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Abstract

Oxygen is essential for aerobic organisms, as shortage of oxygen (hypoxia) can induce cellular
dysfunctions and even cell death, leading to tissue damage and decreased viability of the organism.
Oxygen homeostasis is regulated delicately by several mechanisms, the major one being the
hypoxia-inducible factor (HIF) pathway that is evolutionarily conserved. HIFα subunits are
regulated in an oxygen-dependent manner via three HIF prolyl 4-hydroxylases (HIF-P4Hs). In the
presence of oxygen HIF-P4Hs modify HIFα, which leads to its degradation, whereas in hypoxia
the HIF-P4H enzymes cannot function and HIFα is stabilized. HIF regulates more than 300 genes
that enhance oxygen delivery from the lungs to tissues and reduce oxygen consumption in tissues,
such as those for erythropoietin and vascular endothelial growth factor. When a tissue suffers from
hypoxia caused by a circulatory restriction, the situation is called ischemia.

In this study we used a genetically modified HIF-P4H-2 hypomorph mouse line that expresses
8% of the wild-type Hif-p4h-2 mRNA in the heart and 19% in skeletal muscle, and has HIFα
stabilization in both tissues. We showed that chronic HIF-P4H-2 deficiency leads to protection
against acute ischemic injury both in the heart and in skeletal muscle. The protection was mainly
due to enlarged capillaries and better perfusion in both tissues.

Hypoxia is known to decrease body weight. The observation of the HIF-P4H-2 deficient mice
being leaner than their wild-type littermates led us to study their body constitution, metabolism
and adipose tissue in detail. We discovered that chronic HIF-P4H-2 deficiency protects against
obesity and several metabolic dysfunctions including diabetes and metabolic syndrome. These
beneficial outcomes were mimicked when a pharmacological pan-HIF-P4H inhibitor was
administered to wild-type mice.

In these studies we showed that pharmacological HIF-P4H-2 inhibition may provide a novel
treatment for diseases such as acute myocardial infarction, peripheral artery disease and metabolic
disorders.

Keywords: HIF prolyl 4-hydroxylase, hypoxia, hypoxia-inducible factor, metabolism,
myocardial infarct, skeletal muscle
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Tiivistelmä

Happi on edellytys aerobisen eliön, kuten ihmisen, elämälle; hapen niukkuus (hypoksia) voi joh-
taa monenlaisiin solun toimintahäiriöihin, jotka voivat edelleen aiheuttaa solun kuoleman, kysei-
sen kudoksen vaurion, ja lopulta eliön elinkyvyn heikkenemisen. Happitasapainoa säädellään
monilla menetelmillä, joista merkittävin on hypoksiassa indusoituvasta tekijästä (HIF) riippuvai-
nen reitti, joka on evoluutiossa säilynyt. HIFα alayksiköitä säätelee hapesta riippuvaisesti kolme
HIF prolyyli 4-hydroksylaasia (HIF-P4Ht). Hapen läsnä ollessa HIF-P4H on aktiivinen ja johtaa
HIFα:n hajottamiseen, kun taas hypoksiassa HIF-P4H entsyymit eivät voi toimia ja siten HIFα
stabiloituu. HIF säätelee yli 300 geeniä, jotka edistävät hapen kuljetusta ja pääsyä keuhkoista
kudoksiin sekä vähentävät hapenkulutusta. Näitä geenejä ovat mm. erytropoietiini sekä vasku-
laarinen endoteelikasvutekijä. Kudoksen heikentyneestä verenkierrosta johtuvaa hapenpuutetta
kutsutaan iskemiaksi.

Tässä tutkimuksessa käytimme geneettisesti muunneltua HIF-P4H-2 hypomorfi-hiirikantaa,
joka tuottaa Hif-p4h-2 lähetti-RNA:ta sydämessä vain 8 % ja luurankolihaksessa 19 % villityy-
pin määrästä, ja jolla on HIFα stabiloituneena molemmissa kudoksissa. Osoitimme, että krooni-
nen HIF-P4H-2:n puute suojaa sekä sydäntä että luurankolihasta akuutissa iskemiassa. Vaikutus
johtui pääasiassa suuremmista kapillaareista ja paremmasta perfuusiosta molemmissa kudoksis-
sa.

Aikaisempien tutkimusten perusteella tiedetään, että hypoksia alentaa painoa. Huomio siitä,
että HIF-P4H-2 puutteiset hiiret ovat hoikempia kuin villityypin sisaruksensa, johti meidät tutki-
maan hiirten kehon koostumusta, aineenvaihduntaa ja rasvakudosta tarkemmin. Tutkimuksis-
samme selvisi, että krooninen HIF-P4H-2:n puute suojaa lihavuudelta ja monelta aineenvaihdun-
nan häiriöltä kuten sokeritaudilta ja metaboliselta oireyhtymältä. Nämä edulliset vaikutukset
toistuivat, kun annoimme villityypin hiirille pan-HIF-P4H inhibiittoria.

Kaiken kaikkiaan, näissä tutkimuksissa osoitimme, että lääkkeellinen HIF-P4H-2:n estämi-
nen voi tarjota uuden keinon sydäninfarktin, luurankolihasiskemian ja aineenvaihdunnan häiriöi-
den hoitoon.

Asiasanat: aineenvaihdunta, HIF prolyyli 4-hydroksylaasi, hypoksia, hypoksiassa
indusoituva tekijä, luurankolihas, sydänlihasinfarkti
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1 Introduction 

The maintenance of oxygen homeostasis is essential for all aerobic organisms, and 

some mechanisms for this are found even in prokaryotes. In animals, complex 

processes have evolved to sense changes in oxygen availability and to adapt to them. 

One of these mechanisms is a hypoxia-inducible pathway that is evolutionarily 

conserved. The hypoxia-inducible transcription factor (HIF) consists of two subunits, 

α and β. The stability of the HIFα subunit is negatively regulated by HIF prolyl 4-

hydroxylases (HIF-P4Hs) in an oxygen-dependent manner. During decreased oxygen 

availability, i.e. hypoxia, the enzymatic activity of HIF-P4Hs decrease and thus HIFα 

is stabilized. HIF regulates the expression of over 300 HIF-dependent genes, e.g. 

those for erythropoietin and vascular endothelial growth factor. Hypoxia is 

physiologically present in tissues during embryogenesis, but also during various 

pathological conditions such as myocardial ischemia (heart), peripheral artery disease 

(skeletal muscle) or anemia (systemic). It has been shown that inhibition of HIF-P4Hs, 

especially HIF-P4H-2, has beneficial effects in tissues that are prone to imminent or 

acute hypoxia. Pan-HIF-P4H inhibitors are currently in clinical trials for treatment of 

anemia. 

HIF-P4H-2 is the most abundant and important of the HIF-P4H isoenzymes, 

therefore Hif-p4h-2 null mice are embryonically lethal and HIF-P4H-2 conditional 

knock-out mice suffer from several pathological conditions. In the present studies we 

use a genetrap mouse model hypomorphic for HIF-P4H (Hif-p4h-2gt/gt) , in which the 

level of wild-type Hif-p4h-2 mRNA expression varies in different tissues (Hyvärinen 

et al. 2010), being 8% in the heart and 15% in skeletal muscle, and HIF-1α and 2α are 

stabilized in the tissues. The most common cardiovascular pathologic hypoxic 

condition in humans is acute myocardial ischemia and ischemia-reperfusion, and in 

the first part of the thesis (original article I) the effect of HIF-P4H-2 deficiency on 

these conditions was studied in the hypomorphic mouse model. Our hypothesis was 

that chronic HIF-P4H-2 deficiency leading to stabilization of HIF-1α and 2α provides 

cardiac tissue protection against ischemia via ameliorating mechanical recovery and 

diminishing the injury area. Another significant pathological hypoxic condition in 

humans is peripheral artery disease that increases in accordance with other 

atherosclerotic diseases. In the second part (original article II) skeletal muscle 

ischemia was induced in the Hif-p4h-2gt/gt mice to study if the 19% expression level of 

Hif-p4h-2 mRNA in skeletal muscle leading to moderate stabilization of HIF-1α and 

2α protects the hypomorphs also against skeletal muscle ischemia-reperfusion injury. 
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Metabolic syndrome is a cluster of disorders that are becoming common 

worldwide, obesity and decreased glucose tolerance being two of them. Obesity is 

associated with low-grade inflammation of adipose tissue, leading to abnormal 

adipose tissue metabolism and pathological conditions such as increased insulin 

resistance, glucose output and plasma glucose levels. Hypoxia has been reported to 

decrease body weight (Quintero et al. 2010, van den Borst et al. 2013) but the 

mechanism has not yet been clarified. Hypoxia has also been reported to improve 

whole-body and skeletal muscle glucose uptake by increasing the expression of 

glycolytic enzymes, enhancing the number of mitochondria and glucose transporter 4 

(GLUT4) levels and improving insulin sensitivity. The only obvious abnormality 

found in the Hif-p4h-2gt/gt mice was that their weights were 88% of those of the wild 

type (Hyvärinen et al. 2010). In the third part (original article III) of this thesis the 

body constitution, function and structure of adipose tissue and metabolism of the Hif-

p4h-2gt/gt mice were studied in detail to reveal the underlying mechanisms for lower 

body weight, and potential changes in their metabolism. In addition, a pan-HIF-P4H 

inhibitor was administered to wild-type mice in order to study if a pharmacological 

agent can imitate the genetic deficiency of HIF-P4H-2. 
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2 Review of the literature  

2.1 Oxygen and its sensing in mammals 

Oxygen is essential for aerobic organisms, especially for mammals like humans. 

Oxygen is indispensable for the oxidative metabolism of glucose and fatty acids in the 

mitochondria that leads to production of adenosine triphosphate (ATP), the most 

important energy resource in mammals. 

Oxygen is gained in mammals via the lungs where hemoglobin in the red blood 

cells in the lung capillaries binds oxygen molecules from inhaled air. When the red 

blood cells reach tissues, oxygen is released to the cells. In aerobic organisms a 

shortage of oxygen (hypoxia) can induce severe cellular dysfunction and even cell 

death. In normal oxygen environment at sea level the oxygen tension in air is 21% 

and in tissues it varies from 16% in lungs to 3% in some areas of heart, kidneys and 

brain and even lower in eg. cartilage (Lahiri et al. 2003). Hypoxia can be either 

systemic, as in acute mountain sickness at high altitude, or local, as in the cardiac 

muscle of a patient suffering from atherosclerosis. It can also be physiological as 

during embryogenesis or pathological as in solid tumors, and occur also if oxygen 

consumption in tissues exceeds the oxygen availability. When a tissue suffers from 

hypoxia caused by a circulatory restriction, the situation is called ischemia. In most 

cases ischemia is only temporary and results in restoration of the blood flow, i.e. 

reperfusion. If the ischemia endures, it damages the tissue and causes permanent 

injury, i.e. infarct. When oxygen availability is compromised, cells sense the altered 

circumstances and respond first with acute non-transcriptional effects, such as a 

decrease in protein synthesis, changes in pH and alteration in the function of ion 

channels, and then with adaptive changes in gene expression. These changes enhance 

the oxygen delivery from lungs to tissues, e.g. by activating red blood cell production 

(erythropoiesis) and formation of neovasculature (angiopoiesis), and increasing blood 

pressure and flow. The adaptive changes also reduce oxygen consumption in tissues, 

e.g. by enhancing aerobic glycolysis, and thereby ameliorate the oxygen status in 

cells. Effects of hypoxia on particular cells depend on how oxidative the cell 

metabolism is; in oxidative cells such as cardiomyocytes the energy production 

ceases, whereas in adipocytes the effects are more minor.  

The adaptation to reduced oxygen tension is due to an evolutionarily conserved 

pathway mediated by posttranslational hydroxylation of hypoxia-inducible factor 

(HIF), a transcription factor found in all mammalian cells. HIF is a heterodimeric 
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protein comprising two subunits, α and β. In normoxia the α subunit is degraded 

continuously, but in hypoxia it is stabilized and active in cells. This balance between 

HIFα degradation and stabilization is maintained via HIF prolyl 4-hydroxylase (HIF-

P4H) activity that again is regulated by the partial pressure of O2 in cells. So far more 

than 300 genes regulated by HIF have been found, e.g. those for the glycoprotein 

hormone erythropoietin (EPO) that stimulates erythrocyte production, vascular 

endothelial growth factor (VEGF) and glucose transporters and glycolytic genes 

(Pawlus & Hu 2013, Ratcliffe 2013). 

2.2 HIF – hypoxia-inducible factor  

2.2.1 Structure  

Hypoxia-inducible factors, HIFs, are heterodimeric transcription factors consisting of 

two subunits; unstable HIFα and stable HIFβ (known also as ARNT) in the nucleus. 

Both subunits belong to the basic helix-loop-helix Per-Arnt-Sim (bHLH-PAS) protein 

superfamily (Wang et al. 1995). Three HIFα subunits, HIF-1α, 2α and 3α are found in 

human, HIF-1α length being 826 amino acids. The amino-terminal half of HIF-1α and 

HIFβ comprise the bHLH and PAS domains, which are required for 

heterodimerization and DNA binding. The carboxyl-terminal half of HIF-1α in turn is 

required for the transactivation function (Jiang et al. 1996). The two transactivation 

domains in the carboxyl-terminal region, termed N-terminal (NTAD) and C-terminal 

(CTAD), span amino acids 534–575 and 786–826 in HIF-1α, respectively (Jiang et al. 

1997). In the central region of HIF-1α there is an area mediating the oxygen 

dependent regulation of the HIF-1α stability, the oxygen-dependent degradation 

domain (ODDD) that spans amino acids 401–603 (Huang et al. 1998).  

The three isoforms of HIFα are encoded by three distinct genes, Hif1a, Hif2a and 

Hif3a (Ema et al. 1997, Flamme et al. 1997, Gu et al. 1998, Hara et al. 2001, 

Hogenesch et al. 1997, Tian et al. 1997). The structure of human HIF-1α is illustrated 

in Figure 1. HIF-2α and 3α sequences are closely similar to HIF-1α except that HIF-

3α lacks the CTAD region (Ema et al. 1997, Flamme et al. 1997, Gu et al. 1998, 

Hogenesch et al. 1997, Tian et al. 1997) and has several alternative splicing variants 

in mammals (Hara et al. 2001, Pasanen et al. 2010). HIF-2α functions in a similar 

way to HIF-1α: it dimerizes with HIFβ, and in the nucleus it binds to the hypoxia 

responsive element (HRE) of its target genes and induces their transcription (Ema et 

al. 1997, Flamme et al. 1997, Hogenesch et al. 1997, Tian et al. 1997). HIF-3α on the 
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other hand has various splicing variants that function in different ways; some as weak 

transcription factors, some as negative regulators of HIF-1 (Heikkilä et al. 2011, Jang 

et al. 2005, Makino et al. 2001, Makino et al. 2002, Maynard et al. 2003, Pasanen et 

al. 2010). 

