

HIF2α mRNA was shown to be down-regulated in non-small cell lung cancer 

(NSCLC) cells via methylation by three different DNA methyltransferases 

(DNMTs) (Xu et al., 2018). 

Y box binding protein 1 (YB-1) enhanced HIF1α expression by directly 

binding to and activating translation of HIF1α mRNA in sarcoma cells (El-Naggar 

et al., 2015). Stimulation of heregulin (HRG), a ligand for HER3 and HER4 (human 

epidermal growth factor receptors 3 and 4) that are aberrantly overexpressed in 

various cancer cells, increased HIF1α protein levels in breast cancer cells 

(Laughner et al., 2001). Gonzalez-Flores et al. showed that HIF2α mRNA 

expression, protein levels and HIF2-dependent gene expression is regulated by 

Poly (ADP-ribose) polymerase-1 (PARP-1) and that this regulation occurs at both 

the transcriptional and post-transcriptional level (Gonzalez-Flores et al., 2014). 

Knockdown or inhibition of estrogen-related receptor α (ERRα), lead to decreased 

expression of HIF2α in neuroblastoma cells (Hamidian et al., 2015).  

Some miRNAs are also known to be involved in translationally regulating 

HIF1α and HIF2α. HIF1α protein expression was downregulated by miR-210 in 

activated T-cells and Zinc finger RNA binding protein (circZFR) modulated HIF1α 

protein expression through binding miR-578 in breast cancer cells (Z. Chen et al., 
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2020; H. Wang et al., 2014). HIF1α also increased miR-21 expression via binding 

to its promoter and miR-21 upregulated HIF1α protein expression in 

cardiomyocytes (X. Liu et al., 2015). miR-155 decreased the HIF1α mRNA, 

protein, and transcriptional activity in hypoxia, and neutralization of endogenous 

miR-155 reversed the resolution of HIF1α stabilization and activity in intestinal 

epithelial cells (Bruning et al., 2011).With regards to HIF2α, overexpression of 

miR-3609 decreased the expression of HIF2α and repressed the activation of the 

pregnane X receptor (PXR) pathway in hepatocellular carcinoma (HCC) cells 

(Shao et al., 2020). In glioblastoma cells, miR-182 recognized a site within the 

3’UTR of HIF2α mRNA and reduced cell proliferation as well as stem cell marker 

expression to promote a more differentiated cell state (Kouri et al., 2015). A 

schematic of the translation  and translational regulatory factors of the HIF subunits 

are presented in Figure 14. 

 

Fig. 14. A simplified schematic of the translation and post-transcriptional and 

translational regulatory factors of HIF. The translation process can be divided into three 

phases: initiation, elongation and termination. The small (40S) ribosomal subunit 

initially binds to the 5′ end of the mRNA and scans it in a 5′→3′ direction until the 

initiation codon (AUG) is identified. The large (60S) ribosomal subunit then joins the 

40S subunit at this position to form the catalytically competent (80S) ribosome Peptide 
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specific transfer RNA (tRNA) anticodons are bound to the mRNA codons by the 

ribosome. The ribosome then translocates from codon to codon; a polypeptide chain is 

formed and elongates as the ribosome moves along the mRNA. Translation ends when 

the ribosome reaches the termination codon (UGA).  mRNA-specific regulation is driven 

by regulatory protein complexes that recognize elements that are usually present in the 

5′ and/or 3′ untranslated regions (UTR or Poly A tail) of the target mRNA. Translation 

can also be regulated by miRNAs. Many cell line specific regulatory mechanisms 

including miRNAs are known to affect HIFα mRNA stability and gene expression.  

Post-translational regulation of HIF 

Post-translational regulatory mechanisms of HIF are the most well-known and 

global regulatory components behind HIF stability. Post-translational regulation is 

referred to as regulation of the levels of active protein. The regulation mechanisms 

are usually enzymatic and involve some form of covalent change such as 

hydroxylation, phosphorylation or methylation. Under normoxia, HIFα  subunits 

are constantly produced and proteasomally degraded. The stability of HIF is most 

notably governed by the HIF-P4Hs as presented in Figure 12. HIF-P4Hs 

hydroxylate the specific P residues of the ODDs in the O2-sensitive α subunits. 

Since some isoforms of HIF3α  lack the hydroxylation sites entirely they do not 

respond to changes in O2 concentration. Hydroxylation of the P residues allow 

binding of the pVHL which poly-ubiquitinates the α subunits triggering their 

degradation by the proteasome (Dengler et al., 2014).  

In addition to the HIF-P4Hs, HIF1α and HIF2α can also be hydroxylated by 

another hydroxylase known as Factor Inhibiting HIF (FIH). FIH hydroxylates 

asparagine (N) residues located within the C-TADs of HIF1α (N-803) and HIF2α 

(N-847). FIH hydroxylation disrupts the binding of cofactors to the C-TAD, and 

since the p300/CBP interaction with HIF is critical for proper function of HIF by 

hydroxylating the C-TAD, FIH blocks the interaction between HIF and p300/CBP 

(Dengler et al., 2014). In addition to hydroxylation, HIF stability is affected by 

numerous other mechanisms as presented in Figure 15. 

In addition to pVHL, several additional proteins associated with E3 ubiquitin ligase 

activity, including receptor of activated protein kinase C (RACK1), carboxyl 

terminus of Hsp70-interacting protein (CHIP) and hypoxia-associated factor (HAF), 

ubiquitinate and degrade HIFα  subunits independent of O2 concentration (Dengler 

et al., 2014). 

Accumulating metabolites such as lactate and pyruvate have been reported to 

stabilize HIF independent of O2 concentration. In addition, glucose levels been 
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shown to directly affect HIF1α stabilization (Dengler et al., 2014). In earlier studies, 

hormones and other physiologically active compounds have also been reported to 

govern the stability of HIF, although it is not clear whether these were involved on 

a translational or post-translational level. Prostaglandin E2 (PGE2) significantly 

increased HIF1α protein levels in prostate cancer cells (X. H. Liu et al., 2002). 

Thrombin, platelet-derived growth factor-AB (PDGF-AB) and transforming 

growth factor-beta-1 (TGF-β1) upregulated HIF1α protein levels in vascular 

smooth muscle cells (Görlach et al., 2001). Insulin and insulin-like growth factor 

(IGF-1)  also induced hypoxia responsive genes by HIF stabilization (Zelzer et al., 

1998). 

Phosphorylation of HIF1α and HIF2α subunits has been demonstrated to 

enhance transactivation of HIF target genes by either disrupting interaction with 

pVHL and thereby stabilizing HIF, or by increasing the affinity of HIF for 

transcriptional coactivators. Casein kinase II (CKII) stabilizes HIF by 

phosphorylating threonine (T) residues in the C-TADs of HIF1α (T-796) and HIF2α 

(T-844) (Dengler et al., 2014). Casein kinase 1δ (CK1δ) phosphorylates HIF2α at  

serine residue (S-383) and threonine residue (T-528) which enhances EPO secretion 

from liver cancer cells (Pangou et al., 2016). Casein kinase 1 (CKI) phosphorylates 

S-247 within the PAS domain of HIF1α inhibiting its ability to dimerize with 

HIF1β . GSK3β (glycogen synthase kinase 3β) phosphorylates HIF1α at S-551, S-

555, and S-589 within the ODD leading to decreased HIF1α stability and 

degradation by the proteasome in a VHL-independent manner. Polo-like kinase 3 

(PLK3) degrades HIF1α by phosphorylating S-576 and S-659 (Dengler et al., 2014). 

Phosphorylation at S-451 interrupts the interaction of HIF1α with HIF-P4Hs and 

pVHL (Han et al., 2021). Mitogen-activated protein kinase (MAPK), protein kinase 

A (PKA) and extracellular regulated kinases (ERKs) have also been shown to be 

involved in the regulation of HIF1α (Dengler et al., 2014; Minet et al., 2000; Sang 

et al., 2003). 

Studies on S-nitrosylation and sumoylation of HIF1α have also been reported. 

S-nitrosylation is a redox-related addition of NO to sulfhydryl groups. S-

nitrosylation of HIF1α at a cysteine residue (C-800) has been reported to increase 

transcriptional activity of HIF. However, this may also disrupt the interaction 

between HIF1α and CBP/p300 (Dengler et al., 2014). It is possible that this 

modification increases the transcriptional output independently of CBP/p300 such 

as by interaction with other coactivators. Studies have reported both HIF1α 

enhancing and HIF1α disrupting effects of sumoylation on L residues (L-391 and 

L-477) by RanBP2 (RAN binding protein 2) (Dengler et al., 2014).   
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Acetylation has also been reported to regulate HIF1α and HIF2α stability. The 

effect of HIF1α acetylation may differ depending on the location of the modified 

residue. Acetylation of amino-terminal HIF1α L residues (L-9, L-10, L-11, L-19 

and L-21) has been linked to decreased protein stability and impaired activation of 

a subset of HIF1α target genes. Correspondingly, de-acetylation of these residues 

by histone deacetylase 4 (HDAC4) has been reported to increase HIF1α protein 

levels and activation of target genes. Acetylation of  L residues located in the 

carboxy-terminal region of HIF1α (L-674 and L-709) increased HIF1α protein 

levels and enhanced target gene activation. The p300/CBP-associated factor (PCAF) 

can also acetylate L-674 of HIF1α leading to increased HIF1α protein levels and 

binding of the transcriptional co-activator p300. Acetylation of L-709 was shown 

to require the acetyl-transferase activity of p300. Since this residue is also subject 

to poly-ubiquitination, the positive effect of acetylation could be explained by 

blocking the degradation of HIF1α. Acetylation of HIF1α at L-532 has also been 

demonstrated. HIF2α can be acetylated at L-385, L-685, and L-741. It has been 

reported that in human hepatoma cells, CBP modifies these L residues under 

hypoxic conditions resulting in increased EPO gene expression. Deacetylation of 

these residues by the redox-sensitive Sirtuin1 (SIRT1) was also found to regulate 

the transcriptional activity of HIF2α target genes. Deacetylation by SIRT1 at L-674 

was shown to have a repressive effect on HIF1α transcriptional regulation (Dengler 

et al., 2014). 

Studies on methylation of HIF have also been reported. SET domain-containing 

lysine methyltransferase (Set7) methylates HIF1α at L-32 and HIF2α at L-29 

inhibiting the expression of HIF1α/2α targets (X. Liu et al., 2015).  Lysine-specific 

demethylase 1 (LSD1) demethylated HIF1α at Lys-32 leading to HIF1α 

stabilization under hypoxic conditions (Y. Kim et al., 2016). 
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Fig. 15. Post-translational regulatory mechanisms of HIF. The stability of HIF is most 

notably governed by the HIF-P4Hs and poly-ubiquitination via the pVHL. HIFα -subunits 

can also be hydroxylated by FIH. A number of other mechanisms such as 

phosphorylation, acetylation, methylation, sumoylation and S-nitrosylation also govern 

HIF’s post-translational stability and activity. Ac; Acetylation, P; Phosphorylation, 

SUMO; Sumolyation, OH; Hydroxylation, Ub; Ubiquitination, NO; S-Nitrosylation, CH3; 

Methylation.    

2.4.4 Target genes  

After the functional HIF dimer is formed it targets the transcription of genes that 

are involved in numerous key physiological and pathological processes including 

O2 supply, energy metabolism, stemness, proliferation, cellular invasion, metastasis 

and apoptosis (Dengler et al., 2014). O2 supply is controlled by HIFs by activation 

of the key genes of angiogenesis and erythropoiesis.  HIF target genes encode 

glucose transporters and essentially all key enzymes of glycolysis and under 

hypoxia shift the cellular energy dependence away from the high O2 demanding 

OXPHOS towards the less O2 demanding glycolysis (Dengler et al., 2014).  
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Although HIF1α and HIF2α have similar properties and transactivation 

domains, their target gene profiles differ (Dengler et al., 2014). In 2018 Downes et 

al.. sequenced the transcriptional outputs of stabilized forms of HIF1α and HIF2α 

in endothelial cells, where they regulated 701 and 1454 genes, respectively 

(Downes et al., 2018). Both HIF1α and HIF2α recognize the same HRE sequence 

in target genes. Structure wise, the N-TAD appears to contribute most of the HIFα 

subunit target gene selectivity (Hu et al., 2007). Subunit specific gene selectivity is 

highly variable and depends on several factors of which severity of hypoxia, 

additional co-activators, abundance of stabilized HIFα subunits, presence of 

functional pVHL and exposure duration are just a few examples. As with the 

regulatory mechanisms of HIF, the vast majority of HIF target genes are also 

tissue/cell line specific. Furthermore, O2-dependent gene regulation is not always 

HIF-dependent which further complicates the exact determination of these genetic 

profiles (Dengler et al., 2014). However, though cell‐type‐specific, the binding sites 

of HIFs to chromatin seem to be constant across the genome as promoter‐proximal 

binding of HIF1 and promoter‐distant binding of HIF2 under multiple conditions 

and cell types has been reported (Smythies et al., 2019). 

HIF1α is the most abundant of the α subunits, is expressed in nearly all tissue 

types and accounts for most of the primary transactivation of HIF target genes 

under acute hypoxia. HIF1α regulates the majority of genes involved in the 

metabolic reprogramming from O2 dependent glucose metabolism towards the less 

O2-dependent glycolysis (Figure 16). Cellular glucose uptake is enhanced by 

expression of glucose transporters 1 and 3 (GLUT1 and GLUT3) (Iyer, Kotch et 

al., 1998).  Hexokinases 1 and 2 (HK1 and HK2) phosphorylate glucose to form 

glucose-6-phosphate (G-6-P),which is a more active substrate for glycolysis. In 

glycolysis, phosphofructokinase-L (PFKL) phosphorylates D-fructose 6-phosphate 

to form an active fructose-1,6 bisphosphate. Aldolases (ALDOA and ALDOC), 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase 1 

(PGK1) phosphoglycerate mutase (PGM), enolase (ENO) and pyruvate kinases are 

responsible for pyruvate formation. Upregulation of pyruvate dehydrogenase 

kinase 1 (PDK1) decreases the entry of pyruvate into the Krebs cycle (J. W. Kim et 

al., 2006). Transketolases (TKTs) catalyze the catabolic reactions of the pentose 

phosphate pathway, which is responsible for the formation of the precursor pentose 

sugars for the synthesis of nucleotides. Lactate dehydrogenase (LDH) catalyzes the 

conversion of pyruvate to lactate, which is then excreted from the cell by the 

monocarboxylate transporter 4 (MCT4). In addition to MCT4, carbonic anhydrase 

9 (CA9) and the sodium-hydrogen antiporter (NHE1) maintain the acid-base 
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homeostasis of the cell. Under longer exposure to hypoxia the influence of HIF2α 

increases as it targets genes involving in more chronic cellular responses such as 

angiogenesis and extracellular matrix remodeling (Dengler et al., 2014; Downes et 

al., 2018). Downes et al. compared the genes regulated by HIF1α and HIF2α and 

found that less than 20% of the HIF target genes were regulated by both HIF 

isoforms. These overlapping genes constituted 48% of the HIF1α-regulated genes, 

indicating an HIF1α-oriented overlapping. However, only nine genes were 

inversely regulated between the HIFα isoforms, suggesting that, although 

overlapping, their forms of regulation are not antagonistic (Downes et al., 2018). 

Some key HIF target genes and metabolic reprogramming by HIF are presented in 

Figure 16.  

2.4.5 Transcriptional cofactors 

As a transcription factor, HIF regulates the transcriptional output of its target genes 

by several mechanisms: recruitment of general transcription factors (GTFs), which 

are proteins that govern the primary initiation of transcription by assembling the 

pre-initiation complex (PIC) and recruiting RNA polymerase II (RNAPII), 

regulation of chromatin and histone stability, and by modulation of RNAPII after 

its recruitment. As seen with transcriptional regulation of the genes coding the HIF 

subunits, transcriptional regulation is generally multi-factored. HIF has several 

transcriptional cofactors that act as coactivators or corepressors at different stages 

of HIF target gene transcription (Dengler et al., 2014). It is notable, that many of 

the cofactors of HIF are somewhat target gene and cell-type specific.  

As mentioned previously, coactivators CBP and p300 are the most well-known 

influencers of HIFs’ binding to the HRE of the HIF target genes. CBP and p300 are 

lysine acetyltransferases that interact with the C-TADs of HIF and this interaction 

is influenced by FIH hydroxylation. Both contain a bromodomain (BRD) which 

recognizes acetylated L residues, such as those on the N-terminal tails of histones. 

CBP and p300 are assumed to modify HIF target genes’ local chromatin structure 

and interact with the transcription machinery. In addition to CBP and p300, several 

other lysine acetyltransferases have been reported as coactivators for HIF target 

genes (Dengler et al., 2014). Pontin (the ATPase/helicase chromatin-remodeling 

factor [RUVBL1]), a cell cycle regulator, was also found to affect p300 recruitment 

(J. S. Lee et al., 2011). 
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Fig. 16. Illustration of some HIF target genes and HIF induced metabolic reprogramming 

of glucose metabolism. HIF regulates genes in various biologic processes and over 

1000 HIF target genes have been reported. Key enzymes and transporters of glycolysis 

and other metabolic pathways (represented in blue) are products of the key HIF target 

genes, solidifying HIF as a general regulator of metabolism. VEGF, Vascular Endothelial 

Growth factor; ANGPT1-2, Angiopoietin 1-2; ANP, Atrial Natriuretic Peptide; TIE2, 

Angiopoietin-1 receptor; EDN1, Endothelin 1; FLT1, Vascular endothelial growth factor 

receptor 1; EPO, Erythropoietin; EPOR, Erythropoietin Receptor; FECH, Ferrochelatase; 

TFR, Transferrin Receptor; TF, Transferrin; CP, Ceruloplasmin; HAMP, Hepcidin; NT5E, 

5′-Nucleotidase or Cluster of Differentiation 73 (CD57); CTGF, Connective Tissue 

Growth Factor; ENG, Endoglin; IGFBP3, Insulin-like Growth Factor-Binding Protein 3; 
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ITF, Trefoil factor 3; MET, tyrosine-protein kinase Met; NR4A1, Nuclear Receptor 4A1; 

AMF, autocrine motility factor; ANGPTL4, Angiopoietin-like 4; CTSC, Cathepsin C; LOX, 

Lysyl Oxidase; LOXL2&4, Lysyl Oxidase homolog 2&4; STC2, Stanniocalcin-2; ADM, 

Adrenomedullin; GPI, Glucose-6-phosphate isomerase; ID2, DNA-binding protein 

inhibitor ID-2; IGF-2, Insulin-like Growth Factor 2; PGM, Phosphoglucomutase; TGFα 

also known as TGFA, Transforming Growth Factor alpha; SNAI1&2, Zinc finger protein 

1 & 2; TCF3, Transcription factor 3; VIM, Vimentin; ZEP1, Synaptonemal complex protein 

ZEP1. GLUT1&3, Glucose Transporter 1 & 3; MCT4, Monocarboxylate transporter 4; CA9, 

Carbonic Anhydrase 9, NHE1, Sodium-Hydrogen antiporter 1; HK1&HK2, Hexokinase 1 

& 2; PFKFB1-4; 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1-4; TKT, 

Transketolase;  TKTL2, Transketolase-like protein 2; LDHA, Lactate dehydrogenase A; 

PDK1, Pyruvate dehydrogenase lipoamide kinase isozyme 1; GPI, Glucose-6-phosphate 

isomerase; PFKL, 6-phosphofructokinase, liver type; ALDOA&C, Aldolase A&C, TPI1, 

Triosephosphate isomerase; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; 

PGK1, Phosphoglycerate kinase 1; PGM, Phosphoglucomutase; ENO1, Enolase 1; 

PKM2, Pyruvate kinase isozyme M2. 

In addition to the lysine acetyltransferases, several other co-activators of HIF have 

been reported. The M2 isoform of pyruvate kinase (PKM2), a glycolytic enzyme 

and an HIF target gene itself, can interact with both HIF1α and HIF2α. 