Fig. 1. The domain structure of human HIF-1α. The bHLH and PAS domains are 

required for dimerization with HIFβ and DNA binding. ODDD is the oxygen-dependent 

degradation domain. HIF-1α also contains two transactivation domains (N- and C-

terminal, NTAD and CTAD, respectively). The two prolyl residues (P) hydroxylated by 

HIF-P4Hs are located in the ODDD. The asparagine (N) hydroxylated by FIH is located 

in CTAD. 

2.2.2 Regulation of HIF 

HIF-1α and HIFβ mRNAs are continuously expressed in all tissues, HIF-1α therefore 

being the major component of all HIFαs. Under well-oxygenated conditions HIFα is 

continuously degraded after translation having a half-time less than 5 min (Huang et 

al. 1998). Certain prolyl residues in the ODDD are hydroxylated by HIF-P4Hs in a 

reaction that requires oxygen, Fe2+, 2-oxoglutarate and ascorbate. The 4-

hydroxyprolyl residues are then recognized and bound by the von Hippel-Lindau 

protein (pVHL), which interacts with elongin C, and recruits an ubiquitin ligase 

complex to ubiquitinylate the HIFα protein (Kamura et al. 2000). The 

polyubiquitylated protein is then directed to proteasomal degradation (Salceda & Caro 

1997). The oxygen-dependent regulation of HIF is illustrated in Figure 2. HIF-2α 

(also known as endothelial PAS domain protein 1, EPAS1) and HIF-3α (also known 

as inhibitory PAS protein, IPAS) are expressed in more restricted tissues indicating 

more specific functions; HIF-2α in vasculature in general, urogenital tissues, lung 

mesenchyme, and placenta (Ema et al. 1997, Flamme et al. 1997, Jain et al. 1998, 

Tian et al. 1998) and HIF-3α in thymus, lung, brain, heart, and kidney of adult mice 

(Gu et al. 1998) and in placenta, pancreas and the heart of human (Pasanen et al. 

2010).  
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Expression of Hifa mRNAs is regulated in distinct manners. Hypoxia does not 

affect the mRNA levels of HIF-1α except for pulmonary artery smooth muscle cells 

where the levels are increased (Belaiba et al. 2007). Interestingly, Hif3a is a HIF-1α 

target gene, whereas HIF-2α has no effect on it (Pasanen et al. 2010, Tanaka et al. 

2009). The mRNA levels of HIF-1α and 2α have been reported to be induced by 

certain cytokines such as interleukin 1β, tumor necrosis factor α and interferon  
(Ortis et al. 2010), and oncogenes (Kikuchi et al. 2009).  

In hypoxic conditions the hydroxylation reaction catalyzed by HIF-P4Hs cannot 

proceed and HIFα remains intact, accumulates, translocates to the nucleus and 

dimerizes with HIFβ. The dimer binds to HREs in promoters of HIF target genes, 

containing the sequence 5’-(A/G)CGTG-3’ (Semenza et al. 1996). Examples of 

classical HIF target genes are assembled in Figure 3. 

Factor inhibiting HIF (FIH1) is a member of the same Fe2+- and 2-oxoglutarate-

dependent dioxygenase family with HIF-P4Hs. In normoxia it hydroxylates an 

asparaginyl residue (Asn-847) in the HIFα C-terminal transactivation domain. Hereby 

an important transcription coactivator, p300, cannot bind to HIFα with the hydroxy 

asparaginyl residue and transcription is downregulated. In hypoxia, by contrast, the 

asparaginyl residue is left intact and p300 can bind to HIFα and enhance its effect 

(Lando et al. 2002). The function of FIH is illustrated in Figure 2. 
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Fig. 2. Regulation of HIF in an oxygen-dependent manner. In normoxia two prolines 

(Pro) in HIF-1α and 2α are hydroxylated by HIF-P4Hs, enabling the binding of pVHL. 

pVHL makes HIFα susceptible to ubiquitination leading to proteasomal degradation of 

HIFα. In hypoxia HIF-P4Hs are inhibited and HIFαs escape the degradation and form 

dimers with HIFβ that are able to bind to hypoxia response element (HRE) of HIF target 

genes and regulate their expression. In normoxia an asparagine (Asn) is hydroxylated 

by FIH, which inhibits the binding of the transcriptional coactivator CBP/p300. HIF-1α 

and 2α have unique functions and regulate in part different genes. 

2.2.3 Role of HIF in hypoxia 

In hypoxia tissues and cells experience a shortage of oxygen. In these conditions 

HIFα becomes stabilized and therefore is able to form a functional dimer with HIFβ 

and induce transcription of its target genes in the nucleus, as is seen in Figure 2. In 

enzyme kinetics the Michaelis constant (Km) is the substrate concentration at which 

the reaction rate of a particular enzymatic reaction is half of its maximum rate, Vmax. 

Koivunen and coworkers (2006) showed that the Km values of HIF-P4H-2 for oxygen 

determined with the HIF-1α ODDD as substrate were about 100 μm and Ehrismann 

and coworkers (2007) reported that the Km values of HIF-P4H-2 for oxygen 

determined with the HIF-2α ODDD were about 67 μm. These results indicate that 
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HIF-1α and HIF-2α are likely to become stabilized at oxygen tensions below 10%. 

More than 300 genes have been found to be HIF-inducible, including both cell-

confined and tissue specific genes and genes that carry out system wide homeostatic 

responses to hypoxia, as summarized in Figure 3 (Chowdhury et al. 2008, Gordan & 

Simon 2007, Semenza 2007). Interestingly, also HIF-induced repression of gene 

transcription has been reported (Hammer et al. 2007, Jeong et al. 2007), albeit less 

often. This is thought to be indirectly mediated by other transcription factors (Schödel 

et al. 2011). 

HIF-1α and 2α regulate both mutual and individual target genes. HIF-1α, for 

example, appears to be the main regulator of genes involved in the glycolytic pathway 

(Iyer et al. 1998, Seagroves et al. 2001, Semenza et al. 1996), such as pyruvate 

dehydrogenase kinase 1 (Pdk1) (Kim et al. 2006, Papandreou et al. 2006). HIF-2α, on 

the other hand, is shown to regulate erythrocytosis and iron metabolism, including 

EPO (Hu et al. 2003, Kapitsinou et al. 2010, Mastrogiannaki et al. 2012). It has been 

suggested that HIF-1α is the major form of all three HIFα isoforms (Gordan & Simon 

2007, Lendahl et al. 2009, Semenza 2009). Moreover, it is known that HIF-1α is the 

more active mediator in the acute phase of hypoxia, whereas HIF-2α dominates 

during long-term, chronic hypoxia (Holmquist-Mengelbier et al. 2006). 

The functions of HIFs during embryogenesis, when physiological hypoxia 

(intrauterine O2 tension 1–5%) is present, have been studied using knock-out mouse 

models. HIF-1α homozygous knock-out mice die by embryonic day 11 due to severe 

disruption of cardiovascular development, and they also show marked cell death 

within the cephalic mesenchyme as well as neural tube defects (Iyer et al. 1998, Ryan 

et al. 1998). Lack of HIF-2α leads to several mouse strain-specific deleterious 

phenotypes, including embryonic lethality preceded by bradycardia and vascular 

defects due to impaired catecholamine production (Tian et al. 1998) and early 

neonatal death due to impaired lung maturation caused by insufficient surfactant 

production (Compernolle et al. 2002). The deficiency causes also both pre- and 

perinatal mortality due to multi-organ failure and severe mitochondrial dysfunction; 

histology analyses show cardiac hypertrophy, skeletal myopathy and hypocellular 

bone marrow, and metabolic analyses show e.g. hypoglycemia, lactic acidosis and 

dysregulation of fatty acid oxidation (Scortegagna et al. 2003). These data show that 

HIF-1α and 2α are crucial during embryogenesis. 

IPAS is a splicing variant of Hif-3α and expressed only in Purkinje neurons of the 

cerebellum and the corneal epithelium of the eye. Inhibition of IPAS in the corneas of 

mice led to increased expression of Vegf mRNA and induced neovascularization 

(Makino et al. 2001), indicating that IPAS has a pivotal role in maintaining the 
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avascular phenotype of the cornea. Neonatal and embryonic PAS (NEPAS) mRNA is 

derived from the Hif3a gene by alternative splicing acting as a negative regulator of 

HIF-mediated gene expression. NEPAS homozygous knock-out mice are viable but 

display enlargement of the right ventricle and impaired lung remodeling (Yamashita 

et al. 2008).  

Stabilization of HIF-1α has been reported beneficial in e.g. anemia, pulmonary 

hypertension and cerebral infarction, that all are forms of pathological hypoxic 

conditions (Semenza 2000). On the contrary the stabilization of HIFs has also been 

reported to be associated with different cancers and malignancies, as many solid 

tumors contain intratumoral hypoxia and low oxygenation. Despite the homology of 

HIF-1α and 2α they seem to have rather different roles in tumorigenesis depending on 

the tumor microenvironment (Qing & Simon 2009) 

HIF-2α is reported to drive the development of tumor suppressor von Hippel-

Lindau deficient (VHL-/-) renal clear cell carcinoma, which has been the most 

extensively studied HIF-linked cancer. It is also suggested that HIF-2α uniquely 

promotes other non-renal tumors such as neuroblastoma, and is costabilized with HIF-

1α in several cancers (Qing & Simon 2009). The role of HIF-1α in malignancy 

progression however is more ambiguous. HIF-1α overexpression has been linked to 

many malignancies such as colon cancer and hepatocellular carcinoma, and seen 

associated with e.g. poor prognosis or increased risk for metastasis (Semenza 2013). 

On the other hand HIF-1α overexpression in renal clear cell carcinoma is reported to 

be antitumorigenic (Maranchie et al. 2002, Raval et al. 2005, Shen et al. 2011). In 

conclusion it can be stated that some components of the hypoxia response system can 

be protumorigenic and some antitumorigenic, and the preference of action is highly 

dependent on the context (Ratcliffe 2013). The role of HIF-3α in cancer has not yet 

been clarified. 
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Fig. 3. Classical HIF target genes. The number of genes activated by HIF is over 300. 

The target genes can be classified into categories according to their function. Two or 

more examples are given from each category. GLUT1, glucose transporter 1; PFKL, 6-

phosphofructo-1-kinase L; GAPDH, glyceraldehyde-3-phosphatase dehydrogenase; 

EPO, erythropoietin; VEGF, vascular endothelial growth factor; VEGF-R1, VEGF 

receptor 1; PAI1, plasminogen-activator inhibitor-1; iNOS, inducible nitric oxide 

synthase; eNOS, endothelial nitric oxide synthase; TGF-α, transforming growth factor 

α; IGF-2, insulin-like growth factor 2; CXCR4, chemokine (C-X-C Motif) receptor 4; 

LOX, lysyl oxidase; MMP2, matrix metalloproteinase 2; IGF-BP1, insulin-like growth 

factor binding protein 1; BNIP3, BCL2/adenovirus E1B protein-interacting protein 3; 

ETS-1, DNA-binding domain that defines a family of transactivation factors; CITED2, 

CBP/p300 interacting transactivator with ED-rich carboxy-terminal domain 2. 

2.3 HIF prolyl 4-hydroxylases 

2.3.1 Structure 

The HIF-P4Hs are members of the 2-oxoglutarate-dependent dioxygenase 

superfamily that requires O2, 2-oxoglutarate, Fe2+ and ascorbate for their catalytic 

activity (Myllyharju 2008). There are three HIF-P4H isoenzymes in human, HIF-

P4Hs 1, 2 and 3 (also known as PHD 1-3 and EglN 2, 1 and 3, respectively), HIF-
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P4H-1 is located in the nucleus, HIF-P4H-2 in the cytoplasm and HIF-P4H-3 in both 

cell compartments (Metzen et al. 2003). Lately though HIF-P4H-2 has been reported 

to shuttle between the nucleus and cytosol (Steinhoff et al. 2009), the nuclear location 

being important for the HIF-1α hydroxylation (Pientka et al. 2012).  HIF-P4H-2 is the 

most abundant isoenzyme and found in all tissues, while the two other isoenzymes are 

expressed at lower levels and located in more specific tissues; HIF-P4H-1 is highest 

in placenta and testis and HIF-P4H-3 in the heart (Cioffi et al. 2003, Li et al. 2007, 

Lieb et al. 2002, Willam et al. 2006). It has been shown that silencing of HIF-P4H-2 

by siRNA is sufficient to stabilize HIFα in normoxia (Appelhoff et al. 2004, Berra et 

al. 2003), indicating that it plays the most important role in the hypoxic response of 

all the isoenzymes. In hypoxia the mRNA expression levels of HIF-P4H-2 and 3 are 

increased as a negative feedback regulator of the hypoxia response (Myllyharju 

2013).  

HIF-P4H-1 and 2 polypeptides consist of 407 and 426 residues, respectively, 

whereas HIF-P4H-3 is remarkably smaller, 239 residues. HIF-P4Hs show 42–59% 

sequence identity to each other (Bruick & McKnight 2001, Epstein et al. 2001, Ivan et 

al. 2002). The active site of HIF-P4Hs is located in the C-terminal part that has a 

conserved core fold consisting of eight β-strands folded into a jelly-roll conformation 

that is common to all 2-oxoglutarate dioxygenases. Fe2+ binds to the active site by two 

histidine and one aspartate residue that are highly conserved. 2-oxoglutarate in turn 

requires a positively charged residue, arginine, to bind (Myllyharju 2013). HIF-P4H-2 

has a MYND-domain in its N-terminus, which has been found to decrease the 

enzymatic activity (Choi et al. 2005) and affect HIF-P4H-2 stability (Barth et al. 

2009, Barth et al. 2007). A schematic representation of the human HIF-P4H-2 

structure is provided in Figure 4. 

Each HIF-P4H isoenzyme is known to have 1–2 variants that are the result of 

either alternative splicing or differential initiation. Some of these variants have 

imperfect enzymatic activity or protein stability, and have partially diverse tissue 

distributions, e.g. one of the short variants of HIF-P4H-3 is present only in primary 

cancer tissue (Cervera et al. 2006, Hirsilä et al. 2003, Tian et al. 2006).  
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Fig. 4. Schematic representation of the human HIF-P4H-2. The MYND-type zinc finger 

domain is indicated. The conserved catalytically important residues of the 

dioxygenase domain are marked as histidine (H), aspartate (D) and arginine (R). The 

H-D-H motif coordinates Fe2+ binding, while arginine takes part in binding of 2-

oxoglutarate. 