Interestingly, PKM2 is hydroxylated by HIF-P4H-3 (also known as PHD3 or 

EGLN3) which coactivates HIF target genes when p300 is present.  This suggests 

that in the presence of p300, HIF-P4H-3 hydroxylation of PKM2 stimulates its 

interaction with HIF transcriptional complexes where it acts as a coactivator 

(Dengler et al., 2014; Luo et al., 2011). Galbraith et al. showed that CDK8 

(Mediator-associated kinase) acts as a coactivator of HIF target genes (Galbraith et 

al., 2013). CDK8 regulates HIF target gene transcription subsequent to PIC 

formation, RNAPII binding and transcription initiation and is essential for the 

hypoxia-induced recruitment of the Super Elongation Complex (SEC) that controls 

transcriptional elongation therefore mediating the transition from paused RNAPII 

into productive elongation (Dengler et al., 2014; Galbraith et al., 2013). Chen et al. 

reported that X-box binding protein (XBP1) expression transactivates the HRE 

reporter confirming that XBP1 augments HIF1α activity. XBP1 depletion had no 

immediate effect on HIF1α expression, but it substantially attenuated concurrent 

HIF1α and RNAPII occupancy in triple negative breast cancer cells (X. Chen et al., 

2014).In more recent studies, Chen et al. found that recruitment of Bromodomain-

containing protein 4 (BRD4) to the HREs of HIF target genes by zinc finger 

MYND-type containing 8 (ZMYND8) promotes transcription of HIF target genes 

in breast cancer cells (Y. Chen et al., 2018).  
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Some corepressors of HIF have also been reported. Reptin (RUVBL2), a tumor 

repressor, has been reported as a repressor of HIF target genes. Cbp/p300-

interacting transactivators 2 and 4 (CITED2 and CITED4) have been reported to 

inhibit HIF1α transactivation by competing with HIF1α for interaction with 

CBP/p300 (Dengler et al., 2014). Sirtuin 6 (SIRT6) a protein deacetylase has been 

reported as a corepressor of HIF1α. Fallone et al. showed that the loss of kinase 

ataxia telangiectasia and Rad3 related protein (ATRP) expression and/or kinase 

activity decreases the binding of HIF1 to DNA under hypoxia and consequently 

affects the protein expression levels of HIF target genes (Fallone et al., 2013). 

Transcriptional regulation and key cofactors of HIF are illustrated in Figure 17.  

Fig. 17. Transcriptional regulation by HIF and key transcriptional cofactors of HIF. 

Transcription is regulated by the recruitment of general transcription factors, histone- 

and chromatin modifications and recruitment and modulation of RNA polymerase II 

(RNAPII). Acetyl transferases CBP and p300 are the most well-known influencers of HIFs 

binding to the HRE of HIF target genes and many cofactors are known to influence this 

interaction. The CDK-8 mediator activates the Super Elongation Complex and indirectly 

modulates RNAPII and transcription of HIF target genes.  

2.5 HIF prolyl 4-hydroxylases (HIF-P4Hs) 

2.5.1 Function 

HIF-P4Hs (also known as PHDs or EGLNs) are enzymes that hydroxylate HIFα 

subunits and govern their stability (Bruick & McKnight, 2001; Epstein et al., 2001; 

Ivan et al., 2001; Jaakkola et al., 2001). By hydroxylating HIFα, the HIF-P4Hs are 
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essential for HIF stability and activation of the hypoxia response. The HIF-P4Hs 

belong to a family of 2-oxoglutarate-dependent dioxygenases (2-OGDD). In 

addition to the HIF-P4Hs and FIH the 2-OGDD enzyme family contains enzymes 

that function in collagen biosynthesis, fatty acid metabolism, DNA repair, RNA 

splicing and modification and histone demethylation (Myllyharju, 2013). For 

proper function, the 2-OGDD enzymes require ferrous iron (Fe2+), O2 and 2-

oxoglutarate (also known as α-ketoglutarate, 2OG), which are bound to the 

catalytic site in the following order: Fe2+, 2OG, the substrate and O2. Ascorbate is 

not a direct cofactor but supports the reaction (Myllyharju, 2013; Schofield & 

Ratcliffe, 2004). 

HIF-P4Hs hydroxylate the P residues located in -L-X-X-L-A-P- sequences in the 

HIFα ODDDs, two such sequences being present in HIF1α and HIF2α and one in 

HIF3α  as presented in Figure 5. The C-terminal Ps of the HIF1α and HIF2α subunit 

ODDDs are more efficiently hydroxylated than the N-terminal ones (Myllyharju, 

2013). The HIF-P4Hs bind Fe2+ and 2OG extremely tightly when compared to 

other 2OGDDs. As the enzymatic activity of these enzymes is dependent on O2, 

and Km values (Michaelis constant, which is the measure of a substrate’s affinity to 

an enzyme) of HIF-P4Hs for O2 are higher than the concentrations generally 

present in normoxic tissues in vivo, the HIF-P4Hs virtually act as cellular O2 

sensors (Myllyharju, 2013). 

During the hydroxylation reaction 2OG is stoichiometrically decarboxylated 

yielding succinate and CO2. One atom of the O2 becomes incorporated into the 

produced succinate and the other into the hydroxyl group generated on the P residue. 

Although ascorbate is not needed in the hydroxylation reaction, HIF-P4Hs require 

ascorbate for maximal activity as it acts as an O2 acceptor in uncoupled reaction 

cycles where 2OG is decarboxylated without the succeeding hydroxylation of the 

target P residue (Myllyharju, 2013). A schematic presentation of the HIFα P residue 

hydroxylation is presented in Figure 18.  

 

Fig. 18. HIFα proline hydroxylation. In the presence of sufficient O2, proline (Pro) 

residues of HIFα are hydroxylated leading to proteasomal degradation. Hydroxyl (OH-) 

groups are provided by O2 molecules. 2-oxoglutarate is decarboxylated and molecular 
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O2 split to form succinate and CO2. Each O2 molecule provides one oxygen atom for a 

hydroxy-proline (OH-Pro) residue and one for succinate. Ferrous iron (Fe2+) is required 

for reaction initiation. Ascorbate can act as an additional O2 acceptor.  

2.5.2 Structure  

Three major genes coding for HIF-P4H isoenzymes have been identified in 

mammals, EGLN2, EGLN1 and EGLN3 for HIF-P4H-1, HIF-P4H-2 and HIF-P4H-

3, respectively. An additional enzyme, a transmembrane P4H (P4H-TM, also 

known as PHD4), is found in vertebrates and encoded by the P4HTM gene. P4H-

TM has been characterized, but its major substrates and biological functions are as 

yet unclear (Myllyharju, 2013). With regard to HIF it functions similarly to the 

other HIF-P4Hs since it also hydroxylates the key P residues of HIFα and accounts 

for the stability of HIF.. However, it also hydroxylates HIFα where the P residues 

targeted by the classical HIF-P4Hs are mutated, which suggests it has substrates in 

addition to HIFα (Koivunen et al., 2007)  

The human HIF-P4H-1 is a 407-aa residue polypeptide while the HIF-P4H-2 

is slightly larger at 426-aa residues. HIF-P4H-3 is significantly shorter with 239 aa 

while P4H-TM is a 502-aa residue polypeptide with a transmembrane domain (TM) 

between aa 59 and 82 (Myllyharju, 2013). The sequence identity between HIF-

P4Hs 1-3 is 42-59% (Myllyharju, 2013). One to two variants of each isoenzyme 

are known, some having defective enzymatic activity or stability (Myllyharju, 

2013). 2-OGDDs are characterized by the double-stranded β-helix (DSBH) fold of 

the domain (OGDD domain or CAT) in which the HIF-P4Hs’ binding residues for 

Fe2+ and 2OG are located (Myllykoski et al., 2021). The Fe2+ binding motif is a 

2-H-1-N motif and the 2OG binding motif is an R or L residue (Gorres & Raines, 

2010; Hirsilä et al., 2003). However, the N-terminal domains of the HIF-P4Hs are 

not related (Myllykoski et al., 2021). The Fe2+ binding motif in HIF-P4H-1 is 

located at H-297, N-299, and H-358 residues and the residue binding the C5 

carboxyl group of 2OG is R-367 (Myllyharju, 2008). HIF-P4H-2 contains two 

structural domains, the N-terminal domain, which has homology to MYND zinc 

finger domains and the catalytic C-terminal domain, which has homology to other 

2-OGDDs (McDonough et al., 2006). In addition to the TM domain, the P4H-TM 

contains a cytosolic N-terminal region and an EF (calcium ion binding EF hand 

motif) domain inserted into the catalytic domain (Myllykoski et al., 2021). The 

schematic structures of each isoenzyme are presented in Figure 19.  
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Fig. 19. Schematic presentation of domain structures of the HIF-P4Hs. The HIF-P4Hs are 

characterized by the conserved catalytic OGDD/CAT domain which contains the binding 

residues for Fe2+ and 2OG. HIF-P4H-2 has a MYND-like zinc finger domain (MYND) 

located near the N-terminus. P4H-TM has a transmembrane domain (TM) located near 

the N-terminus and a calcium ion binding EF hand motif (EF) that is located within the 

CAT domain.  

2.5.3 Localization 

In mammals, the HIF-P4H mRNAs are widely expressed, and the expression levels 

vary between tissue types. HIF-P4H-2 mRNA is the most widely expressed. It is 

notable that the expressions of HIF-P4H-2 and 3 increase in hypoxia since EGLN1 

and EGLN3 are HIF target genes. In addition, the P4H-TM mRNA is also 

upregulated in hypoxia. This creates a negative feedback loop for the HIF response 

ensuring fast degradation of HIFα after returning to normoxic conditions 

(Myllyharju, 2013).  

On a cellular level HIF-P4H-1 acts in the nucleus while HIF-P4H-2 is mostly 

present in the cytoplasm, although a predominantly nuclear HIF1α hydroxylation 

by HIF-P4H-2 has also been proposed (Pientka et al., 2012). HIF-P4H-3 is found 
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in both the nucleus and cytoplasm (Metzen et al., 2003). On a systemic level, HIF-

P4H-2 is the most abundant of the isoenzymes. HIF-P4H-2 is arguably also the 

most crucial of the isoenzymes, as a KO of HIF-P4H-2 is embryonically lethal, 

while KO mouse lines of the other isoenzymes are viable (Myllyharju, 2013; K. 

Takeda et al., 2006). Furthermore, silencing HIF-P4H-2 is enough to stabilize HIFα 

under normoxia (Berra, Benizri, Ginouves et al., 2003). HIF-P4H isoenzymes 1-3 

are all present in the kidney while the highest levels of HIF-P4H-1 and HIF-P4H-

3 mRNA have been detected in the placenta and heart, respectively. P4H-TM has a 

more limited expression pattern, its highest mRNA levels being detected in the 

nervous system and retina (Myllyharju, 2013). 

2.5.4 Mutations 

As discussed in the previous chapters, induction of erythropoiesis is one of the 

major consequences of HIF stabilization. Several mutations of EGLN1, the gene 

coding for HIF-P4H-2, are known to cause severe congenital erythrocytosis which 

is characterized by polycythemia and pulmonary hypertension (Semenza, 2020). 

Percy et al. first identified a mutation of EGLN1 that significantly decreased HIF-

P4H enzymatic activity in a family with severe familial erythrocytosis (Percy et al., 

2006). Several other erythropoiesis causing mutations of EGLN1 have since been 

reported (Albiero et al., 2012; Al-Sheikh et al., 2008; Barradas et al., 2018; Ladroue 

et al., 2008; Ladroue et al., 2012; Moore et al., 2020; Percy et al., 2007; D. Song et 

al., 2019; C. Yang et al., 2015). Most of the mutations in EGLN1 localize to the 

non-catalytic domains of the gene (Minervini et al., 2016).  A mutation found by 

Ladroue et al. was the first mutation that associated erythrocytosis with consequent 

paragangliomas (Ladroue et al., 2008). Yang et al. later described a similar 

association in addition to a mutation in EGLN2, the gene coding for HIF-P4H-1, 

which associated with paragangliomas/pheochromocytomas (C. Yang et al., 2015). 

However, Astuti et al. analyzed patients with pheochromocytomas and renal cell 

carcinoma and did not detect any mutations of EGLN1-3 suggesting that mutations 

in these genes are not a frequent cause of inherited phaeochromocytoma (Astuti et 

al., 2010). Two mutations in EGLN1 have been found in Tibetans living in the high-

altitude conditions of the Himalayas where they are exposed to environmentally 

induced erythropoiesis.  These mutations provide a protective measure against 

polycythemia (Lorenzo et al., 2014). No mutations of EGLN3 have been reported 

to cause human diseases. However, a mutation of P4HTM has been reported that is 

a candidate variant causing  a phenotype characterized by distinctive facial features, 
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intellectual disability, hypotonia and deformations of the musculoskeletal system 

(Rahikkala et al., 2019). 

2.5.5 HIF-P4H-deficient mouse models 

KO mouse models are used to study the physiological roles of HIF-P4Hs in vivo. 

The specific gene or genes of KO mice has/have been selectively inactivated which 

leads to a loss of gene activity and a KO phenotype. In the case of HIF-P4Hs, the 

KO models offer a window to investigate the effects of HIF stabilization via loss 

of HIF-P4H enzymatic activity under normoxic conditions. Studies on HIF-P4H 

KO models provide valuable information about the physiological roles of 

individual HIF-P4H isoenzymes and guidance for further studies on pharmacologic 

HIF-P4H inhibitors.  

HIF-P4H-1-deficient mouse models 

Hif-p4h-1-/- (global KO of the gene encoding HIF-P4H-1 in mice, Hif-p4h-1) mice 

are viable. Multiple studies have reported promising results on these mice being 

less susceptible to acute cardiac or skeletal muscle ischemia than their wildtype 

(WT) littermates. These mice were less susceptible to myocardial 

ischemia/reperfusion (I/R) injury by reducing apoptosis and infarction size ex vivo 

and by increasing neovascularization and decreasing loss of myocardial function 

(Adluri et al., 2011; Thirunavukkarasu et al., 2011). Hif-p4h-1-/- mice also showed 

lower O2 consumption in skeletal muscle through metabolic remodeling, 

decreasing performance in healthy conditions but providing acute protection 

against lethal skeletal muscle ischemia (Aragonés et al., 2008). Rishi et al. later 

reported increased angiogenesis and blood perfusion in hind-limb ischemia in these 

mice (Rishi et al., 2015). However, in a more recent study these mice were reported 

to have less muscle mass due to stabilization of leucyl tRNA synthetase and 

impaired muscle mTORC1 activity (D'Hulst et al., 2020).  

Several studies on liver diseases have also been reported on these mice. Hif-

p4h-1-/-mice attenuated liver (I/R) injury by having less oxidative stress in their 

livers and these mice showed increased liver regeneration after partial hepatectomy 

(Mollenhauer et al., 2012; Schneider et al., 2010). Double KO mice of Hif-p4h-1-/- 

and the low density lipoprotein receptor (LDLR-/-) showed lower cholesterol levels, 

less inflammation and better glucose tolerance compared to LDLR-/- mice (Marsch 

et al., 2016). However, Hif-p4h-1-/- mice also showed increased hepatic steatosis, 
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liver-specific IR, increased WAT mass and impaired glucose tolerance compared to 

their WT littermates (A. Thomas et al., 2016). Furthermore, Fitzpatrick et al. 

reported increased basal NF-κB activity in hepatocytes of these mice ex vivo, which 

promoted hepatocyte apoptosis (Fitzpatrick et al., 2016).  

Hif-p4h-1-/-mice were also less susceptible to the development of colitis than 

WT controls as determined by weight loss, disease activity, colon histology, 

neutrophil infiltration, and cytokine expression (Tambuwala et al., 2010). These 

mice also showed reduced retinal neovascularization and apoptosis which 

decreases the severity of sight loss in ischemic retinopathy (H. Huang et al., 2011). 

However, they also showed hyperplasia and hypertrophy of pulmonary 

neuroepithelial bodies (NEBs) in the lungs, which are associated with several 

pediatric lung disorders (Livermore et al., 2015; Pan et al., 2012; Pan et al., 2016). 

Table 2 summarizes the studies on genetic mouse models regarding HIF-P4H-1. 

HIF-P4H-2-deficient mouse models 

Global KO of Hif-p4h-2 is embryonically lethal due to placental defects and 

embryonic cardiac defects (K. Takeda et al., 2006). Conditional tissue specific 

(cHif-p4h-2-/-) or heterozygous KO models (Hif-p4h-2+/-) have therefore been 

developed to study the physiological effects of this isoenzyme in vivo. Mazzone et 

al. reported that heterozygous Hif-p4h-2+/- mice have restored tumor oxygenation 

and less tumor invasion and metastasis via normalizing their endothelial function 

(Mazzone et al., 2009). Takeda et al. showed that Hif-p4h-2+/- mice had pre-formed 

collateral arteries that preserved limb perfusion and prevented tissue necrosis in 

hind-limb ischemia (Y. Takeda et al., 2011). Hif-p4h-2+/- mice also showed 

moderate hyperplasia and hypertrophy of NEBs in the lungs, which is again 

associated with several pediatric lung disorders (Pan et al., 2016). 

Most studies regarding HIF-P4H-2 have utilized different strains of cHif-p4h-

2-/- mice. The earliest studies were focused on red blood cells and vasculature. cHif-

p4h-2-/- mice showed increased levels of EPO and renal erythrocytosis 

(Minamishima et al., 2008; K. Takeda et al., 2008). Hepatic inactivation of either 

HIF-P4H-1, HIF-P4H-2, or HIF-P4H-3 alone did not increase EPO or hematocrit 

values. Loss of all three HIF-P4Hs, however, dramatically increased EPO and 

hematocrit values (Minamishima & Kaelin, 2010). 
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Table 2. Genetic mouse models of HIF-P4H-1. Hif-p4h-1-/-mice are viable. Studies have 

shown mixed results on Hif-p4h-1-/- mice in different tissue types regarding their general 

health although most studies seem to report modestly favorable outcomes after 

silencing HIF-P4H-1.  WAT, White Adipose Tissue; IGT, Impaired Glucose Tolerance; IR, 

Insulin Resistance; NEB, Neuroepithelial bodies; NV, Neovascularization. Simplified 

outcome + stands for a positive outcome regarding general health. Simplified outcome 

- stands for a negative outcome regarding general health. 

Hif-p4h-1-/- organ/ 

organ system 

Pathology  Simplified 

outcome 

Study 

Cardiovascular Dyslipidemia, IGT + Marsch et al. 2016 

Cardiovascular Dyslipidemia - Demandt et al. 2021 

Colon Colitis + Tambuwala et al. 2010 

Heart Myocardial ischemia + Adluri et al. 2011 

Liver Liver ischemia + Schneider et al. 2010 

Liver Hepatocyte apoptosis - Fitzpatrick et al. 2016 

Liver Liver regeneration + Mollenhauer et al. 2012 

Liver, WAT Liver steatosis, IR, WAT mass - Thomas et al. 2016 

Lungs NEB hyperplasia and trophy - Pan et al. 2016 

Retinae Retinal NV and apoptosis + Huang et al. 2011 

Skeletal muscle Muscle mass - D'Hulst et al. 2020 

Skeletal muscle Hind-limb ischemia + Rishi et al. 2015 

Skeletal muscle Skeletal muscle ischemia + Aragonés et al. 2008 

WAT, White Adipose Tissue; IGT, Impaired Glucose Tolerance; IR, Insulin Resistance; NEB, 

Neuroepithelial bodies; NV, Neovascularization 

Later some studies on cardiac function have also been reported on different strains 

of cHif-p4h-2-/- mice. Mice with cardiomyocyte specific cHif-p4h-2-/- showed a 

decreased rate of apoptosis and improved cardiac function compared to WT 

littermates after myocardial infarction (Hölscher et al., 2011). Mice with cHif-p4h-

2-/- in the myeloid lineage showed less hypertension-related cardiac remodeling and 

macrophage infiltration in the aortic wall, and in another study reduced apoptosis 

and inflammation as well as improved cardiac function on a HFD (High Fat Diet) 

were reported (Ikeda et al., 2013; Zeng & Chen, 2014). Matsuura and colleagues 

reported better resistance on HFD-induced obesity, better glucose tolerance and less 

adipose tissue inflammation in adipocyte specific cHif-p4h-2-/- mice (Matsuura et 

al., 2013). 

However, some studies have reported adverse effects as well. Mice with a cHif-

p4h-2-/- in the vascular endothelium showed increases in pulmonary arterial 

pressure and ventricular hypertrophy which caused vascular remodeling (S. Wang 

et al., 2016). Furthermore, mice with cHif-p4h-2-/- in endothelial and hematopoietic 
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cells showed severe pulmonary arterial hypertension resulting in right ventricular 

hypertrophy and increased mortality (Dai et al., 2016).  

Many studies have also focused on the nervous and musculoskeletal systems. 

Mice with neuron specific cHif-p4h-2-/- subjected to transient cerebral ischemia 

showed reduction in infarct size, and cell death of hippocampal neurons was 

dramatically reduced in these mice. In another study these mice showed improved 

recovery from ischemic stroke via increased vascular density and reduced 

inflammation (Kunze et al., 2012; Li et al., 2016). Mice with cHif-p4h-2-/- in 

skeletal muscle showed increased capillary density and transition to slower type I 

muscle fibers, and in another study these mice showed increased muscle activity 

and greater improvement in running time than trained control mice (Nunomiya et 

al., 2017; Shin et al., 2016). Regarding the skeletal system, mice with cHif-p4h-2-/- 

in chondrocytes showed increased bone thickness and formation and increased 

bone mass (Cheng et al., 2016). However, mice with cHif-p4h-2-/- in the osteoblast 

lineage developed a short stature and premature death at 12 to 14 weeks of age, 

defining the role of HIF-P4H-2 as a key component in skeletal development. 

Furthermore, mice with cHif-p4h-2-/- in articular chondrocytes accelerated 

differentiation and reduced articular cartilage thickness indicating negative 

regulation of chondral development (Cheng et al., 2014; Cheng et al., 2017). Also, 

mice deficient in HIF-P4H-2 in several cell lineages, including EPO-producing 

cells, osteoblasts, and hematopoietic cells showed lower bone density in the distal 

femur as well as the vertebral body due to compromised bone formation (Rauner 

et al., 2016).  

There have also been reports on liver function, retinae, kidneys and skin of the 

cHif-p4h-2-/- mice. Mice with cHif-p4h-2-/- in the liver produced more glucose from 

lactate via gluconeogenesis indicating protection against lactic acidosis (Suhara et 

al., 2015). Neonatal mice with cHif-p4h-2-/- showed decreased levels of O2-induced 

retinopathy (L. J. Duan et al., 2011). Epidermal and dermal specific cHif-p4h-2-/- 

mice showed an increased wound healing rate and response to ischemia 

(Zimmermann et al., 2014). Mice with cHif-p4h-2-/- in proximal tubules had 

increased peritubular capillaries after a HFD compared to WT littermates indicating 

protection against obesity-induced kidney damage (Futatsugi et al., 2016).  

A specific mouse strain hypomorphic for Hif-p4h-2 has been produced using a 

gene trap mechanism (Hif-p4h-2gt/gt). These hypomorph mice have tissue-specific 

HIF-P4H-2 mRNA knockdowns in all major organs (Hyvärinen et al., 2010). These 

mice are leaner, have less adipose tissue and smaller adipocytes, lower serum 

cholesterol levels and improved glucose metabolism compared to their WT 
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littermates, and they have ameliorated aging induced changes like inflammation, 

liver diseases, cancer, anemia and myocardial infarctions without affecting their 

life-span. These changes associate with alterations in metabolic and inflammatory 

HIF target genes (Laitakari et al., 2019; Laitakari et al., 2020; Rahtu-Korpela, 

Karsikas, Hörkkö et al., 2014). These mice also show non-EPO-driven 

extramedullary erythrocytosis (Myllymäki et al., 2017).  In addition, they are 

protected from cardiac I/R injury and LAD (left anterior descending coronary artery) 

ligation induced cardiac ischemia due to having larger capillaries, better maintained 

energy production during ischemia and favorable endothelial cell metabolism. 

Moreover, this strain accompanied with a mutation causing LDL-receptor 

deficiency is protected from the development of atherosclerosis (Hyvärinen et al., 

2010; Kerkelä et al., 2013; Rahtu-Korpela et al., 2016). Furthermore, these mice 

also have larger skeletal muscle capillaries and increased glycolytic metabolism 

and are protected from skeletal muscle I/R injury and show enhanced skeletal 

muscle tissue regeneration after soft tissue trauma (Karsikas et al., 2016; 

Settelmeier et al., 2020). The effects of genetic HIF-P4H-2 depletion are 

summarized in Table 3.  

HIF-P4H-3-deficient mouse models 

Mice with a global KO of HIF-P4H-3 are viable. As with the other HIF-P4Hs the 

earliest mouse models regarding HIF-P4H-3 focused mostly on vascularization, 

erythropoiesis and the CV system with mostly positive results. A double KO model 

of Hif-p4h-1-/- and Hif-p4h-3-/- mice showed increased hepatic erythrocytosis (K. 

Takeda et al., 2008). In more recent studies, Hif-p4h-3-/- mice showed improved 

angiogenesis and less myocardial and cardiomyocyte apoptosis induced by I/R 

injury after being exposed to LAD ligation compared to their WT 

littermates(Oriowo et al., 2014; L. Xie et al., 2015). In addition, Hif-p4h-3-/- mice 

showed increased angiogenesis and blood perfusion in hind-limb ischemia 

compared to WT controls (Rishi et al., 2015). Mice with liver specific cHif-p4h-3-

/- showed improved insulin sensitivity and glucose tolerance (Taniguchi et al., 

2013). In a more recent study, Hif-p4h-3-/- mice showed loss of ACC2 (acetyl-CoA 

carboxylase 2) hydroxylation in the heart and skeletal muscle, which leads to 

elevated fatty acid oxidation, and Hif-p4h-3-/- or skeletal muscle-specific cHif-p4h-

3-/- mice had enhanced exercise capacity and endurance (Yoon et al., 2020).  
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Table 3. Genetic mouse models of HIF-P4H-2. Hif-p4h-2-/- is embryonically lethal, 

therefore heterozygous Hif-p4h-2+/- and conditional tissue specific cHif-p4h-2-/- models 

have been used to study this isoenzyme. Hif-p4h-2gt/gt mice have a high-level 

knockdown of Hif-p4h-2 in all major tissue types. Silencing HIF-P4H-2 seems to be 

detrimental for bone development in some circumstances and pulmonary hypertension 

has been reported in cHif-p4h-2-/- models. However, most studies have reported partial 

or organ-specific silencing Hif-p4h-2 to be beneficial for health. Simplified outcome + 

stands for a positive outcome regarding general health. Simplified outcome - stands for 

a negative outcome regarding general health. 

Genetic model Organ/ 

Organ system  

Pathology  Simplified 

outcome 

Study 

Hif-p4h-2-/- Placenta Embryonic lethality - Takeda et al. 2006 

Hif-p4h-2+/- Lungs NEB hyperplasia, -trophy - Pan et al. 2016  
Tumor Invasion and metastasis + Mazzone et al. 2009 

  SKM Hind-limb ischemia + Takeda et al. 2011 

cHif-p4h-2-/-     

Chondrocyte Bone Bone formation  + Cheng et al. 2016 

Chondrocyte Bone Cartilage reduction - Cheng et al. 2017 

Multiple* Bone Bone formation - Rauner et al. 2016 

Osteoblast Bone Short stature,  - Cheng et al. 2014 

Myeloid cell CV Hypertension + Ikeda et al. 2013 

Endothelium CV Pulmonary hypertension - Wang et al. 2016 

Endothelium CV Pulmonary hypertension - Dai et al. 2016 

Epi-, dermis Dermis Wound ischemia + Zimmermann et al. 2014 

Cardiomyocyte Heart Myocardial ischemia + Hölscher et al. 2011 

Kidney Kidney Erythropoiesis + Takeda et al. 2008 

Kidney Kidney Erythropoiesis + Minamishima et al. 2008 

Retinae Kidney Kidney damage + Futatsugi et al. 2016 

Hepatocyte Liver Gluconeogenesis  + Suhara et al. 2015 

Neuron NS Cerebral ischemia + Kunze et al. 2012 

Neuron NS Ischemic stroke + Li et al. 2016 

Retinae Retina Retinopathy + Duan et al. 2011 

Adipocyte WAT IR, obesity + Matsuura et al. 2013 

SKM SKM Conditioning  + Nunomiya et al. 2017 

SKM SKM Slower type I muscle fibers + Shin et al. 2016 

Hif-p4h-2gt/gt Adipose tissue Obesity, dyslipidemia, IR + Rahtu-Korpela et al. 2014 

 Heart Cardiac ischemia + Kerkelä et al. 2013 

  CV Atherosclerosis + Rahtu-Korpela et al. 2016 

  SKM SKM ischemia + Karsikas et al. 2016 

  SKM Soft tissue regeneration + Settelmeier et al. 2020 

IR; Insulin Resistance, NEB; Neuroepithelial bodies, CV; cardiovascular, SKM; Skeletal Muscle, 

NS; Nervous system, WAT; white adipose tissue 
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However, Hif-p4h-3-/- mice have also been reported to develop a hypofunctional 

sympathoadrenal system, which reduced target tissue innervation, adrenal 

medullary secretory capacity, sympathoadrenal responses, and systemic bp  

(Bishop et al., 2008). Hif-p4h-3-/- mice also showed hyperplasia and hypertrophy of 

NEBs in the lungs, which are associated with several pediatric lung disorders (Pan 

et al., 2016). A double KO model of Hif-p4h-3-/- and LDLR-/- mice showed increased 

blood hematocrit levels and dyslipidemia (Demandt et al., 2021).  

A few studies on inflammatory responses have also been reported in different 

mouse lines. Walmsley et al. reported that Hif-p4h-3-/- mice had reduced 

neutrophilic inflammation in acute colitis (Walmsley et al., 2011). Furthermore, 

conditional myeloid cell specific cHif-p4h-3-/- mice ameliorated inflammatory 

reaction and fibrosis in skeletal muscle after I/R injury compared to WT littermates 

although no change in revascularization was observed (Beneke et al., 2017). On the 

other hand, Kiss et al. reported that Hif-p4h-3-/- aggravates the clinical course of 

abdominal sepsis via HIF1α- and NF-κB-mediated enhancement of the innate 

immune response (Kiss et al., 2012). The effects of genetic HIF-P4H-3 depletion 

are summarized in Table 4.  

Table 4. Genetic mouse models of HIF-P4H-3. Hif-p4h-3-/-mice are viable. Studies have 

shown mixed results on Hif-p4h-3-/-mice in different tissue types regarding their general 

health. Simplified outcome + stands for a positive outcome regarding general health. 

Simplified outcome - stands for a negative outcome regarding general health. 

Genetic model Organ/ 

Organ system 

Pathology  Simplified 

outcome 

Study 

Hif-p4h-3-/- Abdomen Sepsis - Kiss et al. 2012 

 Adrenal system Hypofunction - Bishop et al. 2008 

  Colon Colitis + Walmsley et al. 2011 

  Heart Myocardial ischemia + Oriowo et al. 2014 

  Lungs NEB hyperplasia, -trophy - Pan et al. 2016 

  SKM Hind limb ischemia + Rishi et al. 2015 

  SKM Exercise capacity + Yoon et al. 2020 

cHif-p4h-3-/-      

Myeloid cells Heart Inflammation after MI + Beneke et al. 2017 

Hepatocytes Liver Insulin sensitivity + Taniguchi et al. 2013 

Hif-p4h-1-/- and Hif-p4h-3-/- Liver Hepatic erythrocytosis + Takeda et al. 2008 

Hif-p4h-3-/- and LDLR-/-  CV Dyslipidemia - Demandt et al. 2021 

MI, Myocardial infarction, SKM; Skeletal Muscle, CV; Cardiovascular 
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P4H-TM-deficient mouse models 

P4H-TM was more recently discovered to regulate HIF than the other prolyl 

hydroxylases. Therefore, there have been fewer studies on P4H-TM to date. Mice 

with a global KO of P4H-TM are viable with no apparent functional impairments. 

As with the other prolyl hydroxylases regulating HIF stability, studies on P4H-TM 

have shown mixed results regarding general health.  

P4h-tm−/− mice show increased serum EPO levels and lower liver hepcidin 

mRNA expression indicating P4H-TM’s role in erythropoiesis (Laitala, Aro, 

Walkinshaw, Maki et al., 2012). These mice showed age-related retinal and renal 

alterations including increased development of glomerular sclerosis and 

albuminuria and characteristics of aging macular degeneration (AMD) (Leinonen 

et al., 2016). However, in later studies these mice also showed decreased fear and 

anxiety as well as increased social behavior (Leinonen et al., 2019). Furthermore, 

a double KO mouse line deficient in P4H-TM and the LDL receptor (P4h-

tm−/−/Ldlr−/−) had lower serum TG levels and less aortic atherosclerotic plaques 

(Määttä et al., 2021). 

To summarize the data on the genetic HIF-P4H mouse models, it is evident that 

all four prolyl hydroxylases responsible for stabilizing HIF have multiple roles in 

various tissue types and organs. Therefore, pharmacologic inhibition of these 

enzymes offers a wide variety of therapeutic possibilities.  

2.5.6 Therapeutic targeting 

The effects of HIF-P4H depletion have been studied extensively in genetic models 

with promising results (See Tables 2,3,4 in chapter 2.5.5). Therefore, 

pharmacologic HIF-P4H inhibition has emerged as a possible novel treatment 

strategy for a variety of conditions. During the last decade or so, the effects of HIF-

P4H inhibition have been studied extensively in mouse models and to some extent, 

in humans. As concluded by the previous chapters, and to no surprise, O2 is a key 

component in many of the studied conditions regarding HIF-P4H depletion. The 

HIF pathway regulates EPO production making it a viable therapeutic target for 

diseases characterized by impaired EPO production. The HIF pathway is also 

involved in cancer, and many studies have reported HIF stabilization in tumors 

(Semenza, 2009). Therefore, tumor physiology is also a central study focus 

regarding HIF-P4H inhibition. The following chapters outline the basic mechanics 
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of HIF-P4H inhibition, key disease groups studied and results and status of past 

and ongoing preclinical and clinical trials on the inhibition of these enzymes. 

Mechanisms of action 

HIF-P4Hs can directly be inhibited in manners which specially target the cofactors 

of the enzyme such as divalent metal ions other than Fe2+ (for example Co2+), iron 

chelators such as desferoxamine (DFO) that bind ferrous iron into stable complexes, 

ROS and NO. 2-OG, a co-substrate of the prolyl hydroxylation reaction can be 

inhibited by structural analogs such as fumarate and succinate, which are naturally 

occurring intermediates of the Krebs cycle and with industrially produced 

pharmacological 2-OG-analogs. In recent years, 2-OG-analogs (also 

hypoxiamimetics) have emerged as the leading compounds studied regarding the 

therapeutic possibilities of HIF-P4H inhibition (Koivunen et al., 2016). Figure 20 

summarizes the key mechanisms of HIF-P4H inhibition. 

 

Fig. 20. Mechanisms of HIF-P4H inhibition. Most inhibitory mechanisms target the 

cofactors of HIF-P4Hs. Pharmacologic HIF-P4H inhibition can essentially activate the 

hypoxia response in normoxic conditions. A solid line indicates a competitive inhibitory 

mechanism. A dashed line indicates a non-competitive inhibitory mechanism. 

In anemias 

Anemia is defined as a systemic decrease in O2 delivery capacity resulting from a 

decrease in the total amount of RBCs and Hb levels in the blood due to various 

reasons. Anemias lead to a variety of symptoms including increased fatigue, 

dizziness and shortness of breath. Renal anemia, an anemia subclass, is a result of 

CKD and is caused by damage to renal EPO producing cells (REPCs) which results 

in the loss of renal EPO production and decreased erythropoiesis and O2 delivery 
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capacity. CKD eventually leads to an almost complete loss of renal function, 

requiring regular dialysis treatment. Myelodysplastic syndrome (MDS) is another 

cause for anemia. MDS is a group of hematologic conditions that progress into 

acute myeloid leukemia.  MDS is characterized by impaired maturation of myeloid 

lineage cells that include RBCs. Intravenous (i.v.) treatment with recombinant 

human EPO combined with oral or i.v. iron substitution are the current standard 

therapies for non-dialysis and dialysis dependent renal anemias. Anemia caused by 

MDS is also treated by recombinant EPO or RBC transfusions. I.v. treatments 

always have associated side effects and include the possibility of iatrogenic 

infections underlining the need for a safe oral treatment option for these conditions. 

Furthermore, treatment with recombinant EPO has raised some safety concerns 

regarding CV complications resulting in a black box warning by the FDA (U.S 

Food and Drug Administration) (Kile & Sudchada, 2021; Myllyharju, 2013).  

As concluded in chapter 2.5.5, genetic depletion of Hif-p4h-2 and P4h-tm and 

coincident HIF2α stabilization increases renal EPO levels leading to increased 

erythrocytosis (Laitala, Aro, Walkinshaw, Mäki et al., 2012; K. Takeda et al., 2008). 

In addition, loss of all three HIF-P4Hs in the liver dramatically increases hepatic 

EPO levels and hematocrit values (Minamishima & Kaelin, 2010). These results 

suggest that renal EPO production could be increased by HIF-P4H-2 or P4HTM 

specific inhibitors while hepatic EPO induction would require a pan-inhibitor of 

HIF-P4H-1 through 3.  

The pan-HIF-P4H inhibitors increase endogenous EPO levels and regulate iron 

metabolism by reducing hepcidin levels. In 2020 there were over 50 ongoing or 

completed anemia-related clinical trials for these compounds as reviewed by 

Kile&Sudchada (Kile & Sudchada, 2021). Multiple studies reported increased Hb 

levels in patients receiving the HIF-P4H inhibitors compared to placebo and Hb 

levels comparable to controls receiving recombinant EPO. Furthermore, the study 

groups maintained their iron levels more consistently indicating HIF-P4H 

inhibitors as a potential oral treatment option for patients suffering from CKD-

related anemias. The results also indicate that due to enhanced iron metabolism, 

these compounds could reduce the need for iron supplementation (Kile & Sudchada, 

2021). Of these compounds, Roxadustat (FG-4592, FibroGen Inc., Astellas and 

Astra Zeneca) is the first oral HIF-P4H pan-inhibitor approved for clinical use for 

the treatment of CKD-related anemia -first in dialysis and later in non-dialysis 

dependent patients in China in 2018 and subsequently in Japan in 2019. 

Daprodustat (GlaxoSmithKline) is another compound approved for patients with 

CKD associated anemia in Japan in 2020. In addition, several other HIF-P4H 
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inhibitors (Vadadustat; Akebia therapeutics, Molidustat; Bayer HealthCare 

Pharmaceuticals, Desidustat; Zydus Cadila) are in late-stage clinical trials for the 

treatment of anemia in adult patients due to CKD while Roxadustat is currently the 

only one in clinical trials for treatment in pediatric patients and MDS associated 

anemia (clinicaltrials.gov). In July 2021, although already approved in multiple 

countries and after receiving a positive opinion from the European Medicines 

Agency (EMA) and approval by the EU in August of 2021 for the treatment of 

anemia due to CKD, the FDA’s Cardiovascular and Renal Drugs Advisory 

Committee (CRDAC) voted against the United States approval of Roxadustat for 

the treatment of both dialysis-dependent and non-dialysis dependent adult patients 

with CKD-related anemia due to concerns about CV side effects such as 

thromboembolism. Fibrogen Inc. and AstraZeneca, co-owners of the drug, are 

currently planning continuation studies to address the concerns raised by the FDA 

(astrazeneca.com). Planned, recruiting and ongoing clinical trials on anemia 

involving these substances are presented in Table 5.  

Table 5. Planned, recruiting and ongoing clinical trials involving HIF-P4H inhibitors on 

treatment of anemia as of November 2021. MDS; myelodysplastic syndrome 

Condition Population Treatment Current phase First approval 

Renal anemia Adults Roxadustat Phase 4 China 2018 

Renal anemia Adults Vadadustat Phase 3 Japan 2020 

Renal anemia Adults Molidustat Phase 3 Japan 2020 

Renal anemia Adults Enarodustat Phase 3 Japan 2020 

Renal anemia Adults Daprodustat Phase 3 Japan 2020 

Renal anemia Adults Desidustat Phase 3 not yet approved 

Renal anemia Adults SSS-17 Phase 1 not yet approved 

Renal anemia Children Roxadustat Phase 3 not yet approved 

MDS Adults Roxadustat Phase 3 not yet approved 

In ischemias and atherosclerosis 

Ischemias are conditions characterized by impaired blood flow and thus O2 delivery. 

Such conditions involve a wide range of pathologies, including myocardial 

infarction, ischemic stroke, acute kidney injury, trauma and sleep apnea. 

Atherosclerosis is the most common cause of myocardial ischemia and ischemic 

stroke. Ischemia is followed by subsequent restoration of perfusion and 

reoxygenation. Restoration of blood flow and reoxygenation is associated with 

increased tissue injury. I/R injury causes imbalance in the metabolic supply 
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resulting in tissue hypoxia and dysfunction. I/R injury is a challenge during organ 

transplantation and cardiothoracic, vascular and general surgery. Ischemic 

conditions are a major cause of morbidity and mortality thus being a major focus 

of interest for drug development (Eltzschig & Eckle, 2011).  