2.3.2 Catalytic functions 

HIF-P4Hs hydroxylate two prolines, (Pro-402 and Pro-564 in human HIF-1α), in 

conserved -Leu-X-X-Leu-Ala-Pro- sequences (Bruick & McKnight 2001, Ivan et al. 

2001, Jaakkola et al. 2001, Masson et al. 2001, Yu et al. 2001). Both of these prolines 

are situated in the ODDD region. It has been shown that the two leucines can be 

replaced by many other amino acids, alanine being the only relative, but not absolute, 

requirement in addition to the proline itself for HIF-P4H hydroxylation (Huang et al. 

2002, Li et al. 2004). The C-terminal proline residues of HIF-1α and 2α ODDDs are 

hydroxylated significantly more efficiently than the N-terminal ones, especially by 

HIF-P4H-3 (Chan et al. 2005, Ehrismann et al. 2007, Flashman et al. 2008, Hirsilä et 

al. 2003, Koivunen et al. 2006). It has also been shown that hydroxylation of the C-

terminal proline promotes hydroxylation of the N-terminal proline, and in vivo 

hydroxylation of Pro-564 precedes Pro-402, the latter being reduced in the absence of 

Pro-564 (Chan et al. 2005). RNA interference studies have shown that HIF-P4H-2 

acts more efficiently on HIF-1α than on HIF-2α, whereas HIF-P4H-3 seems to have 

the opposite preference (Appelhoff et al. 2004). 

The hydroxylation of HIFα proline residues by HIF-P4Hs requires O2, 2-

oxoglutarate, Fe2+ and ascorbate. First a HIF-P4H-Fe2+ complex is formed, followed 

by binding of 2-oxoglutarate, the substrate (HIFα) and O2 in this order. The O2 

molecule is split and coupled to oxidative decarboxylation of 2-oxoglutarate to 

succinate and CO2, and hydroxylation of a prolyl or asparagine residue in HIFα. The 

reaction continues via formation of a highly reactive ferryl intermediate (FeIV) that 

oxidizes the target amino acid residue (Myllyharju 2013, Schofield & Ratcliffe 2004, 

Schofield & Ratcliffe 2005). 



 

29 

The Km values of HIF-P4H-1 and 2 describing the enzyme affinity for the 

reaction cosubstrates are very similar, whereas the values of HIF-P4H-3 for Fe2+ and 

2-oxoglutarate are 3–10 times higher than those of the other two (Hirsilä et al. 2005, 

Koivunen et al. 2007, McNeill et al. 2005). When measured with a short peptide 

substrate representing the C-terminal HIF-1α hydroxylation site, the Km values of 

HIF-P4Hs for O2 are very high 230–250 μM, i.e. slightly above the concentration of 

dissolved O2 in the air (Hirsilä et al. 2003). These values appear to depend on the 

substrate length, being only about 65–100 μM in the presence of substrate 

representing the full-length HIF-1α ODDD (Koivunen et al. 2006) or its N- or C-

terminal halves (Ehrismann et al. 2007) (Table 1 summarizes these data). Given that 

even these values are above the O2 concentration measured in tissues under normoxia 

(Vaupel et al. 1991), the O2 concentration alters HIF-P4H activity in a very sensitive 

manner, making HIF-P4Hs effective oxygen sensors in tissues (Koivunen et al. 2006). 

Several mutations in HIF-P4H-2 have been reported in human, most of them leading 

to erythrocytosis (Percy et al. 2006, Percy et al. 2007). Genetic adaptation to hypoxia 

involving HIF-P4H-2 has occurred among the high altitude residents, Tibetans. As a 

result of a genetic adaptation the Tibetans express HIF-P4H-2 D4E, C127S, which 

enhances HIF-P4H-2 activity at low oxygen concentration and prevents the formation 

of polycythemia (Lorenzo et al. 2014). 

Table 1. Km values (μM) of HIF-P4Hs 1-3 for Fe2+, 2-oxoglutarate, O2 and ascorbate.  

Cosubstrate HIF-P4H-1 HIF-P4H-2 HIF-P4H-3 

Fe2+ 0.03 0.03 0.1 

2-Oxoglutarate 2 1 12 

O2 230 250a 230 

  100b  

  65-85c  

Ascorbate 170 180 140 

aKm for O2 determined with a 19-residue HIF-1α peptide. 
bKm for O2 determined with a 248-residue HIF-1α ODDD fragment.  
cKm for O2 determined with 123–195-residue HIF-1α and HIF-2α ODDD fragments 

 

HIF-P4Hs are suggested to regulate also multiple non-HIFα proteins. For 

example nuclear factor kappa B (NF-κB) is known to be activated by hypoxia, and it 

is reported to occur via HIF-P4Hs (Cummins et al. 2006). HIF-P4Hs, especially HIF-

P4H-1 and 2, have been shown to hydroxylate IκB kinase beta (IKKβ), which is an 

inhibitor of NF-κB. Therefore, in hypoxia the HIF-P4Hs cannot hydroxylate IKKβ 

leaving NF-κB active (Cummins et al. 2006). HIF-P4H-1 also hydroxylates a 
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centrosomal protein of 192 kDa that contributes to the regulation of cell-cycle 

progression; the observation implying that hypoxia would lead to cell cycle arrest in a 

HIF independent manner (Moser et al. 2013).  

HIF-P4H-2 has been shown to connect two conserved pathways, the oxygen 

sensing and the heat shock protein 90 (HSP90) pathways, via binding and inducing a 

known co-chaperone of HSP90, p23 (Song et al. 2013). Thus HIF-P4H-2 activates 

HSP90, which again promotes the HIF-1α hydroxylation by HIF-P4H2 (Isaacs et al. 

2002, Song et al. 2013). 

HIF-P4H-3 is the isoform with the most non-HIF related functions, for example 

binding to activating transcription factor 4 (ATF4) (Köditz et al. 2007) and β2-

adrenergic receptor (β2AR) (Xie et al. 2009) and thus affecting their stability. ATF4 is 

a factor induced by endoplasmic reticulum stress effecting on DNA repair and cell 

fate, whereas β2AR mediates cardiovascular and pulmonary functions. HIF-P4H-3 has 

also been shown to hydroxylate pyruvate kinase M2, which is a HIF-1α target gene 

that stimulates the transcriptional activity of HIF-1α on genes involved in glycolytic 

metabolism (Luo et al. 2011), and the human homolog of the Caenorhabditis elegans 

biological clock protein 2 that stimulates the activation of the pathway leading to 

apoptosis in response to DNA damage (Xie et al. 2012). Interestingly, HIF-P4H-3 

also maintains pyruvate metabolism in moderate hypoxia by binding PDH-E1β 

(Kikuchi et al. 2014), one of four subunits forming pyruvate dehydrogenase (PDH), 

thus working against HIF-1α as it induces Pdk1, the inhibitor of PDH.  

2.3.3 Inhibitors 

As HIF-P4Hs have an important role in the regulation of the hypoxia response, there 

have been numerous studies trying to find inhibitors of these enzymes to be used for 

therapeutic purposes (Bruegge et al. 2007, Hewitson & Schofield 2004). All HIF-

P4Hs are inhibited by iron chelators such as desferrioxamine, and also many bivalent 

cations such as Zn2+, Co2+, Cd2+ and Ni2+ inhibit HIF-P4Hs as competitors of Fe2+ 

(Bruick & McKnight 2001, Epstein et al. 2001, Hirsilä et al. 2005). Competitive 

inhibition of HIF-P4Hs by these metals is not particularly effective, however, which 

suggests that other mechanisms also contribute to the metal-induced stabilization of 

HIF-1α (Hirsilä et al. 2005, Yuan et al. 2003). 

Nitric oxide (NO) in normoxic cells leads to stabilization of HIF-1α. NO 

competes with O2 in binding to 2-oxoglutarate dioxygenases (Schofield & Ratcliffe 

2004) and therefore inhibits HIF-P4Hs under normoxia (Berchner-Pfannschmidt et al. 

2007, Metzen et al. 2003). Reactive oxygen species (ROS) also lead to HIF-1α 
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accumulation via reduction of HIF-P4H activity, but the underlying mechanism 

remains unclear (Gerald et al. 2004, Pan et al. 2007). 

2-oxoglutarate is a metabolic intermediate generated by the tricarboxylic acid 

cycle (TCA) in the matrix of mitochondria. The TCA cycle is at the convergence 

point of metabolic pathways converting carbohydrate, fatty acid and protein derived 

acetyl coenzyme A (acetyl-CoA) into carbon dioxide and water to produce ATP. 

Various chemically synthesized structural analogs of 2-oxoglutarate also inhibit HIF-

P4Hs competitively (Hirsilä et al. 2003, Mecinovic et al. 2009, Mole et al. 2003, 

Nangaku et al. 2007). Currently there are some 2-oxoglutarate analog compounds in 

clinical trials for treatment of anemia of chronic kidney disease (Myllyharju & 

Koivunen 2013) that is currently treated with recombinant human EPO injections. 

Certain TCA intermediates such as fumarate and succinate, that are close structural 

analogs of 2-oxoglutarate, have also been shown to inhibit HIF-P4Hs (Hewitson et al. 

2007, Isaacs et al. 2005, Koivunen et al. 2006, Lu et al. 2005, Selak et al. 2005). It 

has been reported that certain mutations in the TCA cycle enzymes, e.g. fumarate 

hydratase and succinate dehydrogenase, lead to accumulation of fumarate and 

succinate and highly vascular tumors with accumulated HIF-1α (Pollard et al. 2005). 

The increased vasculature is suggested to be due to HIF-P4H inhibition and thus HIF 

stabilization caused by fumarate and succinate. However, it has lately been shown 

that the connection between HIF stabilization and fumarate hydratase deficiency is 

not the principal mechanism in tumorigenesis (Adam et al. 2011). 

2.3.4 Mouse models of HIF-P4H deficiency 

There have been many efforts to create mouse models to study further the functions of 

the individual HIF-P4Hs in mammals. Hif-p4h-1 and Hif-p4h-3 null mice are viable 

and have no clinically significant defects during their embryogenesis. HIF-P4H-2 

knock-out, however, is embryonically lethal; the pups die between embryonic days 

12.5 and 14.5 due to placental and cardiac defects. These results indicate that among 

all HIF-P4Hs, only HIF-P4H-2 is absolutely essential during embryonal development 

(Takeda et al. 2006).  

HIF-P4H-1 deficiency switches glucose metabolism from oxidative to anaerobic 

and thus lowers oxygen consumption and induces hypoxia tolerance. This results, 

however, in reduced exercise endurance. Nevertheless, the Hif-p4h-1-/- mice had 

smaller infarct injury after acute skeletal muscle ischemia suggesting that HIF-P4H-1 

deficiency acts as ischemic preconditioning ameliorating survival in acute ischemia 

(Aragonés et al. 2008). In liver HIF-P4H-1 deficiency protected against acute 
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ischemia or ischemia-reperfusion (I/R) injury, as did also short-term inhibition of 

HIF-P4H-1 through shRNA, and the Hif-p4h-1-/- mice had improved survival in post-

I/R surgery of liver (Schneider et al. 2010). HIF-P4H-1 knock-out mice subjected to 

cardiac I/R are reported to have diminished infarct size and reduced number of 

apoptotic cardiomyocytes (Adluri et al. 2011). 

Conditional knock-out (CKO) mice for HIF-P4H-2 accumulate HIF-1α both in 

kidney and liver, associated with increased levels of both Epo mRNA in the kidney 

and EPO protein in the serum (Takeda et al. 2008). HIF-P4H-2 CKO mice suffer 

from excessive angiogenesis, angiectasia and increased vessel permeability, even 

independently of local efficiency of Hif-p4h-2 disruption. These mice develop severe 

erythrocytosis and polycythemia leading to congestive heart failure, and die 

prematurely. These manifestations develop during 6–10 weeks after the knock-out. 

Interestingly, Hif-p4h-2 haplodeficiency (Hif-p4h-2+/-) has no detectable effects on 

erythropoiesis (Minamishima et al. 2008, Takeda et al. 2007, Takeda et al. 2008). In a 

45 min middle cerebral artery occlusion experiment, Hif-p4h-2+/- mice showed better 

functional outcomes, increased cerebral microvascular density, fewer apoptotic cells 

and more effective restoration of cerebral blood flow upon reperfusion following I/R 

compared to the wild type, and the blood–brain barrier remained less disrupted (Chen 

et al. 2012). A HIF-P4H-2 hypomorphic mouse line expresses decreased amounts of 

wild-type Hif-p4h-2 mRNA this amount differing among tissues: e.g. 8% in the heart 

and 15% in the skeletal muscle (Hyvärinen et al. 2010). Both HIF-1α and 2α are 

stabilized in the HIF-P4H-2 hypomorph hearts and skeletal muscle. The hypomorphs 

have a normal life span with no polycythemia or cardiomyopathy and no excessive 

angiogenesis (Hyvärinen et al. 2010). It has also been seen that loss of HIF-P4H-2 in 

keratinocytes accelerates skin wound healing in mice (Kalucka et al. 2013). 

Lack of HIF-P4H-3 in turn results in a hypofunctional sympathoadrenal system 

with reduced target tissue innervation, adrenal medullary secretory capacity, 

sympathoadrenal responses, and systemic blood pressure (Bishop et al. 2008). After 

acute myocardial infarct (AMI) Hif-p4h-3-/- mice showed increased DNA-binding 

activity of HIF-1α and decreased fibrosis, and seven days after AMI they showed 

enhanced capillary density and improved cardiac functions compared to the wild type 

(Oriowo et al. 2014). In an abdominal sepsis model, Hif-p4h-3-/- mice had an 

overwhelming innate immune response mediated via HIF-1α and NF-κB compared to 

wild-type mice, leading to premature organ dysfunction (Kiss et al. 2012). Acute 

deletion of hepatic HIF-P4H-3 improves insulin sensitivity and ameliorates diabetes 

by specifically stabilizing HIF-2α (Taniguchi et al. 2013). Loss of HIF-P4H-3 has 



 

33 

also been studied in myeloid-specific macrophages under stress, where it was shown 

to rescue the cells from apoptosis and membrane disruption (Swain et al. 2014).  

In studies of anemia, inactivation of HIF-P4H-2 with siRNA led to a modest 

increase in red blood cell production, which was increased by coinactivation of HIF-

P4H-1, and further increased after targeting all three HIF-P4H paralogs (Querbes et 

al. 2012). In HIF-P4H-2/HIF-P4H-3 double knock-out mice, hematocrit levels, 

vascular organization and liver lipid contents all appeared normal. In a chronic renal 

failure model, HIF-P4H-2/HIF-P4H-3 double knock-out mice maintained normal 

hematocrit levels throughout the 8-week time course, whereas wild-type controls 

developed severe anemia (Duan et al. 2014). 

2.4 Ischemia and ischemia-reperfusion 

2.4.1 Cardiac ischemia and ischemia-reperfusion 

Restriction of the blood supply to the myocardium results in AMI, which is one of 

the main causes of morbidity and mortality worldwide, especially in the Western 

countries. It also is the most common manifestation of acute pathological hypoxia 

(ischemia) in human. During infarction the myocardial tissue drifts to shortage of 

oxygen, resulting in cell damage and eventually tissue necrosis. Acute hypoxia 

leads to acidosis and excessive intracellular concentration of potassium that 

causes muscle to contract too intensively even resulting in muscle death. Also 

ROS formation is dramatically increased. If the blood flow is resumed quickly 

enough the cells and tissue may recover partially and the function of the heart can 

be recovered (ischemia-reperfusion, I/R). Although reperfusion is the aim of AMI 

treatment, it also causes damage and harmful effects such as arrhythmias and 

irreversible cell damage leading to decreased cardiac performance (Yellon & 

Baxter 2000). The mechanism of reperfusion damage has been substantially 

studied and it seems that cytotoxic ROS, humoral inflammation (complement 

activation) and increased neutrophil recruitment together have an adverse impact 

(Park & Lucchesi 1999). 

Ischemic preconditioning (IP) is an event discovered nearly three decades ago, 

where multiple short sub-lethal intervals of I/R can ameliorate the tissue tolerance to a 

later occurring long term I/R, which is the case also in the myocardium (Murry et al. 

1986). This protective phenomenon involves two components; immediate that occurs 
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during minutes or hours after the preconditioning trigger and delayed, which occurs 

several hours following it (Yellon & Baxter 1995).  

HIF-1α is shown to play a crucial role in both the immediate and delayed 

response to IP, as Hif1a+/- mice expressing 50% of wild-type Hif-1α mRNA and wild-

type mice treated with siRNA targeting HIF-1α expressing 20% of wild-type Hif-1α 

mRNA lose the protective effect of IP completely (Cai et al. 2008, Eckle et al. 2008). 

On the other hand, intramyocardial injection of shRNA targeting HIF-P4H-2 

following ligation of the left anterior descending coronary artery (LAD) has been 

shown to lead to significant improvement in angiogenesis and contractility in the 

heart (Huang et al. 2008). Adluri and coworkers (2011) report that HIF-P4H-1 knock-

out mice have diminished infarct size and a reduced number of apoptotic 

cardiomyocytes after I/R injury. In several studies it has been seen that accumulation 

of HIF-1α in the heart, achieved by different means, protects from ischemic damage 

and increases the neoangiogenesis in the peri-infarct and infarct area in murine 

models of AMI (Eckle et al. 2008, Kido et al. 2005, Shyu et al. 2002). A study with a 

cardiomyocyte-specific HIF-P4H-2 knock-out mouse line reports smaller cardiac 

infarct size 6h after permanent ligation of the LAD and better function 3 weeks after 

AMI compared to the wild type (Hölscher et al. 2011) indicating tissue protection. 

The hearts also show significantly increased capillary area compared to the wild-type 

hearts (Hölscher et al. 2011). Chronic treatment of rats with established heart failure 

following AMI with an oral HIF-P4H inhibitor (GSK360A) for 28 days prevented the 

progressive reduction in ejection fraction, ventricular dilation, and increased lung 

weight, which were observed in the vehicle-treated animals, for up to 3 months (Bao 

et al. 2010). Also transfection of mice in skeletal muscle with DNA encoding HIF-1α 

or the HIF-target gene heme oxygenase before the onset of ischemia improved the 

post-ischemic function of the heart and reduced the infarct size (Czibik et al. 2009). 

Increased levels of Hif-1α mRNA expression have been measured in the infarcted 

myocardium of patients undergoing coronary bypass (Lee et al. 2000), and also an 

increase in HIF-1α protein levels in the rat heart following coronary artery ligation 

has been seen (Willam et al. 2006), supporting the proposed role of HIF-1α as a 

cardioprotective mediator. In an ex vivo experiment where isolated HIF-P4H-2 

hypomorphic hearts were subjected to I/R, the recovery of mechanical function and 

coronary flow was significantly better compared to the wild type, and serum lactate 

dehydrogenase, a marker for infarct size, was reduced (Hyvärinen et al. 2010) 

indicating protection against I/R injury. Enhanced glycolysis at baseline and improved 

cellular energy state at baseline and in ischemia compared to the wild type were also 

seen in the HIF-P4H-2 hypomorph hearts (Hyvärinen et al. 2010), suggesting that 
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chronic stabilization of HIF-1α and 2α by genetic knockdown of HIF-P4H-2 promotes 

cardioprotection by the induction of many genes involved, e.g. in glucose metabolism 

and cardiac function.  

2.4.2 Skeletal muscle ischemia and ischemia-reperfusion 

One manifestation of atherosclerosis besides coronary artery disease is peripheral 

artery disease (PAD) that occurs as occlusions in peripheral arteries, e.g. the femoral 

artery. It is a common disease especially in Western countries, with 27 million 

patients in the USA and Europe alone. The main symptoms are painful cramps in 

lower limbs after and during exercise, weak pulse and cold extremities; the symptoms 

are due to reduced blood flow leading to skeletal muscle ischemia and ischemic 

damage. The risk factors for PAD are the same as for coronary artery disease, and the 

treatment is mainly similar. In advanced cases, patients undergo artery bypass and in 

the most difficult cases even amputation of the limb. Four principal processes, 

vasculogenesis, angiogenesis, arteriogenesis, and collateral growth, contribute to 

tissue repair and remodeling during acute and chronic ischemia (Carmeliet 2003), 

thus, therapeutic neovascularization represents an alternative treatment modality for 

patients with advanced ischemic coronary or peripheral artery occlusive disease.   

There are three types of skeletal muscle depending on the speed of contraction in 

the cells: slow twitch (eg. M. soleus), fast twitch (eg. M. extensor digitorum longus) 

and intermediate (eg. M. gastrocnemius). Slow muscle fibres are oxidative and fast 

fibres are either oxidative or glycolytic. There have been several attempts to protect 

the skeletal muscle tissue against ischemia that involve the hypoxia response 

pathway. Several studies using gene therapy to increase HIF-1α levels have shown 

beneficial effects. In rabbits subjected to occlusion of the superficial femoral artery by 

endovascular coils intramuscular injection of an adenovirus encoding a constitutively 

active form of the HIF-1α subunit increases capillary size and blood pressure and thus 

improves perfusion following limb ischemia (Patel et al. 2005). Adeno-associated 

virus (AAV)-mediated gene delivery of a stabilized form of HIF-1α to the mouse 

tibialis anterior muscle results in a significant increase in capillary sprouting and 

proliferation compared to the VEGF-AAV mice, and the capillaries in the former 

show no increased leakiness compared to the latter (Pajusola et al. 2005). A 

significant increase in vascular perfusion was also seen in the HIF-1α AAV-treated 

mice (Pajusola et al. 2005). Injection of the HIF-1α encoding gene into the ischemic 

muscle of a mouse subjected to femoral artery ligation combined with intravenous 

administration of HIF-1α -activated bone marrow-derived angiogenic cells led to 
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increased perfusion, better motor function, and limb salvage compared to the controls 

(Rey et al. 2009). The beneficial effects are seen also in a diabetic mouse model 

subjected to femoral artery ligation combined with intramuscular HIF-1α-AAV 

injection. These included increased recovery of limb perfusion and function, reduced 

tissue damage, increased levels of endothelial NO synthase (eNOS) and increased 

vascular density and luminal area (Sarkar et al. 2009). In a study on rabbit skeletal 

muscle, HIF-1α and 2α gene transfers increased capillary size up to five-fold in the 

ischemic skeletal muscles, and perfusion was increased by four-fold without edema 

(Niemi et al. 2014). Especially, HIF-1α gene transfer enhanced the recovery of 

ischemic muscles from electrical stimulation-induced exercise, and HIF-2α gene 

transfer greatly increased capillary growth in muscle connective tissue (Niemi et al. 

2014).  

On the other hand, lack of HIF-P4H-1 protects against skeletal muscle ischemia 

via reducing oxygen consumption in skeletal muscle as the basal metabolism shifts 

towards anaerobic energy production and ROS formation is reduced (Aragonés et al. 

2008). These protective changes however were found to impair skeletal muscle 

performance (Aragonés et al. 2008). The number of collateral arteries in skeletal 

muscle has been shown to be increased in Hif-p4h-2+/- mice due to skewing of 

macrophage polarization towards a pro-arteriogenic phenotype, which maintains limb 

perfusion and prevents tissue necrosis in ischemia (Takeda et al. 2011). HIF-P4H-2 

silencing with shRNA has also been reported to enhance the therapeutic effect of 

post-ischemic human bone marrow-derived mesenchymal stem cell-based therapy by 

increasing neovascularization and upregulating proangiogenic and proarteriogenic 

factors in mice with critical limb ischemia (HoWangYin et al. 2014). ShRNA 

silencing of HIF-P4H-2 with a minicircle vector via gastrocnemic muscle injection 

improves neovascularization of hindlimb ischemia as blood flow recovery was 

increased up to 50% and both collateral and capillary density were increased (Lijkwan 

et al. 2014). Inhibition of HIF-P4H-3 as well as HIF-P4H-2 by shRNA injection after 

ligation of the femoral artery leads to increase in vessel and capillary density and limb 

perfusion, which indicates that HIF-P4H-3 also contributes to protection against 

skeletal muscle injury in ischemia (Loinard et al. 2009). VEGF-a and eNOS were also 

upregulated at the mRNA and protein levels and, in addition, the mRNA level of a 

proangiogenic factor, monocyte chemotactic protein-1, and infiltration of Mac-3-

positive macrophages were enhanced. Inhibition of HIF-P4H-1 has been shown to 

have a lower pro-angiogenic effect (Loinard et al. 2009).  
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2.4.3 Role of hypoxia response pathway in ischemia and ischemia-

reperfusion 

The mechanisms of IP in cardioprotection at the molecular level are still largely 

unknown, but the role of HIF is known to be mediated by multiple mechanisms. In the 

early phase of myocardial IP adenosine seems to be the key regulator (Cohen & 

Downey 2008), and the genes encoding the adenosine receptor as well as CD73, a 

protein generating adenosine, are known to be HIF targets (Eckle et al. 2008). 

Adenosine signaling activates prosurvival factors such as serine/threonine kinase 

AKT and Erk1/2, which in turn prevent mitochondrial permeability transition pore 

(MPTP) opening. MPTP opening is one of the major causes of I/R injury as it leads to 

mitochondrial swelling and later cell death (Halestrap 2010). HIF-1α contributes also 

to the generation of ROS, which in small amounts is suggested to trigger IP-induced 

cardioprotection (Chen et al. 1995), but its role is controversial as it also induces 

structural damage to cells and mitochondrial damage (Toyokuni 1999). HIF-1α 

induces the expression of inducible nitric oxide synthase (iNOS), which in turn 

increases NO production that inhibits the mitochondrial electron transport chain and 

promotes production of ROS (Palacios-Callender et al. 2004). ROS activates protein 

kinase C, which induces the opening of mitochondrial KATP-channels leading to 

depolarization of the inner mitochondrial membrane and thus prevents the opening of 

MPTP (Murata et al. 2001, Murphy & Steenbergen 2008). It has been shown that 

ROS can also inactivate phosphatase and the tensin homolog PTEN, which is the 

main negative regulator of the AKT pathway, thereby leading to cardioprotection (Cai 

& Semenza 2005).  

At baseline the Hif-p4h-1-/- skeletal myofibers show elevated concentrations of 

HIF-2α (Aragonés et al. 2008). An increase in glycolytic flux, meaning increased 

glycolysis, and reduced oxygen consumption are also observed. In addition, the 

mRNA and protein levels of PDK1 and 4 are increased, which leads to inhibition of 

the PDH complex that converts pyruvate to acetyl-CoA, thus reducing pyruvate 

entrance into the TCA cycle. During ischemia the Hif-p4h-1-/- myofibers 

paradoxically consume still less oxygen, and therefore oxidative stress and 

mitochondrial damage are reduced. Myofibers produce ATP despite ischemia, as they 

are able to oxidize glucose and fatty acids at 50% of the baseline rate. These 

metabolic alterations leading to hypoxia tolerance are proposed to be mediated mainly 

by PPARα and likely involve HIF-P4H-1-mediated Pdk4 mRNA induction, which 

prevents oxidative phosphorylation (Aragonés et al. 2008). HIF-P4H-3 deficient and 

HIF-P4H-2 haplodeficient mice seem to have no protection against skeletal muscle 
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ischemia, as the ischemic muscles were found to be severely necrotic (Aragonés et al. 

2008). However, the role of HIF-P4H-2 in skeletal muscle hypoxia tolerance still 

remains unclear, as both the Hif-p4h-2 alleles were not deleted. 

In the acute phase of preconditioning in mammalian cells HIF-1α has been shown 

to mediate the metabolic switch from oxidative phosphorylation to anaerobic 

glycolysis (i.e. the Pasteur effect) (Seagroves et al. 2001). The majority of the 

glycolytic enzymes, such as phosphofructokinase (PFKL), enolase and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are induced by HIF (Semenza 

2007, Semenza 2009). HIF-1α induces Pdk1 and thereby prevents pyruvate entry into 

the mitochondrial oxidative phosphorylation, which leads to enhanced glycolysis and 

decreased mitochondrial oxygen consumption, and thus to a relative increase in 

intracellular oxygen tension (Kim et al. 2006, Papandreou et al. 2006). 

2.4.4 Mouse models of cardiac and skeletal muscle ischemia and 

ischemia-reperfusion 

There are several established mouse models for myocardial ischemia and I/R study. In 

ex vivo studies mice are euthanized, the aortas are cannulated and perfusion of the 

heart is started immediately with Krebs-Henseleit buffer. The perfusion is continued 

using the Langendorf perfusion method, the modernized protocol described by 

Tähepõld and coworkers (2002). Ischemia is induced by cessation of perfusion for a 

certain period of time, after which the hearts are studied. When I/R is studied in this 

set up the perfusion is started after cessation for a certain period of time. In in vivo 

ischemia and I/R studies mice are anesthetized and the thoracic cavity is opened using 

microsurgical methods. The heart is gently popped out through a hole in the 

intercostal space. The LAD is located and ligated, leading to anterior wall paleness. 

After ligation the hearts are immediately placed back into the thoracic cavity (Gao et 

al. 2010). In the case of I/R a slipknot is used to ligate the LAD so that it can be 

opened when the heart is inside the thoracic cavity.  