As reviewed in chapter 2.5.5, genetic depletion of HIF-P4Hs show promising 

results with regards to ischemia and I/R injury relief.  Hif-p4h-1-/-, Hif-p4h-2+/- and 

Hif-p4h-2gt/gt mice show protection against skeletal muscle ischemia (Aragonés et 

al., 2008; Karsikas et al., 2016; Rishi et al., 2015; Y. Takeda et al., 2011). Hif-p4h-

1-/-, Hif-p4h-2gt/gt and Hif-p4h-3-/- mice are less susceptible to myocardial ischemia 

and I/R injury (Hyvärinen et al., 2010; Karsikas et al., 2016; Laitakari et al., 2020; 

Oriowo et al., 2014; L. Xie et al., 2015). Hif-p4h-2gt/gt and P4h-tm−/−/Ldlr−/− mice 

have lower serum lipid levels and less aortic atherosclerotic plaques, providing 

potential prophylaxis against cardiac ischemia and stroke (Määttä et al., 2021; 

Rahtu-Korpela et al., 2016). Hif-p4h-1-/- mice attenuate liver I/R injury and show 

increased liver regeneration after partial hepatectomy (Mollenhauer et al., 2012; 

Schneider et al., 2010). Mice with neuron specific cHif-p4h-2-/- show reduction in 

infarct size, improved recovery from ischemic stroke and reduced inflammation 

after cerebral ischemia (Kunze et al., 2012; Li et al., 2016). Taken together these 

results indicate that HIF-P4H inhibition could provide prophylactic and damage-

reducing therapeutic opportunities against various ischemic conditions.  

In pharmacologic mouse models, mice subjected to cerebral ischemia and pre- 

or post-treated with the HIF-P4H inhibitor FG-4497 (FibroGen Inc.) showed 

improved outcome from ischemic stroke and reduced edema formation by 

maintaining blood-brain-barrier integrity (Reischl et al., 2014). FG-4497 

administration to Ldlr−/− mice reduced the area of atherosclerotic plaques by 50% 

when compared to WT controls indicating protection against atherosclerosis 

(Rahtu-Korpela et al., 2016). Administration of 2-(1-chloro-4-

hydroxyisoquinoline-3-carboxamido) acetate (ICA) pre- and post-treatment to 

mice undergoing MI resulted in a significantly smaller infarct size (Vogler et al., 

2015). Administration of Enarodustat, another HIF-P4H inhibitor, protected the 

kidneys in a rat I/R injury model due to inhibited glycogenolysis and pretreatment 

with Roxadustat markedly reduced the myocardial infarct size in an I/R model 

(Deguchi et al., 2020; Ito et al., 2020). In addition, further analysis showed that 

Roxadustat could produce ischemic tolerance by shifting metabolism from aerobic 

to anaerobic respiration (Deguchi et al., 2020). Furthermore, improved renal 

function combined with reduced kidney injury and less inflammation were 

observed in mice treated with Roxadustat (Miao et al., 2021). 



88 

As discussed in chapter 2.5.6.2, anemias due to CKD are the current major 

study focus of the clinical HIF-P4H inhibitors. Reports of HIF-P4Hs as therapeutics 

for ischemic conditions in human populations are sparse.  Although Olson et al. 

reported that short-term treatment with Daprodustat did not improve measures of 

performance in patients with claudication-limited peripheral artery disease (PAD), 

a phase 2 clinical trial is currently recruiting patients to study the effects of post-

MI Roxadustat administration (Olson et al., 2014) (clinicaltrials.gov). With the 

promising results from mouse models, it is evident that further studies regarding 

treatment of ischemic diseases with HIF-P4H inhibitors are needed. 

In metabolic diseases 

The so-called “Western lifestyle” involving vastly increased levels of energy 

consumption and decreased energy expenditure have made MetS a global epidemic 

and a major public health challenge worldwide. MetS highly increases the risk of 

developing T2DM and a variety of CVDs. Common signs of metabolic dysfunction 

include obesity, chronic inflammation, elevated bp, high serum cholesterol levels, 

NAFLD, increased fasting glucose levels, glucose intolerance, IR and obstructive 

sleep apnea. Hypertension, obesity and inflammation can cause ventricular 

remodeling and impaired cardiac function due to increased cardiac load.  Systemic 

metabolic disorders such as hyperglycemia and dyslipidemia cause alterations to 

renal metabolism leading ultimately to CKD (Cornier et al., 2008; Eckel et al., 

2005). The total cost of MetS including the cost of health care and loss of potential 

economic activity is in the trillions, making it a key focus in drug development 

(Saklayen, 2018). HIF governs genes that regulate glucose and lipid metabolism. 

Inhibition of HIF-P4Hs which allows HIF stabilization and induction of these 

metabolic genes can therefore play a significant role in treating metabolic diseases 

(Koivunen et al., 2016). 

As reviewed in chapter 2.5.5, lowered cholesterol levels, less inflammation and 

better glucose tolerance have been reported in several HIF-P4H KO mouse strains 

including Hif-p4h-1-/-/LDLR-/-, Hif-p4h-2gt/gt and liver specific cHif-p4h-3-/- mice 

(Marsch et al., 2016; Rahtu-Korpela et al., 2014; Taniguchi et al., 2013). In addition, 

Hif-p4h-2gt/gt mice are leaner, have less adipose tissue and smaller adipocytes 

compared to WT littermates indicating protection against obesity (Rahtu-Korpela 

et al., 2014). In addition, less hypertension-related cardiac remodeling, better 

tolerance for HFD and protection against obesity induced kidney damage have been 

reported in different cHif-p4h-2-/- mouse lines (Futatsugi et al., 2016; Ikeda et al., 
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2013; Zeng & Chen, 2014). However, Hif-p4h-1-/- mice have also showed increased 

hepatic steatosis, liver-specific IR, increased WAT mass and impaired glucose 

tolerance compared to their WT littermates (A. Thomas et al., 2016). Fitzpatrick et 

al. also reported increased hepatocyte apoptosis in these mice (Fitzpatrick et al., 

2016). In addition, mice with cHif-p4h-2-/- in the vascular endothelium and 

hematopoietic cells developed hypertension-related ventricular hypertrophy (Dai et 

al., 2016; S. Wang et al., 2016) Furthermore, a double KO model of Hif-p4h-3-/- 

and LDLR-/- mice showed increased blood hematocrit levels and dyslipidemia 

(Demandt et al., 2021). Mice with a conditional hepatocyte specific KO of all three 

HIF-P4Hs showed highly elevated levels of liver EPO expression, severe vascular 

deformities and liver steatosis (C. Duan, 2016). To conclude, genetic depletion of 

HIF-P4Hs has a variety of metabolic consequences making HIF-P4H inhibition a 

potential therapeutic target for metabolic diseases. Most positive results cluster in 

genotypes involving some form of HIF-P4H-2 depletion, although both positive 

and negative effects have been reported in various KO genotypes.  

In pharmacological mouse models, when WT mice were treated with FG-4497 

a phenotype similar-to Hif-p4h-2gt/gt, which attenuates obesity and metabolic 

dysfunction, was observed (Rahtu-Korpela, Karsikas, Horkko et al., 2014). Saito 

and colleagues reported lower body weight, lower HDL cholesterol levels, less 

steatosis and adipocyte fibrosis and less macrophage infiltration in mice treated 

with Enarodustat (Saito et al., 2019). In a similar setting Sugahara et al. 

administered Enarodustat to diabetic mice and reported lower body weight, reduced 

blood glucose levels with improved insulin sensitivity, lower total cholesterol 

levels, higher adiponectin levels, and less adipose tissue as well as a tendency for 

lower macrophage infiltration. The Enarodustat treated mice also developed less 

kidney damage compared to controls (Sugahara et al., 2020). Furthermore, 

Hasegawa and colleagues studied Enarodustat in the early stages of diabetic kidney 

disease and reported that Enarodustat counteracts the diabetic changes in mouse 

kidneys supporting HIF-P4H inhibitors’ metabolic and renal protective roles 

(Hasegawa et al., 2020). Xie et al. reported better survival and less apoptosis in 

glomerular endothelial cells in high glucose induced injury model when the cell 

cultures were exposed to Roxadustat and Salidroside (R. Y. Xie et al., 2019). In 

another study with Enarodustat treatment, the mice showed reduced cardiac 

hypertrophy and ameliorated myocardial fibrosis in association with restored 

capillary density and improvement in mitochondrial morphology (Uchida et al., 

2020).  
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As with ischemia, metabolic diseases are also less studied in the context of 

HIF-P4H inhibition compared to CKD-related anemia. Interestingly though, 

clinical trials with Roxadustat and Daprodustat reported lowered serum cholesterol 

levels and an improved HDL/LDL lipoprotein profile as a side effect in the subjects 

treated with the respected HIF-P4H inhibitors (N. Chen et al., 2019; Olson et al., 

2014). Mouse data combined with the sparse clinical data support the candidacy of 

HIF-P4H inhibitors as a novel treatment opportunity for MetS.  
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3 Aims of the present study 

MetS is a cluster of highly prevalent metabolic disorders. NAFLD is considered a 

comorbidity of MetS. No disease specific pharmacological treatment strategies for 

NAFLD exist. Current HIF-P4H inhibitors are pan-inhibitors of all three HIF-P4H 

isoenzymes and are currently used in clinical practice for the treatment of CKD-

related anemias. Accumulating evidence links HIF-P4H inhibition and consequent 

activation of the HIF response to a variety of metabolic outcomes, but the roles of 

each isoenzyme in the metabolic context are not completely understood. Thus, 

deciphering the role of each isoenzyme in the context of metabolic disorders poses 

a variety of possibilities, potentially leading to further compound development and 

eventually novel treatment strategies for these highly prevalent disorders. Hb is the 

main carrier of O2 in the circulatory system and its levels directly affect tissue 

oxygenation. Thus, lower Hb levels can conceivably chronically activate the HIF 

response and alter the metabolic outcome beneficially. Therefore, this thesis aims 

to elaborate on the following questions:  

1. Can HIF-P4H-2 inhibition protect against NAFLD? 

2. What is the role of each HIF-P4H isoenzyme and their inhibition in the 

metabolic context? 

3. What is the role of Hb levels in the metabolic context? 

4. Can lower Hb levels chronically activate the HIF response and reprogram 

energy metabolism to alleviate metabolic dysfunction? 
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4 Materials and methods 

A summary of the materials and methods used in this thesis can be found below. 

Detailed descriptions with references are found in the original publications I-IV.  

Table 6.  A summary of the materials and methods used in this thesis. 

Level Method Used in article 

DNA PCR I 

RNA RNA isolation I, II, III  
Quantitative real-time PCR I, II, III 

Protein ELISA I, II, III  
SDS-PAGE and Western blotting I, II 

Cells and tissues Preparation and staining of paraffin sections I, II, III  
Immunohistological stainings I  
Histological analyses I, II, III  
Determination of tissue triglyceride content I  
Determination of tissue acetyl-CoA concentration I 

Mice HIF-P4H-deficient mouse lines I, II 

 Blood and serum analyses I, II, III  
14C-fructose uptake and analysis I  
Glucose tolerance test I, II, III  
Treatment with HIF-P4H inhibitor (FG-4497) I, II  
Treatment with HIF-P4H inhibitor (FG-4539) II  
Venesection III 

Analysed human data Blood and serum analyses III, IV  
Anthropometric and blood pressure measures III, IV  
Liver sonography IV  
Ambulatory blood pressure measurements IV  
Glucose tolerance test III, IV  
Questionnaires III, IV  
Resting-state oxygen consumption III  
NMR metabolomics III 

Other Gene set enrichment analysis III  
Mendelian randomization analysis III  
Statistical analyses I, II, III, IV 
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5 Results 

5.1 HIF-P4H-2 inhibition enhances intestinal fructose metabolism 

and induces thermogenesis protecting against NAFLD 

5.1.1 HIF-P4H-2-deficient mice are protected from fructose diet–

induced weight gain, but the diet did not induce NAFLD 

Hif-p4h-2gt/gt mice and their WT littermates were fed a standard rodent diet 

supplemented with a 30% fructose solution for 16 weeks. Although the daily intake 

of the fructose solution was similar between the genotypes (Fig. S1A in I), the Hif-

p4h-2gt/gt mice gained less weight during the diet and showed a ~ 20% lower body 

weight compared to WT at sacrifice and had > 50% less WAT (Fig. S1B–D in I). 

The Hif-p4h-2gt/gt mice also showed a slight trend towards better glucose tolerance 

compared to WT (Fig. S1E in I). The Hif-p4h-2gt/gt mice had lighter livers compared 

to WT (Fig. S1F in I), suggesting that the WT mice had developed fructose-induced 

hepatic steatosis as no baseline difference existed between the genotypes (Rahtu-

Korpela et al., 2014). However, steatosis was only visible in a few WT mice and s-

ALT levels of both genotypes were within the healthy range (≤50 IU/L), indicating 

no significant liver damage in either genotype. No liver inflammation was detected 

in either genotype (Fig. S1G-I in I). Thus, the diet was not potent enough to induce 

NAFLD. Therefore, to better mimic the Western diet, we combined the 30% 

fructose solution with a high-fat diet (HFHF).  

5.1.2 HIF-P4H-2-deficient mice are protected against high-fat, high 

fructose (HFHF) diet-induced obesity and retain a healthier 
serum lipid profile than the WT mice 

The Hif-p4h-2gt/gt and WT mice were fed the HFHF diet for 8 weeks, during which 

the Hif-p4h-2gt/gt mice did not gain weight, whereas the WT mice body weight 

increased drastically resulting in an almost 30% higher body weight at sacrifice 

(Fig. 1A-C in I). In addition, the Hif-p4h-2gt/gt mice had ~ 40% less WAT and 

smaller adipocytes and less BAT compared to the WT (Fig. D-F in I). Furthermore, 

the Hif-p4h-2gt/gt mice had fewer macrophage aggregates in their WAT than the WT 

indicating less inflammation (Fig. 1G in I). The Hif-p4h-2gt/gt mice also had lower 

serum leptin levels (Fig. 1H in I). The HFHF diet induced an increase in serum total 
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cholesterol, HDL, and LDL cholesterol levels in the WT but not in the Hif-p4h-

2gt/gt mice (Fig. 1I in I). There were no differences in serum TGs or FFA levels 

between the genotypes (Fig. 1J in I). 

5.1.3 HIF-P4H-2 -deficient mice are protected against HFHF diet–

induced steatosis and liver damage 

After receiving the HFHF diet for 8 weeks, the WT mice had livers that weighed 

significantly more than those of the Hif-p4h-2gt/gt mice, which also had much lower 

hepatic TG content compared to WT (Fig. 2A,B in I). In histological analysis, 50% 

of the Hif-p4h-2gt/gt livers had not developed steatosis while only one third of the 

WT livers showed no signs of steatosis and severe steatosis was observed in > 30% 

of the WT, but only in 10% of the Hif-p4h-2gt/gt livers (Fig. 2C in I). The HFHF diet 

also induced mild inflammation and fibrosis in about one third of the WT livers but 

not in the livers of Hif-p4h-2gt/gt  mice (Fig. 2D,E in I). The Hif-p4h-2gt/gt mice had 

slightly elevated s-ALT levels while the s-ALT levels of WT mice were at a 

pathological level of >100 IU/L, and a similar trend was observed in the serum 

aspartate aminotransferase (AST) levels (Fig. 2F,G in I). Additionally, lower levels 

of hepatic acetyl-CoA, a lipid and cholesterol biosynthesis precursor, were 

observed in the Hif-p4h-2gt/gt livers compared to the WT (Fig. 2H in I). 

In agreement with these findings, many hepatic lipid metabolism mRNAs were 

downregulated in the Hif-p4h-2gt/gt livers compared with those in WT, including the 

key regulators of glucose metabolism and lipid synthesis, the glucose-activated 

Chrebp and the insulin-activated Srebf1c, and several of their target genes. Also, 

the master regulators of hepatic lipid metabolism, Ppara and Pparg along with 

several of their target genes, and multiple lipogenesis, FA oxidation, and cholesterol 

metabolism mRNAs were downregulated (Fig. 2I in I). Furthermore, several 

inflammation and fibrosis markers were downregulated, corresponding to the 

histological findings, as was glutathione peroxidase 1 (Gpx1), whose 

downregulation in mouse liver improves glucose metabolism and reduces 

steatohepatitis (Fig. 2I in I) (Merry et al., 2014; Merry et al., 2016). In agreement, 

a 30% decrease was observed in the protein levels of fatty acid synthase (FAS) in 

the Hif-p4h-2gt/gt livers (Fig. 2J in I). Altogether, these data indicate that the Hif-

p4h-2gt/gt mice were protected from HFHF diet–induced NAFLD, hepatic fat 

accumulation, and liver damage. 
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5.1.4 HIF-P4H-2-deficient mice have lower hepatic fructose levels 

and better glucose tolerance on the HFHF diet than the WT 

Next, we studied the role of fructose and glucose in the NAFLD outcome. We 

administered 14C-labeled fructose orally to study the uptake of fructose by the 

mouse tissues 15 min after administration. The majority of the radioactivity was 

found in the intestine in both genotypes (Fig. 3A in I) while no difference was seen 

in its secretion in feces or urine between the genotypes (Fig. S3A in I). Interestingly, 

in most tissues the 14C-labeled fructose levels were 15-35% lower in Hif-p4h-

2gt/gt mice compared to WT with significant differences seen in the liver, kidney and 

serum. In some tissues the fructose levels were higher in the Hif-p4h-2gt/gt mice 

compared to WT with none reaching significance (Fig. 3A in I). The sum of 

radioactivity in all tissues was similar in both genotypes while the sum excluding 

the intestine was lower in Hif-p4h-2gt/gt mice suggesting an increase in the fructose 

uptake by Hif-p4h-2gt/gt intestines (Fig. 3A,B in I). Most of the dietary fructose in 

the small intestine is metabolized by ketohexokinases (KHKs), and excess fructose 

spills over to the liver and other organs (Jang et al., 2018). Accordingly, we 

investigated mRNA levels of KHK isoenzymes and fructose transporters and found 

upregulation of Slc2a2 (GLUT2) mRNA levels in the Hif-p4h-2gt/gt small intestine 

compared to the WT with downregulation of Hif-p4h-2 mRNA being ~ 65% in the 

small intestine of the Hif-p4h-2gt/gt mice (Fig. 3C in I). Also, the ketohexokinase a 

and c (Khka and Khkc) mRNA levels were significantly higher in the Hif-p4h-

2gt/gt small intestine compared to WT (Fig. 3C in I) as was the measured catalytic 

KHK activity (Fig. 3D in I). Altogether, these data suggest enhanced fructose 

metabolism in the Hif-p4h-2gt/gt intestine, resulting in less fructose being 

transported to the liver and other tissues. Furthermore, the HFHF-fed Hif-p4h-

2gt/gt mice maintained a better glucose tolerance than the WT with lower serum 

insulin levels and HOMA-IR scores, indicating better insulin sensitivity (Fig. 3E-

G in I). Lower levels of harmful byproducts of fructose metabolism, uric acid and 

lactate, were also detected in Hif-p4h-2gt/gt mice compared to WT (Fig. 3H,I in I). 

Hif-p4h-2gt/gt mice also had a lower lactate/glucose ratio in agreement with 

previously reported enhanced lactate clearance in these mice (Karsikas et al., 2016). 

The hepatic mRNA level of the fructose transporter Slc2a2 was significantly lower 

in the Hif-p4h-2gt/gt livers than in the WT, supporting the observed reduced 

hepatic 14C-fructose uptake, while no difference between the genotypes in the 

levels of Slc2a5 or Khks was detected (Fig. 3K in I). 
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5.1.5 HIF-P4H-2-deficient mice are protected from obesity and retain 

a healthier serum lipid profile when challenged with an HF-MCD 

diet 

Next, we challenged the Hif-p4h-2gt/gt and WT mice with a HF-MCD (high fat-

methionine-choline-deficient) diet, purposely inducing a more severe form of 

NAFLD than the HFHF diet. The Hif-p4h-2gt/gt mice gained significantly less 

weight compared to that of the WT during the 7-week diet, and at sacrifice, they 

had a 22% lower body weight (Fig. 4A-C in I). In agreement, Hif-p4h-2gt/gt mice 

had 45% less WAT than the WT with significantly smaller adipocytes and a trend 

towards lower BAT weight (Fig. 4D-F in I). Furthermore, fewer macrophage 

aggregates were detected in the Hif-p4h-2gt/gt WAT (Fig. 4G in I). Additionally, 

the Hif-p4h-2gt/gt mice retained a healthier serum lipid profile than the WT, with 

lower total cholesterol levels (Fig. 4H in I) and fasting glucose levels (Fig. S4 in I). 

5.1.6 HIF-P4H-2-deficient mice are protected against HF-MCD diet–

induced steatosis and liver damage 

The Hif-p4h-2gt/gt livers were > 20% lighter than those of the WT after the HF-MCD 

diet (Fig. 5A in I). Consistently, the Hif-p4h-2gt/gt livers also had a lower hepatic 

TG content (Fig. 5B in I) and histological scores for steatosis severity, with ~ 35% 

of the Hif-p4h-2gt/gt livers scoring “very severe steatosis” compared to ~ 70% in WT 

(Fig. 5C in I). Mild inflammation and fibrosis were detected in the livers of both 

genotypes (Fig 5D, S5A in I). Additionally, s-ALT and s-AST levels were elevated 

to a pathological level in both genotypes, but ~ 30% lower in the Hif-p4h-2gt/gt  mice 

compared to the WT (Fig. 5E,F in I). Additionally, s-albumin levels were 

significantly higher in the Hif-p4h-2gt/gt  mice than compared to WT (Fig. 5g in I), 

and the Hif-p4h-2gt/gt livers had more proliferating cells compared to WT (Fig. 5H 

in I) while no difference in apoptosis was observed (Fig. S5B in I), suggesting 

enhanced hepatic regeneration in the Hif-p4h-2gt/gt. Livers of both genotypes 

showed similar dispersed expression of the pericentral zonation marker glutamine 

synthetase (Fig. S5C in I). In agreement with less fat accumulation and damage 

detected in the Hif-p4h-2gt/gt  livers, the hepatic expression levels of several lipid 

metabolism and oxidative stress mRNAs were lower, while the Hif-p4h-2 mRNA 

downregulation was similar to that of mice on the HFHF diet (Figs. 5I and S5D in 

I). In addition, the levels of all cholesterol synthesis precursors except squalene 

were reduced in the Hif-p4h-2gt/gt  livers compared to WT (Table S2 in I), 
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suggesting downregulated cholesterol synthesis in the former, likely contributing 

to the lower serum cholesterol levels observed (Fig. 4H in I). Additionally, there 

were no differences in the fibroblast growth factor 21 (FGF21) levels between the 

genotypes, but serum uric acid levels were significantly lower in the Hif-p4h-

2gt/gt  mice (Fig. S5E,F in I). Altogether these data indicate that the Hif-p4h-

2gt/gt mice show protection against the HF-MCD diet–induced hepatic damage and 

fat accumulation compared to WT mice. 

5.1.7 Increased heat production in the HIF-P4H-2-deficient mice on 

an HF-MCD diet is associated with protection from NAFLD 

Browning of WAT has been shown to be a protective mechanism against NAFLD 

in mice on the MCD diet (Jha et al., 2014; Y. H. Lee et al., 2016). Thus, we studied 

the expression of uncoupling protein 1 (UCP1), a browning marker, in the WAT of 

the mice after receiving the HF-MCD diet. Surprisingly, the Hif-p4h-2gt/gt mice had 

significantly more UCP1 expression (83.3%) compared to WT (33.3%) (Fig. 6A,B 

in I). In agreement, the mRNA levels of several browning markers were 

upregulated in the Hif-p4h-2gt/gt WAT compared to WT (Fig. 6C in I). Next, we 

submitted the mice for indirect gas calorimetry analysis, which showed 

significantly increased heat production by the Hif-p4h-2gt/gt  mice compared to WT 

(Fig. 6D in I). There were no differences between the genotypes in physical activity, 

respiratory exchange ratio or food intake (Fig. 6E-G in I). However, an increase in 

water intake was observed in the Hif-p4h-2gt/gt mice (Fig. 6H in I) while no 

differences in heat production or browning were observed in baseline 

measurements (data not shown). Altogether these data suggest that the Hif-p4h-

2gt/gt mice developed browning of WAT as a mechanism of protection against HF-

MCD diet–induced NAFLD. 

5.1.8 Pharmacological inhibition of HIF-P4Hs ameliorates diet-

induced obesity, metabolic dysfunction and NAFLD 

Next, we challenged WT mice with the HFHF diet for 6 weeks while 

simultaneously treating them with a pharmacological pan-HIF-P4H inhibitor FG-

4497 or vehicle. The FG-4497 treatment stabilized HIF1α and HIF2α in the livers 

(Fig. 7A in I) and elevated the blood hemoglobin levels (Fig. 7B in I). Similarly to 

the HIF-P4H-2-deficient genetic model, the mice treated with FG-4497 did not gain 

weight (Fig. 7C in I) and had less WAT compared to vehicle-treated mice (Fig. 7D 
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in I). The FG-4497-treated mice also had a trend towards better glucose tolerance 

(Fig. 7E in I). No differences in liver weight or steatosis were detected between the 

treatment groups (Fig. 7F,G in I). However, hepatic inflammation was only 

detected in the vehicle-treated group (Fig. 7H in I). The inability of the FG-4497 

treatment to protect against hepatic steatosis compared to the Hif-p4h-2gt/gt livers 

associated with differences in the downregulation of the genes of hepatic lipid 

metabolism. Only a few of the genes downregulated in the genetic model were 

reduced by FG-4497 treatment, with the majority being expressed at similar levels 

compared to the vehicle treated group, except for Pparg mRNA which was 

upregulated (Fig. 7I in I). Although not statistically significant, s-ALT levels were 

~ 40% lower in the FG-4497 group compared to vehicle (Fig. 7J in I), suggesting 

less liver damage. Moreover, systemic levels of lactate and uric acid were 

significantly lower in the FG-4497-treated mice compared to vehicle (Fig. 7K,L in 

I).  Altogether, the FG-4497 treatment stabilized HIF, protecting WT mice from the 

HFHF diet–induced obesity and hepatic inflammation but not from steatosis. 

To further test the effects of FG-4497 we fed WT mice the harsher HF-MCD 

diet for 3 weeks with simultaneous FG-4497 or vehicle treatment. The FG-4497 

treatment protected the mice from weight gain (Fig. 7M in I). The FG-4497-treated 

mice also had a healthier serum lipid profile than the vehicle-treated group (Fig. 7N 

in I). No difference in liver weight or steatosis was detected between the two groups 

(Fig. 7O,P in I). However, the FG-4497-treated mice had lower s-ALT levels 

(Fig. 7Q in I). Similar expression levels of WAT UCP1 and browning marker 

mRNAs were detected in both groups (Fig. 7R,S in I). All in all, the FG-4497 

treated mice on the HF-MCD diet were protected from obesity, 

hypercholesterolemia and liver damage, but FG-4497 did not induce browning of 

WAT to the extent seen in the Hif-p4h-2gt/gt mice and thus, was unable to protect 

against steatosis. 

5.2 Contribution of HIF-P4H inhibition to metabolism  

5.2.1 HIF-P4H-1 loss has beneficial while HIF-P4H-3 deficiency has 

aggravating effects on metabolism upon aging 

Previous research has shown that aging promotes adiposity, WAT inflammation, 

hyperglycemia and IR in WT mice, whereas Hif-p4h-2gt/gt mice are protected from 

these aging-induced adverse metabolic effects (Rahtu-Korpela et al., 2014). We 
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therefore used aging until 1-year as a challenge to study metabolic dysfunction in 

WT and Hif-p4h-1 and Hif-p4h-3 KO mice. 

The 1-year-old Hif-p4h-1 KO had lower and Hif-p4h-3 KO mice higher body 

weight compared to WT littermates (Fig. 1A in II), with similar results observed in 

both WAT and liver weights (Fig. 1B,C in II). No significant differences between 

the aged KO mice and the WT littermates in Hb levels were seen (Fig. 1D in II), 

although some differences were observed between the two WT groups. The aged 

Hif-p4h-1 KO mice had lower serum total cholesterol levels compared to WT 

littermates, whereas the Hif-p4h-3 KO mice had higher cholesterol levels (Fig. 1E 

in II), but no differences in serum TG levels were observed (Fig. 1F in II). There 

were no differences in adipocyte size between the aged Hif-p4h-1 KO or Hif-p4h-

3 KO mice and their WT littermates, but an almost significant reduction in the 

number of macrophage aggregates in the Hif-p4h-1 KO WAT, and a significant 

increase in the Hif-p4h-3 KO WAT macrophage aggregates compared to WT were 

observed (Fig. 1G,H,I,J in II). 

To further characterize these mice, we next analyzed the expression levels of 

the key metabolic HIF target and some selected mRNAs in WAT, liver and skeletal 

muscle of the aged KO mice in comparison to their WT littermates. Hif-p4h-1 KO 

tissues showed upregulation of mRNAs for glucose transporter 1 (Glut1, Slc2a1) 

in liver, phosphofructokinase l (Pfkl) - the central regulator of glycolysis - in all 

studied tissues, lactate dehydrogenase (Ldha) in WAT and liver, pyruvate 

dehydrogenase kinase 1 (Pdk1) in skeletal muscle, peroxisome proliferator 

activated receptor α (Ppara) and adiponectin (Adipoq) in WAT and insulin receptor 

substrate 2 (Irs2) in liver in comparison to WT (Fig. 2A-C in II). Also, the HIF 

targets Hif-p4h-2 and Hif-p4h-3 mRNAs were upregulated in WAT and skeletal 

muscle of the Hif-p4h-1 KO mice when compared to WT (Fig. 2A,C in II), 

suggesting a compensatory response to HIF-P4H-1 loss and indicate an important 

role for HIF-P4H-1 in WAT and skeletal muscle. 

In the Hif-p4h-3 KO tissues studied none of the glycolytic HIF target mRNAs 

were upregulated (Fig. 2D,E,F in II). Adipoq mRNA was significantly 

downregulated in WAT and those for Glut1 (Slc2a1), Glut2 (Slc2a2), stearoyl-CoA 

desaturase-1 (Scd1), fatty acid synthase (Fasn), lipin-1 (Lpin1) and Hif-p4h-1 were 

downregulated in liver of the Hif-p4h-3 KO mice in comparison to their WT 

littermates (Fig. 2D,E in II). These results indicate a downregulation of the central 

fatty acid synthesis mRNAs, suggesting that the higher liver weight of the aged 

Hif-p4h-3 KO mice (Fig. 1C in II) was not due to higher lipogenic activity. 



102 

5.2.2 Small molecule pan-HIF-P4H inhibitors mediate effects in 

metabolic tissues and glucose and lipid metabolism 

Next, we carried out a pilot experiment comparing the potential of two oral pan-

HIF-P4H inhibitors, FG-4497 used in study I and previously by others (Laitakari 

et al., 2019; Rahtu-Korpela et al., 2014), and FG-4539. WT male mice were given 

a single dose of FG-4539 (30 or 60 mg/kg) or FG-4497 (60 mg/kg) and sacrificed 

6 h after administration (Supporting Fig. 1 in II). Both inhibitors increased s-EPO 

levels markedly compared to vehicle; dose dependency was seen with FG-4539 

(Supporting Fig. 2A in II). In the liver both inhibitors stabilized HIF1α, and FG-

4539 also stabilized HIF2α with a 60 mg/kg dose, although significant variation 

between individuals was detected (Supporting Fig. 2B in II). Upregulation of 

metabolic HIF target mRNAs; Glut1 (Slc2a1), Pfkl, Pdk1, Ppara, Pparg and Irs2, 

were noted in WAT, liver or skeletal muscle. However, none reached significance 

which was likely due to the small number of animals in the pilot experiment 

(Supporting Fig. 2C,D,E in I). Additionally, Hif-p4h-2 mRNA was upregulated in 

the inhibitor-treated liver and Hif-p4h-3 mRNA in WAT and liver (Supporting Fig 

2C,D in II). Therefore, no major differences between the two inhibitors were 

detected after 6 h which supported studying both inhibitors for metabolic outcome 

in a longer experimental setting. 

We next administered FG-4539 three times a week for 6 weeks to 6-7-month-

old WT C57BL/6N males, comparing a 30 mg/kg and 60 mg/kg dosage to vehicle 

treatment (Supporting Fig. 1 in II). After 4 weeks of treatment the mice were 

subjected to a GTT and sacrificed after 6 weeks of treatment. At sacrifice, the 

inhibitor-treated mice had a concentration-dependent increase in blood Hb levels, 

the higher dosage resulting in a ~25% increase in comparison to vehicle (Fig. 3A 

in II). There was a dose-dependent decline in body weight in the inhibitor-treated 

mice, the weight change with the higher dosage being ~ -2 g in 6 weeks (Fig. 3B,C 

in II) with similar trends observed in both WAT and liver weights of the mice (Fig. 

3D,E in II). The inhibitor-treated mice also had lower total cholesterol levels 

reaching significance already with the lower FG-4539 dosage (Fig. 3F in II). 

Furthermore, there was a decline in fasting blood glucose levels in the FG-4539-

treated mice, but unlike the reductions observed in fs-insulin levels or the HOMA-

IR score, it did not reach significance nor did the decline in the AUC (area under 

the curve) of the GTT (Fig. 3G-K in II). 

Interestingly, when FG-4539 was administered at a 60 mg/kg dose to a WT 

male cohort of a different background (C57BL/6N/Sv129) with 35% lighter body 
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weight, 70% less WAT and 35% lighter livers than the C57BL6/N cohort, no 

significant differences besides an increase in Hb levels were detected (Fig. 3, 

Supporting Fig. 3 in II). This suggests that the pan-HIF-P4H inhibitors only reverse 

adverse metabolic outcomes, supporting their safe use, e.g.,  in treatment of 

hyperglycemia. 

5.2.3 Analysis of adiposity and serum lipid levels of the HIF-P4H-1-3 

isoenzyme-deficient mouse lines treated with pan-HIF-P4H 
inhibitors indicate some differences between the isoenzymes 

Next, we administered 60 mg/kg FG-4539 or vehicle three times a week for six 

weeks to 6-7-month-old Hif-p4h-1 KO, Hif-p4h-2gt/gt and Hif-p4h-3 KO mice, and 

their WT littermates (Supporting Fig. 1 in II), with a second cohort of the Hif-p4h-

3 KO treated similarly with FG-4497 for comparison (Supporting Fig. 1 in II). To 

dissect the individual role of each isoenzyme in the regulation of metabolism, four 

comparisons were made; 1) vehicle-treated WT to vehicle-treated gene-deficient 

mice indicative of the contribution of genetic inhibition (total loss in KO and tissue-

specific downregulation in Hif-p4h-2gt/gt  mice), 2) inhibitor-treated WT to 

inhibitor-treated gene-deficient mice indicative of the role of genetic inhibition on 

top of pharmacologic inhibition of all isoenzymes, 3) vehicle-treated WT to 

inhibitor-treated WT mice showing the effect of pharmacologic inhibition of all 

isoenzymes, and 4) vehicle-treated gene-deficient mice to inhibitor-treated gene-

deficient mice which, in the case of the KO mice, would indicate the contribution 

of inhibition of the other isoenzymes but in the case of the Hif-p4h-2gt/gt mice can 

also reflect the effect of further inhibition of HIF-P4H-2 by the pharmacologic 

inhibitor. 

At sacrifice, the Hif-p4h-2gt/gt mice, which were in a different background 

(C57BL6/N/Sv129) from the others, and about 10 g lighter than C57BL6/N mice, 

showed a genotype-mediated lower body weight (Fig. 4B in II). The inhibitor 

treatment-associated weight loss seen in C57BL6/N WT mice compared to vehicle 

was not observed in FG-4539-treated Hif-p4h-1 KO or FG-4497-treated Hif-p4h-3 

KO mice (Fig. 4A,D in II). A trend for an increase in WAT weight in the FG-4497-

treated Hif-p4h-3 KO mice compared to WT was observed (Fig. 4D in II), being in 

line with the data of the aged Hif-p4h-3 KO WAT (Fig. 1B in II). The only 

significant difference in liver weight was a decrease observed in FG-4539-treated 

Hif-p4h-2gt/gt mice compared to WT. This likely stemmed from pharmacologic 

inhibition of HIF-P4H-2 on top of the Hif-p4h-2gt/gt genetic inhibition (~40% in the 
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liver (Hyvärinen et al., 2010)) since the genetic inhibition of either Hif-p4h-1 or 

HIF-P4H-3 did not lower the liver weight (Fig. 4 in II). The genotype-mediated 

lower serum total cholesterol and HDL cholesterol levels in the Hif-p4h-2gt/gt mice 

were lost with FG-4539 treatment, the former being slightly higher in the inhibitor-

treated Hif-p4h-2gt/gt mice compared to vehicle (Fig. 4B in II).  These data suggest 

that simultaneous inhibition of all three isoenzymes does not result in the highest 

reduction in serum cholesterol levels. Serum TG levels were increased with FG-

4539-treatment independent of genotype in the C57BL6/N/Sv129 background but 

not in C57BL6/N (Fig. 4 in II). As expected, both pan-HIF-P4H inhibitors 

increased Hb levels in WT mice (Fig. 4 in II). Inhibition of HIF-P4H-2 appeared to 

mediate the largest increase in Hb levels and inhibition of HIF-P4H-3 also 

contributed to it (Fig. 4 in II). 

5.2.4 Analysis of glucose tolerance and insulin sensitivity of HIF-

P4H-1-3 isoenzyme-deficient mouse lines treated with pan-HIF-

P4H inhibitors indicate beneficial effects by HIF-P4H-2 
inhibition but adverse effects by HIF-P4H-3 inhibition 

After 4 weeks of the inhibitor treatment the mice were subjected to a GTT 

(Supporting Fig. 1 in II). No differences in the fasting glucose levels between the 

vehicle or FG-4539-treated Hif-p4h-1 KO and WT littermates were detected (Fig. 

5A in II). The Hif-p4h-2gt/gt mice had genotype-mediated lower fasting glucose 

levels on both the vehicle and FG-4539 treatments (Fig. 5B in II), whereas the Hif-

p4h-3 KO mice showed a genotype-mediated increase in fasting glucose levels, a 

trend for higher fasting insulin levels and significantly higher HOMA-IR levels on 

both vehicle and FG-4497 treatments compared to WT (Fig. 5B in II). In agreement 

with the data above, the AUC of the GTT was genotype-mediated, independent of 

the inhibitor treatment, i.e., lower in the Hif-p4h-2gt/gt mice and higher in the Hif-

p4h-3 KO mice compared to WT littermates while no difference in Hif-p4h-1 KO 

mice was seen (Fig. 5 in II). Altogether these data suggest that inhibition of HIF-

P4H-1 does not contribute significantly to glucose intake and insulin sensitivity, 

whereas HIF-P4H-2 inhibition ameliorates, and HIF-P4H-3 inhibition exacerbates 

it. 
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5.2.5 Metabolic HIF target and other genes are regulated by pan-HIF-

P4H inhibitors in HIF-P4H-1-3 isoenzyme-deficient adipose 

tissue, liver and skeletal muscle 

Lastly, we analyzed the expression of metabolic HIF target and selected other 

mRNAs in WAT, liver and skeletal muscle of the inhibitor or vehicle-treated HIF-

P4H-deficient mice in comparison to WT (Supporting Fig. 1 in II). The 

experimental setting varied so that in the case of Hif-p4h-1 KO and Hif-p4h-3 KO 

mice the final dose of FG-4539 was administered 24 h before sacrifice, whereas the 

Hif-p4h-2gt/gt mice received the final dose of FG-4539 6 h before sacrifice, as did 

the Hif-p4h-3 KO mice receiving FG-4497 (Supporting Fig. 1 in II). Depending on 

the half-life of the mRNAs, this difference may have influenced the data. 