Skeletal muscle ischemia and I/R is a significantly less studied subject compared 

to the cardiac ischemia. In most cases skeletal muscle ischemia is induced by ligation 

of the femoral artery and vein. Mice are anesthetized and the femoral artery located at 

the medial side of the thigh is located and dissected. The femoral artery and vein are 

then ligated proximally without damaging the femoral nerve, and the skin is closed 

(Couffinhal et al. 1998, Luttun et al. 2002). In the case of I/R a slipknot is used to 

open the ligation at a certain time point.  
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Other types of animal experiments that study muscle hypoxia are running tests 

(exercise endurance). A mouse running test is carried out on a treadmill, where the 

velocity is either graded or stable, and usually with inclination. This recruits primarily 

oxidative muscle fibers, and, as exercise continues, the muscle switches more and 

more to anaerobic metabolism. This way the skeletal muscle fibers start suffering 

from hypoxia. It has been shown that HIF-1α protein abundance is increased during 

acute exercise, HIF-1 accumulates in the nucleus, and shows enhanced DNA binding, 

coincident with a decrease in pVHL expression (Ameln et al. 2005). 

2.5 Metabolic syndrome 

2.5.1 Signs and symptoms 

Effects of hypoxia on metabolism have been an object of growing interest. Van den 

Borst and coworkers (2013) have seen that chronic hypoxia reduces body weight, 

adipose tissue mass and adipocyte size. Also oxidative metabolism, mitochondrial 

function and lipolysis were seen to be increased in adipose tissue during chronic 

hypoxia. During the last few decades the diseases of affluence, i.e. the diseases 

induced by the Western lifestyle such as coronary artery disease and peripheral artery 

disease, are increasing in prevalence. These diseases lead to tissue hypoxia and 

further cardiac and skeletal muscle ischemia. One affiliated disease leading to several 

deleterious outcomes is metabolic syndrome (Grundy et al. 2004) that is a cluster of 

disorders: abdominal obesity as the principal symptom, high blood pressure, 

dyslipidemia (high plasma triglycerides and low high-density lipoprotein (HDL)), 

elevated plasma fasting glucose and insulin resistance. A prothrombotic and 

proinflammatory state, such as increased risk for thrombosis and elevated plasma C-

reactive protein level, is also detected in the majority of these patients. These factors 

independently and together increase significantly the risk for atherosclerotic 

cardiovascular diseases and type-2 diabetes, at least two-fold and five-fold 

respectively, and are major public health issues in the developed countries. Metabolic 

syndrome can also lead to associated conditions such as fatty liver resulting in 

cirrhosis, polycystic ovarian syndrome in female, erectile dysfunction in male, 

cholesterol gallstones and hyperuricemia resulting in gout. 
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2.5.2 Inflammation of white adipose tissue 

Lipogenesis and fatty acid synthesis are regulated via sterol regulatory element-

binding transcription factor 1–c (SREBP1c), and its targets acetyl-CoA carboxylase α 

(ACCα) and fatty acid synthase (FAS) that are key enzymes in fatty acid synthesis. 

Insulin receptor substrate 2 (Irs2) is a HIF-2α target gene (Taniguchi et al. 2013) that 

regulates SREBP1c and lipid accumulation in liver (Taniguchi et al. 2005). IRS1 and 

IRS2 have complementary roles in the control of hepatic metabolism as they regulate 

several mutual, but also individual metabolic genes, as displayed schematically in 

Figure 5. IRS1 is more closely linked to glucose homeostasis and IRS2 to lipid 

metabolism (Taniguchi et al. 2005). HIF-1α activation in adipose tissue during 

obesity seems to have a pathological role (Hosogai et al. 2007, Jiang et al. 2011), and 

mice overexpressing HIF-1α exhibit insulin resistance and adipose tissue fibrosis 

(Halberg et al. 2009) while HIF-2α seems to have the opposite effect, dampening the 

inflammation and ameliorating the insulin resistance (Choe et al. 2014). 

High-fat diet (HFD) -induced obesity is associated with a chronic state of low-

grade inflammation, which predisposes to insulin resistance that can later lead to type-

2 diabetes (Harford et al. 2011). An extensive amount of white adipose tissue (WAT) 

is also associated with the macrophage marker F4/80+ (Weisberg et al. 2003) and 

formation of macrophage aggregates around adipocytes that again strongly induce 

several pro-inflammatory cytokines such as interleukin 1 β, interleukin 6 and tumor 

necrosis factor α (Harford et al. 2011). Abnormal adiponectin (fat-derived hormone 

regulating lipid and glucose metabolism) production is also associated with chronic 

adipose tissue inflammation (Fuentes et al. 2013). Adipose tissue macrophages are 

also believed to play an important role in obesity-induced insulin resistance (Fuentes 

et al. 2013, Harford et al. 2011). This is due to proinflammatory factors that 

downregulate the expression of insulin-regulated glucose transporter 4 (GLUT4) and 

impair the insulin-stimulated transport of GLUT4 to the plasma membrane (Harford 

et al. 2011). It has been shown that insulin resistance is associated with enlarged 

adipocytes, and the impaired preadipocyte differentiation that is due to adipose tissue 

metabolic dysfunction. Animals with hypercellular obesity have normal insulin 

sensitivity whereas animals with fewer but enlarged adipocytes have impaired insulin 

tolerance (Isakson et al. 2009, Kim et al. 2007). Overexpression of GLUT4 in fat 

tissue leads to hypercellular obesity and enhanced glucose tolerance (Shepherd et al. 

1993).  

Macrophages are attracted to the site of infection or inflammation by chemotaxis, 

and they differentiate between tissue macrophages (Geissmann et al. 2010). Activated 
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macrophages produce cytokines to attract other macrophages and initiate the pro-

inflammatory response. There are two major macrophage populations: classically 

activated M1 and alternatively activated M2 macrophages (Mantovani et al. 2005). 

The M1 macrophages act as pro-inflammation and pro-oxidative stress mediators, and 

are the ones to infiltrate the adipose tissue during diet-induced obesity (Lumeng et al. 

2007), whereas the M2 macrophages act in wound healing and immunoregulation 

(Mantovani et al. 2004, Wynn 2004). Lately it has been stated that during increasing 

obesity the M2 macrophages might switch their polarization to a more pro-

inflammatory or M1 state, and physical exercise can promote the switch of M1 to M2 

in adipose tissue and thereby improve insulin sensitivity (Oliveira et al. 2013). 

2.5.3 Impaired glucose tolerance and insulin resistance 

In healthy humans, circulating plasma glucose concentration depends on tissue 

glucose uptake by the glucose transporters (GLUTs), and is maintained in a narrow 

range by the liver’s ability to regulate its direction of glucose flux, i.e. the balance 

between glycogenolysis, gluconeogenesis and glycogenesis (Clore et al. 1991). The 

progression of type-2 diabetes occurs along a continuum from normal glucose 

regulation via impaired glucose tolerance (IGT) and/or impaired fasting glucose (IFG) 

to diabetes (Ferrannini et al. 2011). A 2-hour oral glucose tolerance test (OGTT) is 

used to identify individuals with abnormal glucose regulation. Recent data show that 

the yearly progression rate to diabetes in individuals already with IGT or IFG is 

3.5%–7.0% compared to 2% per year in their normoglycemic counterparts (Engberg 

et al. 2009).  

Pancreatic β cells produce and store insulin, and the major regulator for β cell 

mass and insulin secretion is the plasma glucose concentration (Chang-Chen et al. 

2008). In some individuals type-2 diabetes seems to develop as a consequence of an 

inherent pancreatic β cell dysfunction, named IGT, while in others peripheral 

development of insulin resistance in skeletal muscle precedes defects in the pancreatic 

β cells (Faerch et al. 2013, Tabák et al. 2009). It is known that skeletal muscle 

accounts for ~85% of glucose uptake under insulin-stimulated conditions (DeFronzo 

et al. 1981). A diminished insulin response to glucose has been observed in 

normoglycemic individuals who later develop isolated IFG but no diminished insulin 

response to glucose in normoglycemic individuals who later develop isolated IGT 

(Faerch et al. 2009). It has been stated that the prevalence of IFG is twice that of IGT 

(Cowie et al. 2009).  
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Obesity is seen as a risk factor for diabetes in epidemiological studies. In a four-

year follow-up study of middle-aged, overweight subjects with impaired glucose 

tolerance the intervention group that received individualized counseling aimed at 

reducing weight and intake of fat and increasing physical activity and intake of fiber 

lost significantly more weight than the control group, and the risk of diabetes was 

reduced by 58 percent in the intervention group (Tuomilehto et al. 2001). How 

obesity itself contributes to insulin resistance, however, remains a topic of active 

study. The inflammation of adipose tissue is believed to induce insulin resistance as it 

enhances proinflammatory factors that blunt insulin signaling (Coppack 2001, 

Fuentes et al. 2013, Harford et al. 2011), e.g. by downregulating GLUT4 expression. 

The increase in fatty acids, derived from excessive WAT energy storage, leads to an 

increased liver glucose output (Saltiel & Kahn 2001) and thus elevated plasma 

glucose levels. Mice and rats fed a HFD develop insulin resistance (Grundleger & 

Thenen 1982, Wang et al. 2013), and HFDs have been associated with increased 

skeletal muscle diglyceride and ceramide levels and activation of the pro-

inflammatory toll-like receptor 4/NF-κB pathways (Grundleger & Thenen 1982, 

Wang et al. 2013), each of which has been linked to diminished insulin action. 

In healthy individuals, insulin stimulates GLUT4 activity in skeletal muscle via 

increasing insulin-stimulated phosphorylation of IRS1 that then activates 

phosphatidyl inositol 3 (PI-3)-kinase that, in turn, activates GLUT4 (Dresner et al. 

1999). The outlines of insulin signaling through IRSs are illustrated in Figure 5. 

Raising plasma fatty acid levels abolish IRS1–associated PI-3-kinase activity 

(Dresner et al. 1999) and therefore decrease GLUT4 activity. Also GLUT1 is 

expressed in skeletal muscle but its level of expression is very low (~20 times less 

than GLUT4) and is thought to contribute to basal glucose uptake (Klip & Marette 

1992, Marette et al. 1992). 
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Fig. 5. Schematic model of insulin signaling through subcellular IRS1 and 2. IRS1 and 

2, insulin receptor substrate 1 and 2; MAPK, mitogen-activated protein kinase; PI3K, 

phosphatidyl inositol 3-kinase; Akt, serine/threonine-protein kinase; GLUT4, glucose 

transporter 4. 

2.5.4 Serum lipoprotein profile  

Several pathological hypoxic conditions such as cardiac ischemia and PAD are caused 

by atheroschlerosis that is correlated with adverse serum lipoprotein profile, i.e. 

dyslipidemia. Serum lipoproteins are particles consisting of lipids and proteins that 

transport triglycerides and cholesterol in the blood between all the tissues of the body, 

most commonly between the small intestine (absorption), liver and adipocytes 

(storage). Chylomicrons that take triglycerides to muscle and fat tissue and 

cholesterol to the liver are formed in the small intestine. The most important 

lipoproteins for cholesterol and triglyceride transportation are low-density 

lipoproteins (LDL) and high-density lipoproteins (HDL). LDL particles take 

cholesterol and triglycerides from the liver and mediate cholesterol and cholesteryl 

ester uptake into tissues. HDL in turn removes free cholesterol from tissues and 

transports it to the liver for conversion to bile acids that are further excreted into the 

small intestine (Miller 1990).  
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Cholesterol is the precursor of steroids such as adrenocortical hormones and an 

essential structural component in membranes and serum lipoproteins (Maxfield & 

Tabas 2005). Cholesterol is synthesized from acetyl-CoA in various tissues, and is 

eliminated from the body in the bile. 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase transforms HMG-CoA to mevalonate and is an important step 

in the synthesis of cholesterol. HMG-CoA reductase is induced by insulin and 

negatively regulated by liver LDL levels, bile acids and cholesterol. It is also the 

pharmaceutical target of statins (Grundy 1988). 

Dyslipidemia is a very common metabolic dysfunction. In a dyslipidemic state 

the serum cholesterol levels are high, and LDL and oxidized LDL (oxLDL) 

accumulate, which are taken up by macrophages in the dysfunctional endothelial 

intima. Uptake of oxLDL leads to the formation of macrophage-derived foam cells 

that further activate and  supply pro-coagulants and pro-inflammatory cytokines, 

thereby promoting further regional inflammation and atherosclerotic plaque formation 

and finally obstruction of arteries (Goyal et al. 2012, Libby et al. 2011, Rackley 

2000).  

LDL comprises different subclasses according to size, density and atherogenicity, 

small dense LDL particles being the most atherogenic (Austin et al. 1990). Hypoxia 

increases the very low-density lipoprotein (VLDL) receptor, a member of the LDL 

receptor family, expression during hypoxia in mouse and human cardiomyocytes by 

HIF-1α binding (Sundelin et al. 2013). Mutations in the LDL receptor gene give rise 

to familial hypercholesterolemia (Goldstein & Brown 1973). HDL also has several 

subtypes that have different functions (Warnick et al. 2001), HDL-2 being the most 

anti-atherogenic subtype.  

2.5.5 Role of hypoxia response pathway in metabolic syndrome 

Several HIF-1α targets play significant roles in glucose metabolism: glucose uptake 

via GLUT2 found in liver, small intestine, kidneys and pancreatic β cells is glucose-

regulated (Im et al. 2005) whereas GLUT4 found in adipose tissue and skeletal 

muscle is insulin-regulated (Abel et al. 2001). The HIF-1α target PDK1 on the other 

hand inhibits pyruvate dehydrogenase and thereby pyruvate entrance into the TCA 

cycle and further directs glucose metabolism from oxidative phosphorylation towards 

enhanced glycolysis (Semenza 2009). Many studies have reported that hypoxia 

reduces body weight (Quintero et al. 2010, van den Borst et al. 2013). The gradual 

expansion of adipose tissue on the other hand is associated with local hypoxia due to 
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inadequate vascular response (Pasarica et al. 2009). These findings have led to several 

studies on the underlying mechanisms.  

It has been demonstrated that exposure to hypoxic environments may improve 

whole-body and skeletal muscle glucose uptake by increasing the activity of 

glycolytic enzymes, enhancing the number of mitochondria and GLUT4 levels and 

improving insulin sensitivity (Urdampilleta et al. 2012). In a moderate altitude study 

(1700 m) patients with metabolic syndrome after a 3-week exposure exhibited short-

term favorable effects on the cardiovascular system, and had significant 

improvements in glycemic parameters both in OGTT and homeostatic model 

assessment (HOMA) index tests that were paralleled by a significant increase in 

HDL-cholesterol (Schobersberger et al. 2003). Mice with adipocyte-specific Hif-p4h-

2 deletion fed HFD showed less WAT, smaller adipocytes, less adipose tissue 

macrophages and improved glucose tolerance (Matsuura et al. 2013). HIF-P4H-2 

deficient “pseudohypoxic” mice had increased adipose mass and adipocyte size in 

parallel with improved adipose tissue vascularization (Michailidou et al. 2014). 