In WAT the vehicle-treated mice indicated genotype-mediated changes in very 

few mRNA levels some of which differed from those in the aged Hif-p4h-1 KO and 

Hif-p4h-3 KO WAT (Fig. 6, Fig. 2A,D in II). Inhibitor treatment on top of the 

genetic deficiency upregulated Ldha and Ppara mRNAs in the Hif-p4h-2gt/gt WAT 

compared to WT, and Glut1 (Slc2a1), Hk1, Ldha, Pdk1, Ppara, Adipoq, Hif-p4h-1 

and Hif-p4h-2 mRNAs in the FG-4497-treated Hif-p4h-3 KO WAT in comparison 

to WT (Fig. 6 in II). FG-4539-treatment upregulated many glucose metabolism HIF 

target genes in WAT of the WT littermates of Hif-p4h-2gt/gt and Hif-p4h-3 KO mice; 

in WT littermates of Hif-p4h-1 KO mice it led to the opposite results; Glut1 

(Slc2a1), Pfkl, Ldha, Pdk1 and Hif-p4h-2 mRNA levels being significantly 

downregulated in the inhibitor treated mice compared to vehicle 24 h after the final 

dosage (Fig. 6A in II). The difference could suggest a rebound effect following the 

inhibitor treatment in these animals. The interpretation of the contribution of 

inhibition of each of the HIF-P4H isoenzymes to the mRNA levels is further 

complicated by the fact that the knockdown level of HIF-P4H-2 in WAT of the Hif-

p4h-2gt/gt mice is ~50% (Rahtu-Korpela et al., 2014). Altogether, the data from WAT 

do suggest that all HIF-P4H isoenzymes contribute to expression of metabolic HIF 

target genes. Surprisingly, and differing from the data on the aged Hif-p4h-3 KO 

WAT, several mRNAs, such as Glut1, Hk1, Pdk1, Lep and Adipoq, were largely 

regulated by inhibition of HIF-P4H-3 alone, while HIF-P4H-2 inhibition 

contributed to the upregulation of Ldha and Ppara mRNAs and inhibition of all 

isoenzymes contributed to Pfkl mRNA upregulation (Fig. 6 in II). For the 

inflammatory (chemokine (C-C motif) ligand 2) Ccl2 mRNA, inhibition of HIF-

P4H-2 lowered the level while inhibition of HIF-P4H-3 or HIF-P4H-1 increased it, 

none of the effects reaching significance (Fig. 6 in II).  
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In liver, the vehicle-treated Hif-p4h-3 KO mice showed similar but not fully 

identical downregulation of glucose and lipid metabolism mRNAs compared to the 

aged mice (Fig. 7, Fig. 2E in II). No significant genotype-mediated differences 

were detected in the studied mRNA levels of the vehicle-treated Hif-p4h-2gt/gt liver 

(where the knockdown of HIF-P4H-2 is ~40% compared to WT (Rahtu-Korpela et 

al., 2014)) or in Hif-p4h-1 KO liver compared to WT (Fig. 7 in II). FG-4539-

treatment upregulated Pdk1 mRNA in Hif-p4h-1 KO liver compared to WT and 

downregulated Scd1 mRNA in the Hif-p4h-2gt/gt liver (Fig. 7A,B in II). FG-4497-

treatment downregulated Glut2 (Slc2a2), Srebp1, Acaca, Fasn, Scd1 and Hif-p4h-

1 mRNA in Hif-p4h-3 KO liver compared to WT (Fig. 7D in II). Both FG-4539 and 

FG-4497 upregulated glycolytic HIF target mRNAs and downregulated lipogenic 

mRNAs in WT liver compared to vehicle (Fig. 7 in II). Although the conclusions 

of the contribution of inhibition of each of the HIF-P4H isoenzymes to the studied 

mRNA levels in the liver are complicated, the data do suggest that inhibition of 

HIF-P4H-3 contributed to the downregulation of the glucose-regulated Glut2 

(Slc2a2) mRNA, and also Glut1 (Slc2a1), while the inhibition of HIF-P4H-2 

upregulated Glut1 (Slc2a1) mRNA (Fig. 7 in II). Upregulation of Pfkl, Ldha, Pdk1, 

Pdk4 and insulin sensitivity increasing Irs2 mRNA were mediated by HIF-P4H-2 

inhibition (Fig. 7 in II). Downregulation of lipogenic Srebp1c, Acaca and Scd1 

mRNA were mediated by inhibition of HIF-P4H-2 and HIF-P4H-3 and 

upregulation of Hif-p4h-3 mRNA was largely mediated by HIF-P4H-2 inhibition 

(Fig. 7 in II). 

In skeletal muscle the vehicle-treated Hif-p4h-1 KO mice had upregulation of 

glycogenesis regulating HIF target, Gbe1 and Hif-p4h-2/3 mRNAs compared to 

WT, which was similar to the aged Hif-p4h-1 KO mice (Fig. 8A, 2C in II). Of note, 

HIF-P4H-1 loss did not upregulate Glut1/4 (Slc2a1/4) mRNA levels (Fig. 8 in II). 

In the Hif-p4h-2gt/gt skeletal muscle (where the knockdown of HIF-P4H-2 is about 

85% of WT (Karsikas et al., 2016)) a genotype-mediated upregulation of Hif-p4h-

3 mRNA was detected in the vehicle-treated mice, and the mRNAs for Glut4 

(Slc2a4), the key regulator of glucose intake, Pfkl, Ppara and Pparg were 

significantly upregulated following FG-4539-treatment (Fig. 8B in II). In the Hif-

p4h-3 KO skeletal muscle, FG-4497-treatment upregulated Gbe1 mRNA and FG-

4539 treatment upregulated Pdk4 mRNA compared to vehicle (Fig. 8C,D in II). 

Both inhibitors upregulated glucose intake and glycolytic metabolism mRNAs in 

WT skeletal muscle compared to vehicle, the effect being larger with FG-4539 

compared to FG-4497 (Fig. 8 in II). Altogether, data from the skeletal muscle 

suggested specificity in the regulation of HIF target mRNAs by inhibition of the 
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HIF-P4H isoenzymes; Glut1/4 (Slc2a1/4), mRNAs were upregulated by HIF-P4H-

2, Pfkl by HIF-P4H-1/2, Pdk1 by HIF-P4H-1, Pdk4 by HIF-P4H-1/3, Ppara and 

Pparg by HIF-P4H-2 and Gbe1 by inhibition of all isoenzymes (Fig. 8 in II). The 

“compensatory” upregulation of the mRNAs for Hif-p4h-2/3 in the Hif-p4h-1 KO 

skeletal muscle and that of Hif-p4h-3 mRNA in Hif-p4h-2gt/gt, may suggest that 

these isoenzymes play key roles in skeletal muscle (Fig. 8 in II). 

5.3 Systematic evaluation of the association between hemoglobin 

levels and metabolic profile implicates beneficial effects of 

hypoxia 

5.3.1 Hb levels associate with anthropometric measures in mice  

First, we investigated the association of Hb levels with key metabolic parameters 

in C57Bl/6 mice and found a positive association between Hb levels and body 

weight at 1-year of age (Fig. 2A in III). Lower Hb levels also associated with better 

glucose tolerance in a GTT and with lower HOMA-IR scores (Fig. 2B, C in III) 

suggesting Hb levels may influence metabolic health. 

5.3.2 Hb levels associate with anthropometric measures and oxygen 

consumption in human 

Next, we examined the association of Hb levels in humans with anthropometric and 

metabolic parameters in a cross-sectional and longitudinal study design from 31 to 

46 years in the general population-based, sea-level Northern Finland Birth Cohort 

1966 (NFBC1966) (Järvelin et al., 2004; Rantakallio, 1969) and searched for a 

replication in another sea-level cohort, the cardiovascular risk in Young Finns 

Study (YFS) (Raitakari et al., 2008), at a mean age of 42 years (table S1 and fig. 

S1 in III). The NFBC1966 and NFBC1986, based in the University of Oulu, form 

a longitudinal research program with data from more than 20,000 individuals, who 

have been followed on a regular basis since the antenatal period by health care 

records. With over 7000 participants, the YFS is one of the largest follow-up studies 

on cardiovascular risk from childhood to adulthood. 

After adjusting for potential confounders, we found a positive association 

between Hb levels and BMI in NFBC1966 at the age of 46 in both sexes (Fig. 3A 

and Fig. S2A in III), and this association was replicated in YFS at 42 years (Fig. 



108 

3B and Table S2 in III). The increase of 10 g/liter in Hb corresponded to an increase 

of 3.5% in BMI, i.e., in an individual with a BMI of 25.0 kg/m2, this corresponds 

to a BMI increase to 25.9 kg/m2 (Fig. 3A and Table S3 in III). Hb levels also 

positively associated with waist circumference, hip circumference, waist-hip ratio, 

body fat percentage, and visceral fat area, and negatively with body muscle mass 

ratio (Fig. 3B and Table S2 in III). Thus, the subjects with lower Hb levels were 

less abdominally obese and had more muscle tissue; similar associations were 

found for hematocrit levels and RBC counts with BMI in males and females (Fig. 

S2, B and C and Table S4 in III). Furthermore, the associations between Hb levels 

and the anthropometric parameters were similar in males and females (Fig. S3 in 

III).  

We also found positive associations between Hb levels and O2 consumption at 

rest, Hb levels and body fat percentage, and O2 consumption at rest and body fat 

percentage in a subpopulation of NFBC1966 (n = 123) (Fig. 3 C-E, and table S5 in 

III), indicating the individuals with lower Hb levels had less fat and consumed less 

O2. 

5.3.3 Lower Hb levels associate with healthier key metabolic 

measures in humans 

Hb levels associated positively with fasting glucose and insulin levels, HOMA-IR 

and HOMA of β cell function (HOMA-β) indices, and area under the curve (AUC) 

of glucose and insulin in an oral GTT (OGTT) and the Matsuda Index in the meta-

analyzed NFBC1966 at 46 years and YFS at 42 years, suggesting that subjects with 

lower Hb levels had better glucose tolerance and insulin sensitivity than those with 

higher Hb levels (Fig. 4 and Table S6 in III). Hb levels also associated positively 

with systolic bp and diastolic bp, serum total cholesterol, LDL cholesterol, serum 

TGs, and serum high-sensitivity (hs) CRP, respectively, and negatively with HDL 

cholesterol levels (Fig. 4 and Table S6 in III). The associations weakened when 

adjusted for BMI, but apart from hsCRP and 2-hour glucose in OGTT, all 

associations remained below the Bonferroni-corrected threshold of P < 0.002 (Fig. 

4 and Table S6 in III). When comparing the associations between males and females, 

the effect sizes were somewhat weaker for females; however, the directions of the 

associations were concordant throughout (Fig. S4 in III). 
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5.3.4 Positive association of Hb levels with metabolic parameters 

strengthens with age 

To evaluate the associations of Hb levels with anthropometric and metabolic 

measures in a longitudinal setting, we compared the associations in subjects of 

NFBC1966 that had been examined both at the age of 31 and 46 years (n = 3624). 

The mean Hb levels remained unchanged from 31 to 46 years (Fig. S5 in III). In 

general, the effect sizes of the associations increased with age or remained the same 

(Fig. 5 in III), the most pronounced increases in effect sizes being found for the 

association of Hb levels with the levels of TG, fasting insulin, HOMA-IR and 

waist-hip ratio (Fig. 5 and Tables S7 and S8 in III). 

5.3.5 Lower Hb levels associate with less adverse metabolite profiles 

Next, to evaluate the associations between Hb levels and systemic metabolite 

profiles of 150 variables, we exploited the nuclear magnetic resonance (NMR) 

metabolomics platform in the meta-analysis of NFBC1966 at 46 years and YFS at 

42 years.  Hb levels positively associated with a number of systemic metabolites 

including lipoprotein subclass particle concentrations and particle sizes and with 

levels of ApoB, TG and cholesterol in lipoproteins, FAs, lactate, glycerol, several 

branched-chain and aromatic amino acids, inflammatory glycoprotein acetyls, 

albumin, and ketone bodies. (Fig. 6 and Table S9 in III).  

5.3.6 Both Hb levels and expression of HIF target genes associate 

with metabolic traits in causality analyses 

Next, we carried out gene set enrichment analysis (GSEA) by associating Hb levels 

with expression of a set of HIF target genes reported to be induced at least fourfold 

by hypoxia in human peripheral blood monocytes (Table S10 in III) in whole-blood 

genome wide-expression data in a subpopulation of YFS (n = 1636). After 

adjustment for confounding factors, we found evidence for gene set level 

transcriptional activation of HIF target genes in individuals in the lowest Hb 

quartile (Hb < 132 g/liter) compared to the highest quartile (Hb > 152 g/liter) (Fig. 

7A in III). 

To evaluate the potential causal effect of Hb levels on the metabolic traits, we 

conducted Mendelian randomization (MR) analyses using genetic association 

estimates for Hb levels and cardiometabolic outcomes (BMI, HDL cholesterol, 
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LDL cholesterol, systolic bp, T2DM, and TG) from large-scale genome-wide 

association studies (Table S11 in I). There was no robust evidence for genetically 

proxied Hb levels being associated with any of the considered cardiometabolic 

traits (Figs. S7 and S8 in III). However, the point estimates for HDL cholesterol, 

T2DM and TG were consistent with our hypothesis (Fig. 1 and Figs. S7 and S8 in 

III). We next conducted MR using expression quantitative trait loci (eQTL) of HIF 

target genes as the instrumental variables. The results showed genetically 

proxied SLC2A4 expression in skeletal muscle, coding for GLUT4, a major glucose 

transporter, being associated with systolic bp (Fig. 7B in III). Furthermore, 

expression of Slc2a1 mRNA, coding for GLUT1, in murine WAT associated 

negatively with body weight and the weights of WAT and liver, and similar 

associations with glucose level at 2 h after GTT and Hb were observed (Fig. 7C and 

Table S12 in III). Together, these data are consistent with the activation of the HIF 

response being beneficial for the metabolic profile. 

5.3.7 Manipulation of Hb levels alters metabolism in mice 

Finally, we returned to the animal experiments and manipulated Hb levels in 

C57Bl/6 mice by venesection, which is followed by a physiological induction of 

erythropoiesis (Raabe et al., 2011). Our data showed that, in 2 weeks, the 

venesection-induced erythropoiesis increased the Hb levels in mice and 

significantly increased body weight and fasting glucose, total cholesterol, LDL + 

VLDL cholesterol and lactate levels, with a trend for an increase seen in the 

HOMA-IR score (P = 0.08) (Fig. 8 in III). Association of the change in Hb levels 

with changes in metabolic parameters was concordant with the effect sizes and 

consistent across analyses (Fig. S9 in III) and in agreement with those reported 

earlier for mice with genetically or pharmacologically activated HIF response 

(Rahtu-Korpela et al., 2014). These data show that venesection was associated with 

systematic change in metabolic parameters, potentially due to change in Hb levels. 
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5.4 Higher hemoglobin levels are an independent risk factor for 

adverse metabolism and higher mortality in a 20-year follow-up 

5.4.1 Association of Hb levels with key anthropometric, metabolic 

and other cardiovascular risk factors at baseline and follow-up 
in the OPERA study 

Next, we examined the association of Hb levels with anthropometric and metabolic 

parameters in a longitudinal design at baseline (average age 51 years) and follow-

up (average age 72 years) in the Oulu Project Elucidating Risk of Atherosclerosis 

(OPERA) study (Fig. 1 and Tables S1-S3 in IV). OPERA is an epidemiological 

cohort study designed to address the risk factors and clinical endpoints of CVDs. 

Study subjects were randomly selected between the years 1990 and 1993 as middle-

aged, drug-treated hypertensives and their age- and sex-matched control subjects 

aged 40–59 years, and mortality and hospital events of a total of 1045 subjects were 

followed up until 2014 (Table S1 and Figure S1 in IV). The available analyses 

included several that were not available in study III, i.e., mortality records, liver 

sonography, ambulatory bp measures (ABP) and obesity-related peptides. 

At baseline Hb levels associated positively with key anthropometric measures 

including body weight, BMI and waist and hip circumference in both sexes (Fig. 1 

in IV). In men the associations remained at the follow-up, but women no longer 

showed such associations (Fig. 1 in IV). For both sexes systolic bp associated 

positively with Hb levels at baseline, but at the follow-up neither sex showed an 

association (Fig. 1 in IV). Diastolic bp associated with Hb levels at baseline in both 

sexes, but at the follow-up the association weakened for women and strengthened 

for men (Fig. 1 in IV). In men heart rate associated with Hb levels at baseline but 

not at the follow-up (Fig. 1 in IV). To amend the resting bp data we used data from 

ABP monitoring which allows evaluating heart rate and bp continuously. For both 

sexes Hb levels associated with almost all ABP parameters at baseline (Fig. 1 and 

tables S2, S3 in IV). The positive associations of Hb levels and diastolic ABP were 

significantly stronger in men at follow-up compared to baseline but were lost in 

women, while other associations with ABP were not observed at the follow-up (Fig. 

1, Tables S2 and S3 in IV). The average use of bp medication increased from 49% 

at baseline to 78% at the follow-up (Table S1 in IV). 

Of the key parameters of glucose metabolism, fasting glucose levels associated 

positively with Hb levels in both sexes at both timepoints (Fig. 1 in IV). For both 

sexes fasting insulin levels associated positively with Hb levels at baseline, but the 
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association weakened for men and was lost for women at the follow-up (Fig. 1 in 

IV). Glucose levels 2 h after an OGTT associated positively with Hb levels in 

women at both time points, strengthening in the follow-up, but no association was 

seen in men at either timepoint (Fig. 1 in IV). Insulin levels 2 h after OGTT 

associated positively with Hb levels in both sexes at both time points (Fig. 1 in IV). 

A positive association between Hb levels and total cholesterol levels was 

observed in men at both time points but not in women (Fig. 1 in IV). For both sexes 

LDL cholesterol levels associated positively with Hb levels at the follow-up but not 

at baseline while HDL cholesterol levels associated negatively with Hb levels at 

baseline in both sexes but not at the follow-up (Fig. 1 in IV). For both sexes plasma 

TG levels associated positively with Hb levels at baseline but not at the follow-up 

(Fig. 1 IV). At the follow-up 49% of the subjects used lipid-lowering medication 

compared to 3% at the baseline (Table S1 in IV). 

Blood leucocyte levels associated positively with Hb levels in both sexes at 

baseline and this association remained in women but not in men at the follow-up 

(Fig. 1 in IV). For both sexes leptin levels associated positively with Hb levels at 

baseline but not at the follow-up (Fig. 1 in IV). Ghrelin levels associated negatively 

with Hb levels in women at baseline and in men at the follow-up (Fig. 1 in IV). 

Adiponectin levels associated negatively with Hb levels in men and women at both 

time points (Fig. 1 in IV). For both sexes s-ALT levels associated positively with 

Hb levels at both time points (Fig. 1 in IV). 

5.4.2 Distribution of CV risk factors in Hb quartiles at baseline and 

follow-up 

Next, we assessed the distribution of CV risk factors in Hb quartiles (Fig. S1 in I). 

Significant differences were observed at both time points in anthropometric 

parameters, heart rate, serum lipids, glucose levels, insulin resistance, 

inflammatory factors and obesity-associated peptide hormones while significant 

differences in bp and ABP were only observed at baseline (Table 1 in IV). The 

subjects belonging to the highest Hb quartile smoked more, consumed more alcohol, 

had higher BMI and used bp medication more compared to the other quartiles at 

both time points (Table 1 in IV). The usage of lipid-lowering medication was much 

more common in all Hb quartiles at the follow-up than baseline, being significantly 

higher in Hb quartiles 2 and 4 at the follow-up (Table 1 in IV). Although the average 

prevalence of lung diseases increased during the follow-up, no difference between 

the Hb quartiles was observed in their prevalence at either time point (Table 1 in 
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IV). The highest Hb quartile at baseline retained the highest mean Hb levels also at 

the follow-up (Table 1 in IV). 

When smoking and alcohol consumption were used as covariates, waist 

circumference, heart rate, HDL cholesterol, HOMA-IR, fasting glucose and insulin 

levels, 2 h glucose levels in OGTT, leucocytes and leptin and adiponectin levels 

differed significantly between the Hb quartiles at both time points, the highest Hb 

quartile always having the most adverse values (Table 1 in IV). When a further 

adjustment by BMI was done, only the difference in leucocytes between the Hb 

quartiles remained significant at both time points (Table 1 in IV). At baseline the 

differences in systolic and diastolic bp, diastolic ABP and heart rate, serum TGs 

and ALT levels between the Hb quartiles remained after adjustments for smoking, 

alcohol consumption and BMI, and at the follow-up those for fasting glucose levels 

and 2 h glucose levels in OGTT (Table 1 in IV). 

5.4.3 Association of Hb levels with fatty liver disease in a 

multivariate risk model 

Next, we assessed the risk for liver fat accumulation in a multivariable logistic 

regression model (Table 2 in IV). In the model, the highest Hb level quartile showed 

increased risk for liver fat accumulation after adjusting for covariates (Table 2 in 

IV). At baseline the Hb levels of the subjects with fat accumulation in the liver 

(n = 256) were significantly higher than those with no fat in the liver (n = 697) (Fig. 

2A, table S4 in IV) and the highest Hb quartile showed higher s-ALT levels after 

adjusting for covariates (Table 1, Fig. 2B in IV). 

5.4.4 Association of baseline Hb levels with development of IFG, IGT 

and T2DM among normoglycemic subjects during the follow-up 

Then, we assessed the association of baseline Hb levels in normoglycemic subjects 

(n = 437) with the prevalence of IFG or IGT and T2DM at the 20-year follow-up 

(Fig. 3 in IV). The mean Hb levels remained unchanged during the follow-up 

(Table S5 in IV). Mean baseline Hb levels were higher in subjects that developed 

IGF or IGT (n = 129) and subjects that developed T2DM (n = 98) during the follow-

up compared to those who did not (Fig. 3 in IV). The highest baseline Hb levels 

were observed in those who developed T2DM during the follow-up after adjusting 

for covariates (Fig. 3, Table S5 in IV). 
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5.4.5 Survival rate analysis of CVD events and CVD-related and total 

mortality among the Hb quartiles 

CVD events (n = 231, 23.8%), CVD-related mortality (n = 70, 7.2%) and total 

mortality (n = 213, 22%) were assessed with the Kaplan–Meier estimate survival 

analysis (Fig. 4 in IV). The highest Hb quartile had the highest risk for CVD events 

and CVD-related mortality (Fig. 4A,B in IV). Interestingly, Hb quartile 2 had a 

CVD event-free survival probability similar to that of Hb quartile 4 while Hb 

quartiles 1 and 3 had significantly higher event-free probabilities (Fig. 4A in IV). 

The highest Hb quartile also showed increased risk for total mortality while Hb 

quartiles 1–3 all had lower and similar survival probabilities (Fig. 4C in IV). In sex-

specific analyses, Hb quartile 4 in women had the lowest survival probability of all 

outcomes while in men that was the case for total and CVD-related mortalities but 

not for CVD events where Hb quartile 2 had the highest probability (Fig. S2 in IV). 

When evaluated as events/100 person-years, total mortality, CVD mortality and 

CVD events were significantly highest in Hb quartile 4, the difference being more 

pronounced in women than men (Table S7, Fig. S3 in IV). 

5.4.6 Hazard ratios (HR) for CVD events, CVD-related mortality and 

total mortality among the Hb quartiles 

HRs for CVD events, CVD-related mortality and total mortality were assessed with 

Cox regression models after adjusting for covariates. For CVD events there were 

no statistically significant differences between the Hb quartiles (Table 3, Table S6 

in IV). For CVD-related and total mortality, the highest Hb quartile showed a 

significantly higher HR than the other Hb quartiles (Table 3, Table S6 in IV). 
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6 Discussion 

The prevalence of metabolic diseases is globally increasing with over a billion 

people being affected by MetS. Pharmacological treatment of MetS currently 

consists of a combination of several therapeutics (Grundy, 2016).  Hb is the main 

carrier of O2 in the circulatory system and its levels directly affect arterial O2 

concentration and thereby tissue oxygenation (Jobsis, 1977; Sevick et al., 1991). 

Activation of the HIF pathway via tissue hypoxia or genetic/pharmacologic HIF-

P4H inhibition increases O2 supply and delivery but also decreases O2 demand by 

metabolic reprogramming. In the last few years, the first HIF-P4H inhibitors have 

been approved for the treatment of CKD-related anemia in multiple countries, most 

recently in Europe. Interestingly, lower serum cholesterol levels were reported in 

the clinical trials in the anemia patients receiving HIF-P4H inhibitors (N. Chen et 

al., 2019). In addition to CKD-related anemias, HIF-P4H inhibitors are currently in 

clinical trials for several other indications including MDS-related anemia and ST-

segment elevation MI, but they are also actively studied in preclinical models as 

potential novel treatment options for inflammatory and metabolic diseases.  

The potential therapeutic role of HIF-P4H inhibition in NAFLD and other 

metabolic diseases is still not fully understood. Preclinical data derived mostly from 

genetic mouse models have suggested that the deficiency of HIF-P4H isoenzymes 

1 (Marsch et al., 2016) and especially 2 (Matsuura et al., 2013; Rahtu-Korpela et 

al., 2014) mediate several beneficial effects on metabolism, whereas loss of HIF-

P4H-3 can have both beneficial (Taniguchi et al., 2013)and adverse (Demandt et 

al., 2021) effects.  The results reported here (I and II) support the beneficial effects 

of genetic HIF-P4H-2 depletion and subsequent HIF stabilization in the context of 

metabolic diseases with an emphasis on NAFLD. 

In pharmacological models, FG-4497-treated WT mice have shown a 

phenotype similar-to Hif-p4h-2gt/gt, which attenuates obesity and metabolic 

dysfunction (Rahtu-Korpela et al., 2014), and similar results have later been 

reported by Saito and colleagues and Sugahara and colleagues in WT mice treated 

with Enarodustat, another pan-HIF-P4H inhibitor (Saito et al., 2019; Sugahara et 

al., 2020).  The data reported here (I and II) support beneficial liver protective and 

metabolic effects of the pharmacologic pan-HIF-P4H inhibition in WT mice, with 

an emphasis on HIF-P4H-2 inhibition (I and II).  

In general, high-end Hb levels within the normal range are considered 

beneficial for health (Patel, 2008). A few previous studies with limited sample sizes, 

selected cohorts, cross-sectional setting, and often one sex have shown associations 
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of Hb levels with key metabolic disorders (Atsma et al., 2012; Böttiger & Carlson, 

1972; Cirillo et al., 1992; Facchini et al., 1998; Göbel et al., 1991; Hämäläinen et 

al., 2012; Hämäläinen et al., 2018; Hashimoto et al., 2015). Furthermore, higher 

Hb levels have also been associated with lower HbA1c levels (Bae et al., 2014). 

Regarding obesity-related peptide hormones, Hb levels have previously been both 

positively and negatively associated with serum leptin levels and negatively 

associated with serum adiponectin levels (Lewerin et al., 2015; Streeter et al., 2016; 

Togo et al., 1999). Studies have also reported lower Hb levels (especially anemic) 

and very high Hb levels as predictors of total and CVD-related mortality (Sarnak 

et al., 2002; Kalra et al., 2017; Kabat et al., 2016; G. Lee et al., 2018). The 

underlying mechanisms have been poorly understood. Hyperviscosity or changes 

in plasma volume (Facchini et al., 1998; Atsma et al., 2012; Böttiger & Carlson, 

1972), endothelial cell dysfunction (Atsma et al., 2012), or higher iron/ferritin 

levels (Hämäläinen et al., 2012; Hashimoto et al., 2015) have been suggested as 

mediators of these associations. The HIF pathway was only discovered after the 

early analyses. The results reported here support the novel hypothesis that the 

association of Hb levels with metabolism is mediated by tissue oxygenation status 

involving activation of the HIF response by lower Hb levels, with higher Hb levels 

being an independent risk factor for metabolic diseases and consequent mortality 

(III and IV).  

6.1 HIF-P4H-2 deficiency downregulates hepatic fructose intake 

and induces thermogenesis protecting mice against NAFLD (I) 

NAFLD is characterized by excessive fat accumulation in the liver, resulting from 

excessive energy consumption and consequent obesity, IR and MetS. Obesity and 

IR promote lipolysis in the adipose tissue, increasing the FFA flux to the liver and 

other tissues (Klop et al., 2013). Fructose promotes hepatic lipogenesis independent 

of insulin by upregulating Srebp-1c (Petersen & Shulman, 2018).  Uric acid 

production is also increased by fructose metabolism resulting in reduced β-

oxidation thus increasing oxidative stress and promoting hepatic IR (Petersen & 

Shulman, 2018). Our data (I) suggests that HIF-P4H deficiency protects mice 

against obesity, IR and NAFLD induced by special diets.  

Hif-p4h-2gt/gt mice fed a HFHF diet were protected against adiposity, hepatic 

steatosis, inflammation, fibrosis and damage, which associated with lower hepatic 

acetyl-CoA levels, downregulation of lipogenic mRNA expression and less IR. In 
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addition, the mice had lower serum leptin levels, previously suggested as anti-

lipogenic and protective against NAFLD (Chitturi et al., 2002).  

Hif-p4h-2gt/gt mice had altered fructose metabolism. Intestinal levels were equal 

compared to WT mice, but in other tissues the fructose levels were 20-40% less 

than that of WT, with lower levels of the harmful metabolites of fructose; uric acid 

and lactate, in the serum. Additionally, upregulation of Khka and Khkc mRNAs and 

increased KHK activity were found in the small intestine of Hif-p4h-2gt/gt mice 

indicating increased fructose metabolism in the Hif-p4h-2gt/gt small intestine thus 

preventing fructose spillage to other tissues, such as the liver.  

Hif-p4h-2gt/gt mice had reduced expression levels of patatin-like phospholipase 

domain-containing protein 3 and 2 (Pnpla3 and Pnpla2) mRNA, upregulation of 

the former being previously linked to steatosis and downregulation of the latter to 

protection against ER stress (Fuchs et al., 2012; Y. Huang et al., 2011). In addition, 

the mice had downregulation of Cyp2e1 mRNA (Cytochrome P450 2E1), 

overexpression of which is associated with NASH (Leung & Nieto, 2013).  

Browning of WAT has been previously shown to protect female mice against 

MCD diet-induced NAFLD (Jha et al., 2014). Hif-p4h-2gt/gt mice on both the HFHF 

and HF-MCD diets had less WAT and its inflammation, and female Hif-p4h-2gt/gt 

mice on the HF-MCD diet showed significant browning of WAT compared to WT 

littermates. Increased browning associated with increased heat production and 

mRNA expression of several browning markers including PPARγ, which has been 

well established as an HIF target gene and a browning marker (Krishnan et al., 2009; 

Ohno et al., 2012; Vernochet et al., 2009). As these mice also showed protection 

against hepatic steatosis and liver damage, it is likely that HIF-P4H-2 deficiency 

induced browning of WAT and consequent thermogenesis served as a protective 

measure. A few earlier reports have associated exposure to environmental hypoxia 

and activation of the HIF response with browning of WAT (Gozal et al., 2017; van 

den Borst et al., 2013), but this is the first study showing that inhibition of any HIF-

P4H induces browning of WAT and/or thermogenesis. To conclude, our results 

demonstrate a mechanism of systemic HIF-P4H-2-deficiency induced protection 

against NAFLD involving organ crosstalk.  

6.2 Pharmacological pan-HIF-P4H inhibition ameliorates NAFLD 

and metabolic dysfunction in WT mice (I and II) 

The outcomes of pharmacological pan-HIF-P4H inhibition with FG-4497 are likely 

HIF-P4H-2 mediated, since similar outcomes were seen in the genetic model with 
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Hif-p4h-2gt/gt mice. Our data show that pan-HIF-P4H inhibition poses multiple 

beneficial metabolic effects which protected against several adverse metabolic 

traits here. However, pharmacologic pan-HIF-P4H inhibition did not significantly 

reduce steatosis in WT mice in any of the special diet models, and thus did not 

phenocopy the outcomes seen in the Hif-p4h-2gt/gt mice. FG-4497 treatment 

demonstrated reduced ability to downregulate hepatic lipogenic gene expression in 

the HFHF diet and failed to induce significant WAT browning in the HF-MCD diet. 

However, in an alcohol-induced fatty liver disease (AFLD) model, the FG-4497 

treatment phenocopied the liver protective outcome which was observed in Hif-

p4h-2gt/gt mice (Laitakari et al., 2019). 

Here we present data which indicates that for the treatment of NAFLD, HIF-

P4H-2 alone should be targeted. Duan et al. previously reported data on several  

hepatocyte-specific cHif-p4h KO mice lines regarding steatosis. In the study a triple 

hepatic KO of all three HIF-P4H isoforms developed significant steatosis, whereas 

a double KO of HIF-P4H2/3 was quite normal and a double KO of HIF-P4H1/3 

also showed significant steatosis, supporting our data and the potential of HIF-P4H-

2 as a target for the treatment of NAFLD (L. J. Duan et al., 2014). Moreover, 

Thomas and colleagues reported increased hepatic steatosis, liver-specific IR, 

increased WAT mass and IGT in Hif-p4h-1-/- mice compared to their WT littermates 

(A. Thomas et al., 2016), further supporting the result that pan-HIF-P4H inhibition 

is not ideal for the treatment of NAFLD.  

Another aspect to consider is the indication for which the current HIF-P4H 

inhibitors are used. The current compounds aim to induce renal (and hepatic) EPO 

expression and improve iron intake in order to induce erythrocytosis for the 

treatment of various anemias. Thus, the compounds in their current form might not 

be ideal for metabolic indications. To conclude, our results support the potential of 

systemic HIF-P4H-2 inhibition as a novel treatment option for NAFLD. 

Here we studied the effects of two preclinical pan-HIF-P4H inhibitors, FG-

4497 and FG-4539, on the anthropometric and metabolic parameters and 

expression of metabolic HIF target genes in WT mice. Our data show that both 

inhibitors activated widely the HIF response in WAT, liver and skeletal muscle, the 

key tissues for energy metabolism and which convey the metabolic interplay. The 

inhibitors alleviated weight gain, lowered weight of WAT and liver, improved 

glucose tolerance and lowered serum total cholesterol levels. Importantly, the 

inhibitors were safe in use as they did not cause hypoglycemia and only lowered 

body weight, adiposity and HOMA-IR in obese and insulin resistant mice but not 
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in healthy mice. Moreover, similar effects were obtained with both inhibitors 

indicating they were equally effective. 

6.3 Genetic HIF-P4H deficiency and small molecule pan-HIF-P4H 

inhibitors mediate effects on glucose and lipid metabolism (II) 

We also aimed to dissect the contribution of each HIF-P4H isoenzyme to the 

metabolic parameters studied in order to provide specifications on which 

isoenzyme and which tissue should be targeted for optimal outcome in the 

treatment of metabolic dysfunction with HIF-P4H inhibition. Although, exact 

conclusions are difficult to make, our data show that HIF-P4H-1 inhibition has 

quite neutral effects on overall metabolism while it can protect from aging-

associated obesity and hypercholesterolemia. Earlier, HIF-P4H-1 loss has been 

associated with skeletal muscle metabolism due to lowering O2 consumption by 

reprogramming glucose metabolism from OXPHOS to more anaerobic ATP 

production through activation of a PPARα pathway (Aragonés et al., 2008). 

Although HIF-P4H-1 loss has been reported to impair oxidative muscle 

performance in healthy conditions, it provides acute protection of myofibers 

against lethal ischemia via reduced oxidative stress (Aragonés et al., 2008). The 

hypoxia tolerance of the Hif-p4h-1 KO skeletal muscles was mainly mediated by 

HIF2α and was not seen in Hif-p4h-3 KO or Hif-p4h-2 heterozygous mice 

(Aragonés et al., 2008). Here, 1-year old Hif-p4h-1 KO skeletal muscles showed 

upregulation of mRNAs for pfkl and pdk1 with upregulation of the HIF targets Hif-

p4h-2 and Hif-p4h-3 mRNAs suggesting a compensatory attempt to overcome HIF-

P4H-1 loss and indicating an important role for it in skeletal muscle. However, 

unlike in 1-year old Hif-p4h-2gt/gt skeletal muscle, the mRNA for glut4 was not 

upregulated (Rahtu-Korpela et al., 2014). Our data here, and published earlier 

(Hyvärinen et al., 2010; Rahtu-Korpela et al., 2014) on the Hif-p4h-2gt/gt mice in 

which the knock-down of Hif-p4h-2 varies tissue-specifically from >90% in heart 

to about 85% in skeletal muscle, 50% in WAT and 40% in liver (Karsikas et al., 

2016; Rahtu-Korpela et al., 2014), indicate that of the three isoenzymes, inhibition 

of HIF-P4H-2 has the largest effects on metabolism which also agrees with it being 

the most abundant  of the isozymes (Myllyharju & Koivunen, 2013). HIF-P4H-2 

deficiency associated with lower body weight but did not alter weight gain of non-

obese 6-7-month-old mice. In agreement with data presented in study I and by 

others (Laitakari et al., 2019), HIF-P4H-2 inhibition associated with lower liver 

weight here. HIF-P4H-2 inhibition also associated with lower serum total and HDL 
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cholesterol levels, the latter being the major lipoprotein in mice thus differing from 

human (Yin et al., 2012). Interestingly, our data suggest that pan-inhibition of HIF-

P4Hs results in less decline in serum total cholesterol levels compared to HIF-P4H-

2 deficiency alone, likely involving HIF-P4H-3 inhibition-mediated effects since 

at least upon aging, HIF-P4H-1 loss lowered cholesterol levels while HIF-P4H-3 

loss increased them. Only inhibition of the HIF-P4H-2 isoenzyme improved 

glucose metabolism by lowering fasting glucose levels and improving glucose 

tolerance in GTT, agreeing with earlier published observations (Matsuura et al., 

2013; Rahtu-Korpela et al., 2014). In contrast to  previously published data on acute 

hepatic HIF-P4H-3 inhibition (Taniguchi et al., 2013), the total genetic KO of HIF-

P4H-3 mediated higher body weight and weight gain and higher weights of WAT 

and liver. Also, HIF-P4H-3 inhibition resulted in hyperglycemia, higher insulin 

resistance and glucose intolerance in GTT. In earlier studies acute hepatocyte 

specific HIF-P4H-3 loss has been shown to improve insulin sensitivity and 

ameliorate diabetes by specifically stabilizing HIF2α and upregulation of Irs2 

transcription and insulin-stimulated protein kinase B activation (Taniguchi et al., 

2013). HIF-P4H-3 overexpression has been associated with acceleration of the 

progression of atherosclerosis (H. Liu et al., 2016) while its developmental loss has 

been associated with protection against abnormal sympathoadrenal development 

and systemic hypotension (Bishop et al., 2008). 

6.4 Metabolic HIF target and other genes are regulated by pan-HIF-

P4H inhibitors in HIF-P4H-1-3 isoenzyme-deficient adipose 
tissue, liver and skeletal muscle (II) 

In the HIF target mRNA level analyses in WAT, pan-inhibition of HIF-P4Hs 

upregulated glucose intake and glycolytic metabolism mRNAs indicating that WAT 

metabolism can be targeted via pharmacologic inhibitors, and that inhibition of all 

HIF-P4H isoenzymes contribute to it. Although not reaching significance, there 

was a trend for HIF-P4H-2 deficiency to associate with lower adipose Ccl2 mRNA 

levels while HIF-P4H-3 deficiency upregulated them. This is in line with more 

macrophage aggregates detected in WAT of aged Hif-p4h-3 KO mice and their 

higher HOMA-IR scores, adipose tissue inflammation being strongly associated 

with obesity-induced IR. Despite these negative effects of HIF-P4H-3 loss in WAT, 

its inhibition, similar to that of HIF-P4H-1 and HIF-P4H-2, upregulated adipose 

Glut1 (Slc2a1) and glycolytic mRNAs suggesting that the counteractive effects 

may not have been mediated by HIF-P4H-3 inhibition in WAT per se, but they may 
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have stemmed from systemic effects. Expression of Adipoq mRNA was oppositely 

downregulated in the aged Hif-p4h-3 KO WAT and upregulated in the 

vehicle/inhibitor treated Hif-p4h-3 KO WAT. The potential explanation for the 

difference could be the solvent meglumine used in the treated mice which has been 

associated with improved glucose tolerance and limiting long-term weight gain 

(Bravo-Nuevo et al., 2014). 

In liver, both inhibitors upregulated metabolic HIF target mRNAs, especially 

seen in samples collected from animals sacrificed 6 h after the last dose suggestive 

of fast hepatic drug metabolism. Upregulation of Glut1 (Slc2a1), glycolytic and the 

insulin sensitivity increasing Irs2 mRNA were seen in association with HIF-P4H-

1 and HIF-P4H-2 inhibition, whereas HIF-P4H-3 inhibition associated with their 

downregulation. Despite these similarities between isoenzymes 1 and 2, and 

differences between isoenzymes 1/2 and 3, only inhibition of HIF-P4H-2 mediated 

better glucose tolerance in GTT, which suggests that other mRNAs and potentially 

other tissues contributed to this. Interestingly, in liver the major lipogenic mRNAs; 

Srebp1c and its targets Acca, Fasn and Scd1 that we have reported earlier being 

downregulated in 1-year-old Hif-p4h-2gt/gt liver (Rahtu-Korpela et al., 2014) and 

partially here, too, were also downregulated in Hif-p4h-3 KO livers upon aging and 

when challenged with FG-4497. This is surprising when reflecting on the observed 

higher liver weight and serum cholesterol levels in aged Hif-p4h-3 KO mice 

suggesting that the higher liver weight could stem from higher glycogen content. 