Despite the adiposity the mice had normal glucose tolerance, suppressed lipolysis and 

reduced circulating levels of fatty acids. There was no increase in the amount of 

macrophages or fibrosis (Michailidou et al. 2014).  

In mice exposed to 21-days of hypoxia (O2 8%) the mass of adipose tissue and 

the size of adipocytes were decreased (van den Borst et al. 2013). The number of 

macrophage aggregates also decreased significantly, the inflammatory profile of 

adipose tissue was attenuated, and there were signs that WAT was turning brown (van 

den Borst et al. 2013). In human studies with the pan-HIF-P4H-inhibitor for treatment 

of other diseases (anemia and PAD) it has been noted that individuals treated with the 

inhibitor have lower serum cholesterol levels and increased HDL/LDL ratios (Bakris 

et al. 2012, Myllyharju 2013, Olson et al. 2014).  

Peroxisome proliferator-activated receptor gamma (PPARγ) is a nuclear 

transcription factor playing a role in different biological processes including 

adipogenesis and glucose metabolism (Wahli et al. 1995). It has also been identified 

as a critical signaling molecule in the polarization of monocytes to macrophages of 

the type M2 (Heilbronn & Campbell 2008). Whether PPARγ is hypoxia induced or 

more specifically HIF target is still partly controversial, several studies however 

report it being a HIF-1 target at least in cardiomyocytes (Krishnan et al. 2009) and 

hepatocytes (Zhao et al. 2014). Inhibition of PPARγ, a known mediator in 

adipogenesis, by the HIF regulated gene differentiated embryo chondrocyte 

1/stimulated with retinoic acid 13 (DEC1/STRA13) decreases adipogenesis (Yun et al. 

2002). PPARγ adipose tissue specific knock-out mice fail to generate adipose tissue 
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and insulin resistance even when fed a HFD (Jones et al. 2005). On the other hand 

there are studies with opposite findings: macrophage-specific inactivation of PPARγ 

resulted in glucose intolerance and insulin resistance in skeletal muscle and liver, and 

increased expression of pro-inflammatory cytokines, all of which were exacerbated by 

HFD (Hevener et al. 2007). Macrophages deficient in PPARγ also have increased 

polarization towards the M1 phenotype (Bassaganya-Riera et al. 2009), these results 

indicating that PPARγ activation dampens adipose tissue inflammation. 

PPARγ coactivator peroxisome proliferator-activated receptor gamma coactivator 

1 alpha (PGC-1α) induces mitochondrial biogenesis by enhancing the expression of 

uncoupling protein 1 (UCP1), respiratory chain proteins, Krebs cycle proteins, and 

fatty acid oxidative enzymes (Larrouy et al. 1999, Mazzucotelli et al. 2007, Tiraby et 

al. 2003). It also mediates differentiation in brown adipose tissue (Puigserver et al. 

1998) and hence increases the capacity to modulate energy balance by metabolizing 

fatty acids and dissipating the energy produced as heat, which could be used as a 

novel therapeutic strategy against obesity (Wijers et al. 2009). 

In mice endothelial cell-specific deletion of HIF-1α significantly increased 

fasting blood glucose levels, blunted the insulin response with delayed glucose 

clearance from the blood, and decreased glucose uptake into the brain and heart 

(Huang et al. 2012). These data support an important role of the vascular endothelium 

in determining glucose metabolism and indicate that HIF-1α is a critical mediator of 

this function. On the other hand, loss of HIF-1α impairs GLUT4 translocation and 

glucose uptake by the skeletal muscle cells (Sakagami et al. 2014). 

Mice lacking HIF-1α in hepatocytes were exposed to a high fat–high sucrose diet. 

After 5 weeks of the diet the mutant mice exhibited impaired glucose disposal and 

complete inhibition of glucokinase induction with a significant reduction of hepatic 

glucose uptake. After 20 weeks of this diet all mice exhibited fasting hyperglycemia 

and glucose intolerance, but in mutant mice these were more severe and they had 

severe insulin resistance in skeletal muscle and adipose tissue (Ochiai et al. 2011). 

These findings suggest that HIF-1α in hepatocytes plays a protective role against the 

progression of diabetes. In a recent study the acute deletion of hepatic HIF-P4H-3 has 

been reported to improve insulin sensitivity and ameliorate diabetes by specifically 

stabilizing HIF-2α moderately (Taniguchi et al. 2013) indicating that moderate HIF-

2α stabilization modulates the metabolism in liver in a beneficial manner. 

In a β cell–specific Hif1a-null mouse model the mice exhibited glucose 

intolerance, β cell dysfunction, and developed severe glucose intolerance on a HFD 

(Cheng et al. 2010). Increasing HIF-1α levels by inhibiting its degradation markedly 

improved insulin secretion and glucose tolerance in control mice fed a HFD (Cheng et 
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al. 2010). In isolated pancreatic islets of type-2 diabetes patients the expressions of 

HIF-1α, HIFβ, glucose-6-phosphoisomerase and hepatocyte nuclear factor 4α were 

significantly decreased, and increasing the HIF-1α levels restored their expression to 

normal levels and improved the function of the islets (Cheng et al. 2010). These 

findings suggest an important role for HIF-1α in the normal function of β cells.  
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3 Aims of the present study 

The hypoxia response pathway is regulated by three HIF-P4H enzymes via regulation 

of the stability of the HIFα subunits, HIF-P4H-2 being the most abundant and 

important of the isoenzymes. In earlier studies total HIF-P4H-2 knock-out in mouse 

has been reported to lead to embryonic lethality and HIF-P4H-2 CKO mice develop 

severe erythrocytosis and polycythemia leading to cardiomyopathy, and premature 

death.  

Our group has created a viable gene trap HIF-P4H-2 hypomorph (Hif-p4h-2gt/gt) 

mouse line (Hyvärinen et al. 2010). The gene trap however is not complete as a small 

amount of wild-type Hif-p4h-2 mRNA is generated from the trapped alleles, this 

amount varies from less than 10% in the heart to 85% in liver compared to wild type. 

HIF-1α and 2α are stabilized in several tissues of these hypomorph mice. The mice 

have a normal life span and have no polycythemia (Hyvärinen et al. 2010). 

HIF-P4H inhibiting pharmacological agents are currently in phase III clinical 

trials for patients suffering from anemia, and considerable interest has also focused on 

the use of these inhibitors in the treatment of cardiac and skeletal muscle ischemia. 

Our group has previously shown that the Hif-p4h-2gt/gt hearts are protected against ex 

vivo cardiac I/R injury. The study showed milder injuries in the hypomorph hearts: 

the infarct size was smaller, the recovery from ischemia was better and energy status 

during ischemia was better preserved in the hypomorphic hearts compared to wild 

type (Hyvärinen et al. 2010). Other studies using HIF-P4H-2 inhibition have also 

shown a diminished impact on ischemic damage (Hölscher et al. 2011, Huang et al. 

2008).  

 

1. The first aim was to determine whether HIF-P4H-2 deficiency protects the 

hearts of the Hif-p4h-2gt/gt mice against in vivo ischemia and I/R injuries, as 

shown earlier in the heart ex vivo. Our hypotheses were that the resulting 

myocardial ischemia and I/R injuries would be milder in the hypomorphs and 

the recovery from the operation would be better. The heart is the focus of 

these studies as it is one of the main organs that is subjected to pathological 

ischemia in humans.  

2. The second aim was to study whether HIF-P4H-2 deficiency also protects 

skeletal muscle against in vivo I/R injury. , We hypothesized that the Hif-p4h-

2gt/gt mice, when subjected to femoral artery ligation, would have milder 

ischemic injury and better preserved motoric function than the wild-type 
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mice. The effects of congenital HIF-P4H-2 inactivation on the structure and 

basal metabolism of the skeletal muscle and metabolism following exercise 

were also studied. 

3. It has been noted that the Hif-p4h-2gt/gt mice are leaner and have less 

subcutaneous adipose tissue compared to their littermates. Therefore the third 

aim was to examine the body constitution, structure and function of adipose 

tissue and metabolism of the Hif-p4h-2gt/gt mice. We aimed to study also the 

effect of a small molecule, the 2-oxoglutarate analog FG-4497, which has 

been shown to inhibit HIF-P4Hs, on aged wild-type mice with metabolic 

dysfunction and wild-type mice fed a HFD to study whether the chemical 

inhibition of HIF-P4Hs has similar effects on metabolism compared to the 

genetic HIF-P4H-2 deficiency. 
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4 Materials and methods 

The materials and methods used in this thesis are summarized in the table below. 

Detailed descriptions with references can be found in the original articles I-III. 

Table 2. Materials and methods. 

Level Method Used in article 

DNA PCR I, II, III 

RNA RNA isolation I, II, III 

 Real-time quantitative PCR I, II, III 

Protein SDS-PAGE and Western Blotting I, II, III 

 ELISA I, III 

Cells and tissues Cell culture 

Fractioning of cardiac cells 

Resin casting 

Adeno-associated virus administration 

Determination of infarct size 

Serum analyses 

Preparation and staining of paraffin sections 

I 

I 

I 

I 

I, II 

I, II, III 

I, II, III 

 Immunohistological and immunofluorescence stainings I, II, III 

 Transmission electron microscopy I, II 

 Metabolite determinations 

Enzyme activity assays 

Determination of serum lipids 

II, III 

II, III 

III 

Animals In vivo cardiac surgery 

Echocardiography 

Administration of adeno-associated virus 

Harvesting of tissues and collection of blood samples 

In vivo skeletal muscle surgery 

Treadmill exercise and serum lactate measurements 

Administration of HIF-P4H inhibitor 

Glucose and insulin tolerance tests, deoxyglucose uptake test 

I 

I 

I 

I, II, III 

II 

II 

III 

III 

 MRI analysis III 

Analyses Statistical analyses I, II, III 
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5 Results 

5.1 Hearts of the HIF-P4H-2 deficient mice are protected against 

acute myocardial ischemia and ischemia-reperfusion in vivo (I) 

5.1.1 Hif-p4h-2gt/gt mice show better survival and improved recovery 

following acute myocardial infarction 

The whole hearts of the Hif-p4h-2gt/gt mice show stabilization of HIF-1α and 2α 

(Hyvärinen et al. 2010). In order to know if this is the case in all cardiac cells, we 

fractioned the major resident cardiac cell types, i.e. cardiomyocytes, fibroblasts and 

endothelial cells, from the Hif-p4h-2gt/gt and wild-type hearts and found that in the 

Hif-p4h-2gt/gt mice the mRNA levels of wild-type HIF-P4H-2 were reduced by       

93–76% in all of these cell types (Figure 1B in I). 

To study the cardiac function and structure of Hif-p4h-2gt/gt cardiac tissue at 

baseline, the hearts were analyzed using echocardiography, where no differences in 

the left ventricle (LV) function or structure were detected compared to the wild-type 

hearts. We then examined whether the chronic stabilization of HIF-1α and 2α in the 

heart protects it against AMI. The age- and sex-matched Hif-p4h-2gt/gt and wild-type 

mice were subjected to continuous cardiac ischemia via ligation of the LAD. Of the 

wild-type mice 26.5% died during the first 30 min of ischemia, whereas 100% of the 

Hif-p4h-2gt/gt mice survived. 

The recovery from AMI was studied at 24 hours after LAD ligation by several 

methods. The LV mechanical recovery from AMI was analyzed by echocardiography, 

where a significantly better-preserved LV ejection fraction by ~60% was observed in 

the Hif-p4h-2gt/gt mice (Figure 2A and Table 1 in I). The serum cardiac troponin 

(cTNI), a marker for myocardial injury also used in clinical medicine, was more than 

50% lower in hypomorphs (Figure 2B in I). Evans blue injection and 

triphenyltetrazolium chloride (TTC) staining were performed to study the perfusion of 

the myocardial tissue and to measure the infarct area (I) and the area at risk (AR). 

Evans blue dye was injected into the aortic root and was allowed to circulate in the 

areas perfused by coronary arteries. The heart was then quickly excised and cut into 

five sections. The sections were stained with TTC, photographed and measured. The 

area not at risk became stained blue, whereas the AR was all non-blue area that 

became stained either red (non-infarcted) or white (infarcted) area. We saw a 

reduction of 55% in I/LV and 35% in I/AR in the Hif-p4h-2gt/gt hearts compared to the 
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wild type (Figure 2C in I). Also a significant reduction of 30% was observed in the 

AR/LV ratio in the Hif-p4h-2gt/gt hearts (Figure 2C in I). These findings suggest that 

during ischemia the HIF-P4H-2 deficiency preserves cardiac function and perfusion 

of the heart better thus leading to diminished infarct area.  

5.1.2 Hif-p4h-2gt/gt mice have improved cardiac function after 

ischemia-reperfusion 

We next subjected the mice to I/R by exposing them to 30 min of ischemia via LAD 

ligation after which the ligation was opened, which was followed by 3 or 24 hours of 

reperfusion. In echocardiography the Hif-p4h-2gt/gt mice had a significantly better-

preserved LV ejection fraction by over 30% 24 hours after I/R compared to the wild-

type mice (Figure 3A and Table 2 in I). Serum was collected 24 hours after I/R and 

cTNI was analyzed. The result showed a trend toward a lower level in the Hif-p4h-

2gt/gt than in wild-type mice (Figure 3D in I) implying less myocardial damage. 

The Evans blue and TTC staining described earlier were implemented in order to 

determine the AR and infarct sizes. To do that the LAD was retied under terminal 

anesthesia 24 hours after I/R. There was a trend toward a lower I/LV ratio in the Hif-

p4h-2gt/gt hearts compared to wild-type hearts, but there was no difference in I/AR 

between the genotypes (Figure 3F in I). A significant negative correlation, however, 

was detected between the I/LV and the LV ejection fraction, i.e. a smaller infarct size 

correlated with better LV function. Similar to the AMI model, the AR/LV ratio was 

significantly lower in the Hif-p4h-2gt/gt hearts compared to wild-type hearts 24 hours 

after I/R.  

We also analyzed the amount of apoptotic cell death post-I/R in the hearts by 

TUNEL-staining. The amount of TUNEL-positive, i.e. apoptotic cells at 3 hours after 

I/R was significantly lower in the hearts of the Hif-p4h-2gt/gt mice than in the hearts of 

wild-type mice (Figure 3C in I) indicating that the cardiac cells were protected against 

I/R in the Hif-p4h-2gt/gt hearts. These data indicate that HIF-P4H-2 deficiency protects 

myocardium against I/R injury and maintains better perfusion of the LV. 