Another explanation could be that they were downregulated as a feedback to limit 

further de novo lipogenesis. 

Also, in skeletal muscle, both inhibitors upregulated metabolic HIF target 

mRNAs, the effect being wider in the C57BL6/N/Sv129 than in the C57BL6/N 

background. Glycolytic mRNAs were upregulated following HIF-P4H-1 and HIF-

P4H-2 inhibition, and in the case of Pdk4 mRNA, also in Hif-p4h-3 KO skeletal 

muscle when treated with FG-4497. Only HIF-P4H-2 inhibition upregulated 

skeletal muscle Glut4 (Slc2a4) mRNA levels. Even though regulation of skeletal 

muscle insulin-dependent glucose intake by GLUT4 mainly occurs at the level of 

transporter location to the plasma membrane (Petersen & Shulman, 2018), our data 

show that upregulation of its mRNA levels associates, e.g., with lower fasting 

glucose levels and better glucose tolerance in Hif-p4h-2gt/gt mice. Moreover, Ppara, 

a key regulator of fatty acid oxidation in skeletal muscle, and Pparg, whose 

activation in skeletal muscle can have a significant protective effect on whole body 

glucose homeostasis and insulin resistance (Amin et al., 2010) mRNAs were only 

upregulated in skeletal muscle by HIF-P4H-2 inhibition. Interestingly, upregulation 
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of Hif-p4h-3 mRNA was observed in Hif-p4h-1 KO and Hif-p4h-2gt/gt skeletal 

muscle. When reflected to the overall better metabolic outcome of these mouse 

lines this could suggest that HIF-P4H-3 loss or inhibition is especially detrimental 

in skeletal muscle.  

Altogether, our data speak for beneficial effects on metabolism achieved by 

HIF-P4H-2 inhibition while HIF-P4H-1 inhibition conveys some beneficial effects, 

especially upon aging, but being mostly neutral, whereas HIF-P4H-3 inhibition 

clearly has detrimental effects on glucose metabolism. Analyses of the data is 

complicated also via the endogenous feedback loop in the HIF system, i.e., HIF-

P4H-2 and HIF-P4H-3 being endogenous HIF target genes (Aprelikova et al., 2004; 

Berra, Benizri, Ginouvès et al., 2003; Metzen et al., 2005). Therefore, the potential 

compensation by these isoenzymes for the loss of catalytic activity of others may 

have influenced the outcome. Moreover, direct comparison of the data between the 

different mouse lines is not possible due to different backgrounds. Therefore, 

despite our aim to provide a comprehensive analysis of the contribution of each 

HIF-P4H isoenzyme to metabolism, some caveats remain. However, our data 

clearly support the further development of small molecule HIF-P4H inhibitors – 

preferably selective for isoenzyme 2 or 1/2 – for the treatment of metabolic 

dysfunction, with the challenge to limit the erythropoietic response especially 

mediated by HIF-P4H-2 inhibition. 

6.5 Hb levels associate with metabolic traits in mice and 

manipulation of Hb levels alters metabolism (III) 

As discussed in the previous chapters, activation of the HIF pathway poses 

beneficial metabolic effects. However, data on humans is largely lacking. 

Individuals environmentally exposed to hypoxia by living at higher altitudes have 

lower fasting glucose levels and better glucose tolerance compared to those living 

at or near sea level, and demographic studies have associated living at high altitude 

with lower incidence of obesity and diabetes (Marlatt et al., 2020; Voss et al., 2013; 

Woolcott et al., 2015). Our study (III) was the first that investigated whether 

association of Hb levels with metabolism would be mediated by tissue oxygenation 

status involving activation of the HIF response by lower Hb levels. 

To evaluate the potential of Hb levels as a measure of metabolic health in 

humans, we first tested our hypothesis in a cohort of C57Bl/6 mice and found a 

positive association between Hb levels and body weight at 1 year of age. The mice 

with lower Hb levels also had better glucose tolerance as well as less IR, suggesting 
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that lower Hb levels may promote metabolic health. To further evaluate whether 

Hb levels influence metabolic health we manipulated the Hb levels of C57B/6 mice 

by venesection, which is followed by a physiological induction of erythropoiesis 

(Raabe et al., 2011). Venesection caused a significant increase in Hb levels with 

increases seen also in body weight, fasting glucose, total cholesterol and lactate 

levels. Furthermore, this is the first study which has studied metabolic effects of 

Hb manipulation in mice. To conclude, the results seen in mice support our 

hypothesis that Hb levels do associate with metabolic parameters. 

6.6 Hb levels associate extensively with key anthropometric and 

metabolic measures in humans (III and IV) 

Next, we moved on to human studies (III and IV). In study (III) the aim was to 

determine whether lower Hb levels associate with better metabolic health. We 

evaluated the association of Hb levels within the normal variation range with >170 

anthropometric, metabolic and inflammatory parameters including systemic 

metabolite profiles in a Finnish middle-aged population. Previous studies on Hb 

levels and metabolic parameters were mainly based on small and selected 

populations, while our study (III) is the largest study carried out in a non-selected 

birth cohort population (n = 5351), including a replication in another Finnish cohort 

(n = 1824; total n = 7175), and has uniquely both cross-sectional and longitudinal 

design. In addition, no previous studies have used genetic instruments for the 

assessment of these associations. In study (IV), we evaluated whether higher Hb 

levels are a risk factor for developing metabolic diseases at an older age. We studied 

a smaller Finnish cohort (n = 967) from middle-age (average age 51 years) until 

senescence (average age 72 years), with a focus on obesity-associated peptides, 

metabolic disease development and mortality.  

We first wanted to evaluate, whether Hb levels directly associate with O2 

consumption in tissues in a smaller subpopulation of NFBC1966 (n = 123). We 

found a positive association between Hb levels and O2 consumption at rest. In the 

same data set, Hb levels also positively associated with body fat percentage as did 

O2 consumption, further supporting our hypothesis. Then we moved on to larger 

data sets. 

In both studies (III and IV) Hb levels associated extensively with 

anthropometric and metabolic parameters. In study (III) we found a positive 

association between Hb levels and BMI, independent of sex and age. Both males 

and females with lower Hb levels had better glucose tolerance, lower total 
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cholesterol and blood pressure levels and lower inflammatory load. Notably, the 

observed associations were not only driven by BMI, and the associations 

strengthened with age (from 31-years to 46-years).  

In study (IV) very similar associations with Hb levels and metabolic profiles 

were observed in both sexes at baseline with an average age of 51-years. Although 

many of these associations remained, some disappeared at the 20-year follow-up, 

especially in women, such as those for systolic bp and anthropometric measures. 

As an example, several associations between Hb levels and ABP measurements 

were observed at baseline in both sexes. Interestingly, many associations of ABP, 

most prominently those for systolic bp, disappeared at the follow-up. In sex-

specific analysis a positive association between Hb levels and diastolic APB was 

observed at both time points in men, while in women this was seen at both time 

points only when evaluated from the office bp measurements. The loss of 

association in the case of systolic bp could reflect the treatment guidelines of the 

1990s where the focus was nearly exclusively on treatment of systolic bp (Flint et 

al., 2019; Izzo et al., 2000). In addition, the use of bp medication increased from 

48% to 78% during the follow-up which may have accounted for the loss of these 

associations. In addition, women are generally more aware of their condition and 

usually more committed to drug treatment than men (Wolf-Maier et al., 2004), 

which could explain the sex-specific differences observed in the study (IV).  

In study (III) we also evaluated whether Hb levels associate with systemic 

metabolites. We evaluated the association of Hb levels with 150 systemic 

metabolites showing that Hb levels associated extensively and positively with key 

metabolites previously associated with metabolic diseases. Higher levels of 

branched-chain and aromatic amino acids, glycoprotein acetyls and lactate,  which 

associated with the higher Hb levels here, have previously been associated with IR 

(Würtz et al., 2012), and the first two with adiposity (Würtz et al., 2014). Moreover, 

higher phenylalanine levels and a higher ratio of monounsaturated FAs to all FAs, 

which also associated with higher Hb levels here, have earlier been associated with 

increased risk for CVD events (Würtz et al., 2015). 

In study (IV) we also evaluated the data in four Hb quartiles to further 

determine whether higher Hb levels within the normal variation are a risk factor for 

metabolic diseases. In quartile comparisons, the adverse metabolic profile was the 

most prominent in the quartile with the highest Hb levels mostly independent of 

smoking, alcohol consumption and in some cases of BMI. As an example, the 

highest Hb quartile was the only one that, according to WHO classification, 

classified as obese, having an average BMI of 30.5 kg/m2 at the follow-up. High 
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BMI is a major risk factor for CVDs, musculoskeletal disorders (such as 

osteoarthritis) and some cancers (including breast, prostate and colon cancer) 

(https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight). Also, 

incremental increases in 24 h ABP (seen here with the increase in Hb levels at 

baseline) have been associated with greater risks of total and CVD-related mortality 

(W. Y. Yang et al., 2019). Although the increase in bp seen here was minor, it is 

evident that clustering of multiple CVD risk factors increases morbidity of diseases 

such as coronary heart disease and consequent mortality (Berenson et al., 1998). 

In study (IV), several associations between Hb levels and obesity-related 

peptide hormones were observed. Higher leptin levels and lower plasma ghrelin 

and adiponectin levels, a pattern well-established to be associated with obesity 

(Arita et al., 1999; Tschöp et al., 2001), were observed in the highest Hb quartile at 

both time points. At baseline all differences were independent of smoking and 

alcohol consumption and in the case of leptin levels, of BMI. At the follow-up the 

differences between Hb levels and leptin and adiponectin levels, respectively, were 

independent of smoking and alcohol consumption. Interestingly, the average leptin 

levels were significantly higher and those of ghrelin lower at the follow-up 

compared to baseline, whereas adiponectin levels showed no obvious change. 

These results are most likely accounted for by weight gain during the follow-up. In 

women this was probably also influenced by menopause as it increases leptin levels 

(Di Carlo et al., 2002) and lowers ghrelin levels (Sowers et al., 2008) by altering 

the levels of sex hormones but does not influence adiponectin levels (Sieminska et 

al., 2005). To our knowledge this is the first study to report associations between 

Hb levels and serum ghrelin levels in adults while for leptin levels the previous 

reports have been conflicting, our data agreeing with those in  Swedish senescent 

men but not middle-aged Japanese men (Lewerin et al., 2015; Togo et al., 1999) 

The limitations of these studies include the observational nature of human data 

and that we have not measured iron/ferritin levels, which are closely linked to Hb 

levels. However, in study (III) the mean Hb levels remained stable for the 15-year 

period in the NFBC1966 cohort, suggesting that the low Hb levels were not anemic 

and that there were no major changes in Hb levels. This was also the case in study 

(IV), where the average Hb levels remained stable during the 20-year follow-up 

period in women and only declined by 4 g/L (2.6%) in men which is well within 

physiological limits (Patel, 2008). Another study limitation is the use of Hb levels 

as a surrogate measure for O2 levels without saturation data. Lung diseases, such 

as chronic obstructive pulmonary disease or asthma could diminish tissue 

oxygenation via impaired pulmonary ventilation. This could lower Hb saturation 
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which was not measured in the studies. In study (IV), the prevalence of lung 

diseases, however, did not significantly differ between the Hb quartiles at either 

time point suggesting that the observed results were independent of them.  

To conclude, Hb levels do associate extensively with body composition and 

key metabolic parameters, with lower Hb values promoting a metabolically healthy 

pattern. 

6.7 Higher Hb levels associate with liver fat accumulation, 

development of T2DM and higher mortality rates (IV) 

As we have studied HIF-P4H inhibition in the context of NAFLD (I) we evaluated 

whether Hb levels influence liver fat accumulation. Higher Hb levels associated 

with higher serum ALT levels and risk for liver fat accumulation after adjusting for 

covariates. Furthermore, the highest Hb quartile was the only quartile with a mean 

s-ALT exceeding the previously reported thresholds for an increased risk for NASH 

(> 35 U/I) and CVD-related mortality (> 40 U/I) (Verma et al., 2013; Yun et al., 

2009), suggesting that higher Hb levels are a risk factor for fatty liver diseases 

which in turn may influence mortality rates. 

Higher baseline Hb levels were also observed in previously normoglycemic 

subjects that developed IFG, IGT or T2DM at the follow-up after adjusting for 

covariates, indicating that higher Hb levels could also be a risk factor for the 

development of T2DM. Furthermore, the highest Hb quartile was the only quartile 

at the follow-up having a mean 2 h glucose level in OGTT that exceeded the 

threshold of IGT or IFG set by the WHO (7.8 mmol/L). 

The highest Hb quartile also had the lowest survival probability during the 

follow-up regarding total and CVD-related mortality. This could be the 

consequence of the positive associations of Hb levels with the key CVD 

predisposing parameters shown in the study (IV). Furthermore, since only Hb 

values within the normal range were included in the analyses, the HRs are most 

likely not affected by abnormally low or high Hb level-related conditions, such as 

anemia or thrombosis, respectively. For CVD events there were no statistically 

significant differences between the Hb quartiles. 

Unfortunately, some of the well-known CVD risk factors, such as 

socioeconomic status, family history or nutritional information were not available 

for the regression analyses. However, the study population is Finnish representing 

one of the highest developed countries with free education and health care and a 

highly developed welfare system. Although most data were adjusted for multiple 
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covariates, residual confounding effects need to be considered as an explanatory 

factor.  

To conclude, higher Hb levels present as an independent risk factor for key 

metabolic diseases and mortality risk from middle age to senescence.  

6.8 Hb levels and expression of HIF target genes associate with 

metabolic traits (III) 

The central question in this thesis is the causality between Hb levels and the 

metabolic outcomes. Since HIF is principally regulated post-translationally at the 

protein level, the use of genetic instruments is not feasible and makes the analyses 

complicated. We therefore used several methods to evaluate the causality of Hb 

levels/ O2/HIF with the metabolic parameters, most of which, but not all, support 

the hypothesis that lower Hb/ O2 levels drive the metabolic changes.  

Lower Hb levels associated with the expression of a set of HIF target genes 

(Bosco et al., 2006) reported to be induced at least four-fold by hypoxia in human 

peripheral blood monocytes, providing evidence that the HIF response can be 

chronically activated by lower Hb levels. We then carried out MR analyses to 

provide further evidence of lower Hb levels activating the HIF pathway. Although 

standard MR analysis did not provide robust evidence to support a causal effect of 

Hb levels on cardiometabolic traits, the human eQTL MR and murine adipose 

mRNA expression level analyses indicated associations of the HIF target genes and 

metabolic regulators, GLUTs 1 and 4, with several key metabolic markers. HIF 

target genes induce glucose intake independent of insulin by up-regulating GLUTs 

and by increasing glucose usage in glycolysis while dampening the efficiency of 

the mitochondrial OXPHOS. The limitation with the eQTL analyses is the concern 

regarding whether the mRNAs are translated to proteins proportionally. 

To conclude, while more mechanistic studies are needed, our data are 

consistent with lower Hb levels contributing to metabolic and CV health by 

activating the HIF response that mediates the beneficial effects. Thus, individuals 

with lower endogenous Hb levels appear leaner and have a healthier metabolic and 

CV profile. 
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7 Conclusions and future prospects 

HIF-P4H inhibitors have emerged as a novel oral treatment option for CKD-related 

anemias. In addition to their erythropoietic capabilities, the HIF-P4H inhibitors 

might have future indications in metabolic diseases as the HIF pathway is also a 

key regulator of metabolism, and HIF-P4H inhibitors have already shown 

beneficial metabolic effects in clinical studies in anemia patients (N. Chen et al., 

2019). Furthermore, chronic environmental hypoxia has been linked to various 

beneficial metabolic effects (Marlatt et al., 2020; Voss et al., 2013; Woolcott et al., 

2015),  However, extensive metabolic data on humans is largely lacking and little 

is known of the metabolic effects of isoenzyme specific HIF-P4H inhibition. 

Here we show novel mechanisms for systemic HIF-P4H-2 inhibition-induced 

protection against NAFLD. We provide insight into the effects of isoenzyme-

specific HIF-P4H inhibition and show that HIF-P4H-2 inhibition is largely 

responsible for the beneficial metabolic effects of pan-HIF-P4H inhibition seen in 

mice. We provide extensive metabolic data on the role of Hb levels as an indicator 

of metabolic health and analyze the link between Hb levels and the HIF pathway 

systematically, providing novel human data on the phenomena. 

Study I revealed two distinct HIF-P4H-2 deficiency-dependent protective 

mechanisms against NAFLD, involving WAT browning and thermogenesis, and  

increased fructose clearance by the intestines. WAT browning has been previously 

shown to be associated with protection against obesity (Jankovic et al., 2017), thus 

further characterization of the phenomenon is of clinical importance. As fructose 

consumption is associated with obesity and fructose is added into various foods and 

drinks in Western societies (Tappy, 2018), means to improve systemic fructose 

tolerance are of therapeutic value. 

Studies I and II revealed new insight on the metabolic effects of two preclinical 

pan-HIF-P4H inhibitors, FG-4497 and FG-4539. The two pan-HIF-P4H inhibitors 

induced erythrocytosis, provided metabolically beneficial outcomes in a dose-

dependent manner and were also safe to use, supporting further development of 

these compounds. 

Study II revealed new insight on the isoenzyme-specific metabolic effects of 

HIF-P4H inhibition. Our data speak for beneficial effects on metabolism achieved 

by especially HIF-P4H-2 inhibition, and that HIF-P4H-1 inhibition has quite 

neutral effects on overall metabolism whereas HIF-P4H-3 inhibition clearly has 

detrimental effects to metabolism. Interestingly, our data suggest that pan-

inhibition of HIF-P4Hs is not as beneficial to metabolism as HIF-P4H-2 deficiency 
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alone. The results suggest isoenzyme and tissue-specific selectivity as important 

aspects in pursuit of the most beneficial metabolic effects achieved with HIF-P4H 

inhibition.  

Regarding Hb levels and metabolism (III and IV), we systematically 

investigated the novel hypothesis that association of Hb levels with metabolism is 

mediated by tissue oxygenation status involving activation of the HIF response by 

lower Hb levels. The outcomes of the studies are in line with our hypothesis and 

the results regarding HIF-P4H inhibition (I and II). Lower Hb levels associated 

with healthier glucose and lipid metabolism, healthier body composition, less 

inflammation and protection against NAFLD, which were all observed in mice with 

systemic genetic HIF-P4H-2 deficiency and to some extent HIF-P4H-1 loss (I and 

II).  

Although pan-HIF-P4H inhibition or HIF-P4H-2 deficiency results in 

erythrocytosis and consequent increase in Hb, they also provide the metabolic 

effects of activating the HIF pathway. As the pan-inhibitors were only administered 

for 6 weeks the effect achieved with them mimics an acute response to hypoxia, 

whereas genetic deficiency mimics a more chronic one. This could explain some 

of the differences seen in the genetic and pharmacologic models. In human analyses, 

the lower Hb levels act as a surrogate measure of chronic hypoxia, which again, 

without acute hypoxia, does not necessarily induce erythrocytosis and the 

consequent increase in Hb levels, unlike in the case of erythrocytosis induced in 

HIF-P4H-deficient mice receiving a pan-HIF-P4H inhibitor. As to how to directly 

overcome the adverse effects resulting from higher Hb levels, a couple of options 

can be discussed. Although venesection acutely lowers Hb levels, it mimics an 

acute response to hypoxia which is met with a compensatory increase in RBC count 

and Hb levels within weeks and may therefore not be an optimal treatment. 

Potentially, some form of competitive inhibition (although not to the extent of CO) 

could possibly be used to decrease the O2 saturation of Hb and thus mimic lower 

systemic Hb levels.  

As metabolic diseases are all highly prevalent and tend to cluster, these results 

have the utmost clinical importance as they provide new insight into the risk 

profiles and possibly novel treatment options for these diseases. Altogether, these 

data suggest that HIF-P4H (especially HIF-P4H-2) inhibition or slight tissue 

hypoxia, for example, by lower endogenous Hb levels, mediate many beneficial 

effects to cardiometabolic health. 
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