5.1.3 Hif-p4h-2gt/gt hearts show increased capillary size and changes 

in the expression of endothelial HIF target genes 

The smaller ARs observed in the Hif-p4h-2gt/gt hearts following infarct and I/R 

suggested that these hearts were better perfused compared to wild-type hearts. To 

study if the cardioprotection was mediated via some vascular mechanism we next 
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studied the vascular structure of the Hif-p4h-2gt/gt hearts in more detail. A baseline 

analysis of cardiac vasculature showed no alterations in the branching of the LAD or 

the right coronary artery between the genotypes. We then quantified the number and 

size of collateral vessels in the myocardium using α-smooth muscle actin and isolectin 

costaining, which stains the smooth muscle cells surrounding the collaterals, but no 

differences were detected between wild-type and Hif-p4h-2gt/gt hearts (Figure 4B and 

C in I). The analysis of the endothelial marker Pecam-1-stained sections of Hif-p4h-

2gt/gt hearts revealed an interesting result; there was no difference in the number of 

capillaries between the genotypes, however, the capillary size was markedly increased 

in the Hif-p4h-2gt/gt hearts (Figure 4D and E in I). This was seen also in transmission 

electron microscopic analysis, where also wavy endothelium in the Hif-p4h-2gt/gt heart 

capillaries was detected (Figure 4F in I). The average number of nuclei in a capillary 

was also significantly greater in the Hif-p4h-2gt/gt hearts than in wild-type hearts 

(Figure 4G). Importantly, when Pecam-1 staining was performed on hearts following 

I/R the difference in capillary size persisted.  

To analyze the underlying mechanism of larger capillaries and to define the 

outcome of HIF stabilization in baseline hearts we studied several endothelium-

specific HIF targets and known angiogenic genes using qPCR (Figure 5A in I). In the 

Hif-p4h-2gt/gt hearts there were significantly higher mRNA levels of several 

angiopoiesis-linked factors: endothelial angiopoietin receptor tyrosine kinase TIE2, 

apelin, apelin receptor APJ and angiopoietin 2 ANG2. TIE2 is a known HIF-1α target 

and a crucial factor for angiogenesis and vascular maintenance (Takeda et al. 2004, 

Tian et al. 1997) and apelin promotes angiogenesis (Cox et al. 2006), NO release 

(Tatemoto et al. 2001) and vessel diameter during angiogenesis (Kidoya et al. 2008). 

ANG2 is also HIF-induced and plays a role in vascular remodeling especially during 

stress such as wound healing (Simon et al. 2008). To conclude, many genes 

regulating vessel diameter were upregulated in the Hif-p4h-2gt/gt hearts. However, no 

significant changes in Tie1, Ang1, Vegfs, Vegf receptors, eNOS or iNOS mRNA 

expression levels were found.  

TIE2 plays an essential role in blood vessel formation during embryonic 

development (Dumont et al. 1992). Activity of the TIE2 signaling pathway can be 

assessed by measuring the level of TIE2 protein phosphorylation. The increased 

expression of TIE2-encoding gene was correlated with higher TIE2 protein levels in 

the Hif-p4h-2gt/gt hearts than in wild-type hearts. Importantly, in the Hif-p4h-2gt/gt 

hearts the TIE2 protein was indeed phosphorylated (Figure 5B in I), which suggests 

that signaling through TIE2 was increased in the endothelial cells of the hypomorph 

hearts. ANG2 is regarded as an antagonist of TIE2, while ANG1 is the main agonist, 
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although it is the ANG1/ANG2 ratio that essentially determines whether TIE2 is 

activated. The ANG1/ANG2 ratio in the Hif-p4h-2gt/gt hearts was 10 compared to 12.5 

in wild-type hearts, suggesting that agonistic signaling dominates in the hypomorph 

hearts consistent with the observation of increased TIE2 phosphorylation. 

The release of smooth muscle relaxing NO following I/R appears to be central to 

cytoprotection against I/R injury, but the mechanism remains to be fully characterized 

(Dezfulian et al. 2007). The major physiological producer of NO in the myocardium 

is eNOS produced by endothelial cells. Neither eNOS nor iNOS mRNA expression 

levels in the Hif-p4h-2gt/gt whole hearts were elevated at baseline, but eNOS was 

significantly induced in the endothelial cell fraction isolated from the Hif-p4h-2gt/gt 

hearts (Figure 5C in I). Interestingly, after I/R injury, significantly higher eNOS 

mRNA levels were found in the Hif-p4h-2gt/gt whole-heart extracts than in wild-type 

whole-heart extracts and they were accompanied by increased serum NO 

concentrations in the Hif-p4h-2gt/gt mice (Figure 5D and E in I). 

5.1.4 Blocking TIE2 signaling reverses the capillary size increase 

and cardioprotection in the Hif-p4h-2gt/gt mice 

It has been reported that overexpression of the main TIE2 agonist, Ang1, results in an 

increased vessel diameter (Thurston et al. 1999). To reveal whether the enlarged 

capillaries in the Hif-p4h-2gt/gt hearts were due to increased Tie2 expression, we 

blocked TIE2-mediated signaling in 4-week-old mice by AAV9-mediated 

overexpression of the TIE2 extracellular domain (TIE2 ECD). TIE2 ECD binds 

angiopoietins thus preventing the signal transduction inside the cell, and thereby 

blocking endogenous physiological TIE2 signaling. The effectiveness and function of 

the AAV9 TIE2 ECD was first tested in human umbilical vein endothelial cells, and 

then applied to 4-week old mice via the vena jugularis. Four weeks after the AAV9-

mediated gene transfer, equal levels of TIE2 ECD were observed in the hearts of both 

genotypes (Figure 6A in I) and echocardiography analysis showed no difference in 

their LV function. The blocking of the TIE2 pathway normalized the previously 

elevated apelin and APJ mRNA levels in the Hif-p4h-2gt/gt hearts (Figure 6B in I) and 

notably, no difference in capillary size existed between the genotypes (Figure 6C and 

D in I). 

To study whether the TIE2 induction-mediated increased capillary area in the 

Hif-p4h-2gt/gt hearts was responsible for the observed cardioprotection following AMI, 

we performed AMI on the wild-type and Hif-p4h-2gt/gt mice 4 weeks after the in vivo 

TIE2 blockage. No difference between the genotypes was seen in the LV ejection 
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fraction or in the concentration of serum cTNI 24 hours after LAD ligation between 

the Hif-p4h-2gt/gt and wild-type mice (Figure 6E and F in I). Interestingly, the serum 

cTNI concentration was more than five-fold higher in both genotypes than in wild-

type mice after AMI with no TIE2 blockage. Although no significant differences were 

observed between the Hif-p4h-2gt/gt and wild-type hearts in the I/LV and I/AR ratios, 

the difference in AR/LV between wild-type and Hif-p4h-2gt/gt hearts was not fully 

reversed following TIE2 blockage (Figure 6G in I). 

5.2 HIF-P4H-2 deficient mice are protected against skeletal muscle 

ischemia-reperfusion injury (II) 

5.2.1 Hif-p4h-2gt/gt mice have larger capillaries and reduced glycogen 

storage in skeletal muscle, and altered expression of some HIF 

target genes 

The previously described hypomorph Hif-p4h-2gt/gt mice (Hyvärinen et al. 2010) were 

found here to express 19% of the wild-type Hif-p4h-2 mRNA in their skeletal muscle 

measured from the calf muscles M. gastrocnemius and M. soleus known to contain 

different types of myofibers, intermediate and slow myofibres, respectively. This 

reduction led to normoxic stabilization of HIF-1α and HIF-2α. In order to see if there 

was a difference in the expression of other Hif-p4h mRNAs we analyzed their 

amounts by qPCR. We saw no difference between the above two skeletal muscle 

types in the Hif-p4h-2gt/gt mice in the expression of Hif-p4h-1 mRNA whereas the 

expression of the Hif-p4h-3 mRNA was induced to 130% in M. soleus (Figure 1A in 

II). In this study we analyzed the consequences of chronic high-level Hif-p4h-2 

inactivation resulting in normoxic HIFα stabilization in skeletal muscle and whether it 

can protect mice from hind limb ischemia-reperfusion injury as we have earlier seen 

in the heart. We chose to concentrate on gastrocnemius muscle as its muscle type is 

intermediate, consisting of both fast and slow myofibres. 

We analyzed the baseline structure of skeletal muscle of the Hif-p4h-2gt/gt mice to 

determine whether chronic HIF-α stabilization had an effect on the structure of the 

skeletal muscle. There was no difference between the genotypes in the ratio of fast 

versus slow myofibers based on myocin heavy chain staining, in the number of 

central nuclei or in the amount of mitochondria measured by the amount of the 

mitochondrial marker cytochrome oxidase mRNA (Figure 2A and B in II). 
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One major HIF mediated process is angiogenesis (Levy et al. 1995), and in the 

original article I we saw that the Hif-p4h-2gt/gt mice with cardiac stabilization of HIF-

1α and 2α have larger capillaries in the heart leading to enhanced perfusion and 

improved recovery following AMI and I/R injury. In order to see if larger capillaries 

are present also in the Hif-p4h-2gt/gt skeletal muscle we studied the capillary 

phenotype by capillary staining. There was no difference in the number of capillaries 

between the genotypes, however the area of capillaries was significantly increased in 

the Hif-p4h-2gt/gt skeletal muscle relative to wild type (Figure 2D in II). The larger 

capillaries in the Hif-p4h-2gt/gt skeletal muscle were also seen in transmission electron 

microscopy analysis (Figure 2E in II).  

Another important HIF regulated system is glucose metabolism. To study glucose 

metabolism in the gastrocnemius muscle of the Hif-p4h-2gt/gt mice in more detail we 

used glycogen staining (Periodic Acid-Schiff) to measure the amount of glycogen in 

the Hif-p4h-2gt/gt and wild-type skeletal muscle. We calculated the ratio of glycogen-

rich myocytes versus all myocytes from glycogen-stained sections and detected a 

significant difference in the glycogen content, it being ~40% lower in the skeletal 

muscle of the Hif-p4h-2gt/gt mice compared to wild type (Figure 2C in II). 

We next studied glucose metabolism, vascular factors and lactate metabolism in 

the Hif-p4h-2gt/gt mice and determined the mRNA expression levels of a large pattern 

of HIF targets and other genes involved in these functions by qPCR in the 

gastrocnemius muscles of the mice (Figure 3A in II). We found that only the 

expression levels of the glucose and glycogen metabolism involved mRNAs for 

phosphofructokinase (PFKL), pyruvate dehydrogenase kinase 1 (PDK1) and glycogen 

branching enzyme 1 (GBE1) and the mRNA for the lactate exporter monocarboxylate 

transporter 4 (MCT4) were significantly increased in the skeletal muscles of the Hif-

p4h-2gt/gt mice. The protein level of PDK1 was also increased in the Hif-p4h-2gt/gt 

skeletal muscle relative to wild type (Figure 3B in II). We also wanted to decipher the 

energy metabolism of skeletal muscle in the Hif-p4h-2gt/gt mice in more detail and 

determined the amounts of lactate, ATP, adenosine diphosphate (ADP), 

phosphocreatine (CrP) and creatine (Cr) in the gastrocnemius muscles of the mice. 

There was no difference in the amount of skeletal muscle lactate or in the ATP/ADP 

ratio between the genotypes, but there was a trend for an increased ratio of CrP/Cr in 

the skeletal muscle of the Hif-p4h-2gt/gt mice (Figure 3C in II). 
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5.2.2 The serum lactate levels of the Hif-p4h-2gt/gt mice recover faster 

following treadmill exercise and these mice have modified 

glucose metabolism in the liver 

The glucose metabolism is connected with the lactate metabolism in hypoxic 

situations and therefore we subjected the mice to treadmill exercise and followed the 

serum lactate levels during it. Before the treadmill exercise the serum lactate levels 

did not differ significantly between the genotypes. The mice ran on a treadmill at a 

slope of 9⁰ for total of 14 min, of which the first 4 min were at a speed of 22 m/min 

and then for 10 min at 27 m/min. The serum lactate levels were determined 

immediately after the exercise and after a 30 min-recovery period. The serum lactate 

levels increased by 20-25% from the baseline level in all mice following running. 

However, the serum lactate levels 30 min after the exercise were significantly lower 

in the Hif-p4h-2gt/gt mice relative to wild type suggesting that the Hif-p4h-2gt/gt mice 

recovered faster from the exercise (Figure 4A in II). 

To find out how the reduction in the lactate level is mediated we studied the 

activity of phosphoenolpyruvate carboxykinase (PEPCK) in the liver, which reflects 

the rate of hepatic gluconeogenesis and potential use of lactate in this pathway. The 

PEPCK activity was slightly but significantly increased by about 10% in the livers of 

the Hif-p4h-2gt/gt mice compared to the wild type indicating that hepatic 

gluconeogenesis is more active in the hypomorphs (Figure 4B in II). 

It has been reported by Hyvärinen and coworkers (2010) that in the Hif-p4h-2gt/gt 

mice the expression level of the Hif-p4h-2 mRNA in liver is only 15% lower than that 

of the wild-type mice, thus it is surprising that the results above imply differences 

between genotypes in gluconeogenesis. Therefore we wanted to reassess the 

expression level of the Hif-p4h-2 mRNA level in liver, and observed that it was 

reduced by ~45% in the Hif-p4h-2gt/gt livers compared to wild type (Figure 4C in II). 

We also selected liver-specific genes involved in glycolysis, gluconeogenesis, 

glycogenolysis and lactate metabolism in the livers of the Hif-p4h-2gt/gt and wild-type 

mice (Figure 4C in II). The mRNA levels of several genes showed a trend for 

induction in the livers of the Hif-p4h-2gt/gt mice relative to wild type; these included 

the mRNAs for the gluconeogenetic enzymes PEPCK (in accordance with the PEPCK 

activity measurement) and fructose-1,6-bisphosphatase 1 and the hypoxia-associated 

pH balance mediator carbonic anhydrase IX. The mRNA level for glycogen 

metabolism involved enzyme GBE1 was reduced in the livers of the Hif-p4h-2gt/gt 

mice relative to wild type but none of these changes reached statistical significance.  
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5.2.3 Hif-p4h-2gt/gt mice are protected against skeletal muscle 

ischemia-reperfusion 

To examine whether HIF-P4H-2 deficiency protects also skeletal muscle against I/R 

as has been shown to be the case in the Hif-p4h-2gt/gt hearts (Hyvärinen et al. 2010), 

we subjected the mice to a hind limb I/R injury via ligating the major artery of the 

hind limb, A. femoralis superficialis, on the right for 60 min after which the ligation 

was opened and followed by a 48 hour reperfusion. The motor function of the affected 

limb was evaluated according to criteria modified from Rey and coworkers (2009), 

dragging of foot being scored ‘impaired’. After 48 hours of reperfusion the motor 

function was evaluated and found not to be impaired in any of the Hif-p4h-2gt/gt mice 

studied whereas 44% of the wild-type mice showed motor impairment (Figure 5A in 

II). We evaluated the size of the infarct in the affected limb by determining the 

amount of injured myofibers from Masson-Trichome stained histological sections, the 

amount of injured myofibers 48 hours after I/R being reduced by more than 50% in 

the Hif-p4h-2gt/gt mice relative to wild type (Figure 5B in II). A marker of cell death, 

TUNEL staining, was used to evaluate the amount of apoptotic myofibers in the 

affected hind limb, the amount being slightly, but not significantly reduced in the Hif-

p4h-2gt/gt mice compared to wild type (Figure 5C in II). 

In order to understand in more detail the mechanisms behind the protection 

against skeletal muscle I/R injury in the Hif-p4h-2gt/gt mice we measured the capillary 

number and mean capillary area of the affected gastrocnemius muscles post-I/R 

injury. Similar to the analysis at baseline there was no difference in the number of 

capillaries whereas the capillaries of the Hif-p4h-2gt/gt mice were significantly larger 

compared to the wild-type littermates (Figure 6A in II). We then correlated the 

capillary size to the injury score measured by the proportion of the injured myofibers 

compared to total myofibers to determine whether the ischemic protection was 

associated with larger capillaries. There was a significant negative correlation 

between the capillary size and the injury size indicating that the larger capillary area 

led to better perfusion and correlated with skeletal muscle protection (Figure 6B in 

II), as is also the case in the heart (original article I).  

We also determined the glycogen content of the muscles post-I/R injury by 

glycogen staining. In contrast to the baseline situation where the Hif-p4h-2gt/gt skeletal 

muscle showed less glycogen compared to wild type, after the I/R injury the glycogen 

content of the gastrocnemius muscles was 1.8-fold higher in the Hif-p4h-2gt/gt mice 

relative to wild type (Figure 6C in II). The observed decrease in the glycogen content 

of the gastrocnemius muscle following I/R compared to baseline was significant in 
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wild type whereas no decrease was observed in the Hif-p4h-2gt/gt muscles (Figure 6E 

in II). The glycogen content, however, did not correlate with the injury score (Figure 

6D in II). Pfkl mRNA analyzed at baseline was the highest and most significantly 

induced HIF target in the skeletal muscles of the Hif-p4h-2gt/gt mice and is a known 

key regulator of glycolysis. Measured following I/R injury Pfkl mRNA was also 

increased in the Hif-p4h-2gt/gt gastrocnemius muscles (Figure 6F in II) and this 

increase associated with higher glycogen content of the gastrocnemius muscles 

following I/R injury but not with the injury size (Figure 6G in II). These data suggest 

that in skeletal muscle the improved perfusion via larger capillaries is a more 

important factor in protection against skeletal muscle I/R injury than preservation of 

the energy status.   

5.3 HIF-P4H-2 inhibition is protective against obesity and 

metabolic syndrome (III) 

5.3.1 Hif-p4h-2gt/gt mice are leaner compared to their wild-type 

littermates despite no alterations in food intake and activity 

During our previous studies with the Hif-p4h-2gt/gt mice we noticed that the 

hypomorphs were leaner than wild types despite the same chow and environment 

(Hyvärinen et al. 2010). To study this in more detail we measured the weights and 

tibia lengths of the Hif-p4h-2gt/gt mice and wild types, and subjected the mice to 

metabolic home cage analyses. Already the weight of 5-week-old Hif-p4h-2gt/gt mice 

fed normal chow (18% kcal fat) was lower than that of their wild-type littermates and 

the Hif-p4h-2gt/gt mice gained less weight during the subsequent 10 weeks (Figure 1B 

in III). The weight difference persisted also later, with the weight of 1-year-old Hif-

p4h-2gt/gt mice being 80–85% of that of wild type (Figure 1B in III). No difference 

was found between the genotypes in tibia length or liver weight relative to tibia length 

(Supplementary Figure 1B in III).  

During the metabolic cage analysis the mice stayed in single cages for 9 days, 

first in training cages similar to those used in the actual measurements. The cages 

were equipped with automatic detectors for food and water intake, physical activity 

and respiratory gases. No difference was found in the amount of food intake between 

the Hif-p4h-2gt/gt and wild-type mice whether expressed per mouse or per body 

weight, and no difference was found in the physical activity between these mice 

(Supplementary Figure 2 in III). There was a trend for increased O2 consumption and 
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CO2 production when expressed per body weight in the Hif-p4h-2gt/gt mice, but this 

reached statistical significance only in the case of O2 consumption in the dark, with no 

difference in respiratory exchange ratio between the genotypes (Supplementary 

Figure 2 in III). 

5.3.2 Hif-p4h-2gt/gt mice have less WAT, smaller adipocytes and less 

macrophage aggregates 

In order to understand in more detail the mechanisms underlying the difference in the 

body weight, we studied the amount, distribution and characteristics of adipose tissue 

of the Hif-p4h-2gt/gt and wild-type mice. The amount of gonadal WAT in the Hif-p4h-

2gt/gt mice, when related to tibia length to correct for body weight differences, was 

one-half of that in the wild-type littermates (Figure 1C in III). Magnetic resonance 

imaging analyses of live anesthetized mice indicated that the amount of white 

subcutaneous fat was also reduced in the Hif-p4h-2gt/gt mice (Figure 1F in III). 

Furthermore, the adipocytes in the Hif-p4h-2gt/gt WAT were smaller (Figure 1D in III) 

and the level of Hif-p4h-2 mRNA in the Hif-p4h-2gt/gt WAT was ∼50% compared to 

wild-type tissue (Supplementary Figure 1A in III). The amount of HIF-P4H-2 protein 

in the Hif-p4h-2gt/gt WAT was correspondingly reduced (Supplementary Figure 1C in 

III) and HIF-1α, but not HIF-2α, was stabilized there to a low extent (Figure 1A in 

III).  

The weight of the brown adipose tissue, a highly metabolic tissue producing heat, 

was likewise reduced but to a lesser extent compared to WAT (Figure 1E in III), and 

the wild-type Hif-p4h-2 mRNA level in the Hif-p4h-2gt/gt brown adipose tissue was 

only ∼10% of that in the wild-type tissue (Supplementary Figure 1A in III).  To have 

a look at the function of brown adipose tissue we analyzed the mRNA level for 

UCP1, a mitochondrial transporter protein that creates proton leaks across the inner 

mitochondrial membrane, thus uncoupling oxidative phosphorylation from ATP 

synthesis, hence producing heat. No difference in the Ucp1 mRNA level in brown 

adipose tissue was found between the Hif-p4h-2gt/gt and wild-type mice 

(Supplementary Figure 1D in III) indicating that brown adipose tissue activity itself 

was not altered in the Hif-p4h-2gt/gt mice, but only the amount of it.  

Obesity is associated with chronic adipose tissue inflammation and formation of 

macrophage aggregates around adipocytes (Harford et al. 2011, Weisberg et al. 

2003). To study this phenomenon in the Hif-p4h-2gt/gt mice we analyzed the 

macrophage aggregates in the Hif-p4h-2gt/gt and wild-type WAT. We found that the 

number of aggregates was significantly lower in the WAT of 1-year-old Hif-p4h-2gt/gt 
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mice than in wild-type mice (Figure 1G in III). We also checked the mRNA levels of 

certain adipose tissue factors. Adiponectin is a hormone, whose level is inversely 

correlated with body fat percentage. Its main functions are increasing glucose uptake, 

decreasing gluconeogenesis and increasing lipid catabolism. Leptin, the "satiety 

hormone", controls food intake and energy expenditure, and chemokine ligand 2 is a 

small chemokine that induces chemotaxis. Increased adiponectin mRNA level and 

decreased leptin and chemokine (C-C motif) ligand 2 mRNA levels were found in the 

Hif-p4h-2gt/gt WAT (Supplementary Figure 3A in III), which is similar to results 

obtained in mice subjected to chronic hypoxia (van den Borst et al. 2013). No 

increase was seen, however, in the serum adiponectin level, but serum leptin level 

was decreased (Supplementary Figure 3B in III). 

5.3.3 Hif-p4h-2gt/gt mice show protection against 

hypercholesterolemia and diabetes 

To assess in more detail the cholesterol and glucose metabolism in the hypomorphs, 

both associated with excessive WAT mass, we analyzed the serum cholesterol levels 

and subjected the mice to glucose tolerance tests and insulin sensitivity 

measurements. The levels of serum total cholesterol, HDL and LDL+VLDL 

cholesterol were lower in the Hif-p4h-2gt/gt mice than in the wild-type mice, 

importantly the most predictive value, the  HDL/LDL+VLDL ratio, was increased in 

the hypomorphs, whereas the triglyceride level was not altered significantly (Figure 

2A in III). Livers of 1-year-old wild-type mice fed normal chow had steatosis whereas 

the Hif-p4h-2gt/gt mice were protected against its development (Figure 2B in III). 

The glucose tolerance was examined using a glucose tolerance test where 1-year-

old mice were first fasted for 12 hours, anesthetized and injected intraperitoneally 

with 1 mg/g glucose. The blood glucose concentrations were measured before and 15, 

30, 60 and 120 min after the glucose injection. Already the fasting blood glucose 

levels at 0 min were significantly lower in the Hif-p4h-2gt/gt mice than in the wild type 

and their glucose tolerance was markedly better than that of the wild-type littermates 

(Figure 3A and Supplementary Figure 4A in III). The insulin tolerance was assessed 

by injecting 1-year-old mice fasted for 6 hours with 1 IU/kg insulin. Blood glucose 

was followed as in the glucose tolerance test. The serum glucose levels were found to 

decrease more in the Hif-p4h-2gt/gt mice than in wild type. Insulin resistance was also 

evaluated by calculating the HOMA-estimated insulin resistance (HOMA-IR) scores. 

The fasting serum insulin levels and HOMA-IR scores were lower in the Hif-p4h-2gt/gt 

mice indicating that the lower blood glucose levels were due to decreased insulin 
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resistance, i.e. increased insulin sensitivity in the Hif-p4h-2gt/gt mice (Figure 3B and 

Supplementary Figure 4B in III). A similar, though less marked difference in glucose 

tolerance was seen between the genotypes in 4–5-month-old mice (Figure 3A in III). 

The data suggested that glucose uptake was increased in the Hif-p4h-2gt/gt tissues, and 

to learn which of the Hif-p4h-2gt/gt tissues was responsible for the increased glucose 

intake, we studied the uptake of 14C-deoxyglucose in fasting mice. An increased 

glucose uptake was found in the skeletal muscle relative to the wild type (Figure 3D 

in III). 

Comparison of data between 1-year-old and 4–5-month-old wild-type mice 

indicated that the older mice had larger adipocytes, a larger number of WAT 

macrophage aggregates, increased fasting blood glucose and serum insulin levels and 

higher HOMA-IR scores, whereas none of these were significantly different between 

the 1-year-old and 4–5-month-old Hif-p4h-2gt/gt mice (Figure 4A-E in III). The 1-year-

old wild-type mice thus had relative insulin resistance and metabolic dysfunction 

compared with the younger mice, whereas the Hif-p4h-2gt/gt mice were protected 

against their development. 

5.3.4 Hif-p4h-2gt/gt mice have altered expression of several 

metabolism genes, and reduced acetyl-CoA levels and de novo 

lipogenesis  

To assess the molecular mechanisms leading to the above-mentioned metabolic 

changes, we analyzed the gene expression profile of lipid and glucose metabolism 

(Figure 5A and B in III). The mRNA levels of the HIF-1α targets glucose transporter 

1 (GLUT1) and several enzymes of glycolysis were increased in the Hif-p4h-2gt/gt 

skeletal muscle and WAT but not in the Hif-p4h-2gt/gt liver (Supplementary Figure 5A 

in III). The mRNA level of the glucose-regulated GLUT2 was lower in the liver of the 

Hif-p4h-2gt/gt mice than in wild-type mice, presumably because of their improved 

glucose tolerance, whereas the mRNA level of the insulin-regulated GLUT4 was 

higher in the skeletal muscle and WAT of the Hif-p4h-2gt/gt mice, probably because of 

their increased insulin sensitivity. The mRNA level of the HIF-1α target PDK1, which 

inhibits PDH activity, was increased in the Hif-p4h-2gt/gt skeletal muscle and WAT in 

accordance with the fact that hypoxia and thus HIF induces switch in glucose 

metabolism from oxidative to anaerobic. The mRNA level of PPARγ, that stimulates 

lipid uptake and adipogenesis by fat cells, was likewise increased in the Hif-p4h-2gt/gt 

skeletal muscle and WAT, this change being similar to that seen in the WAT of mice 

with an adipocyte-specific Hif-p4h-2 deletion (Matsuura et al. 2013). On the other 
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hand the mRNA level of PPARα, that induces e.g. fatty acid uptake, mitochondrial β-

oxidation, ketogenesis, and gluconeogenesis, was slightly decreased in the Hif-p4h-

2gt/gt liver. The mRNA levels of the markers for lipolysis were increased in the Hif-

p4h-2gt/gt WAT, suggesting that an increased lipolysis may have contributed to the 

decreased amount of WAT in these mice. The mRNA levels of SREBP1c, which 

regulates lipogenesis and fatty acid synthesis, and its targets ACCα and FAS, 

enzymes of fatty acid synthesis, were lower in the Hif-p4h-2gt/gt liver, whereas the 

mRNA level of the LDL receptor was similar in the Hif-p4h-2gt/gt and wild-type livers. 

The mRNA level of the HIF-2α target insulin receptor 2 (IRS2), which regulates 

SREBP1c and hepatic lipid accumulation, was increased in the Hif-p4h-2gt/gt liver, 

whereas the mRNA level of IRS1 was not altered. To study whether the increased 

mRNA levels led to increased protein levels, we analyzed GLUT4, GAPDH and 

PDK1 in WAT and found increased levels of all three proteins in the Hif-p4h-2gt/gt 

WAT. 

To study whether the increased PDK1 expression resulted in decreased 

conversion of pyruvate to acetyl-CoA and further a decreased amount of acetyl-CoA, 

we measured the amount of acetyl-CoA in skeletal muscle, WAT and liver and found 

a decreased concentration of acetyl-CoA in all three Hif-p4h-2gt/gt tissues (Figure 5C 

in III). We also studied whether the decreased mRNA levels of ACCα and FAS, genes 

of fatty acid synthesis, and the decreased acetyl-CoA levels affected de novo 

lipogenesis by incubating fresh tissue slices with [14C]acetate and measuring the 

incorporation of radioactivity into extractable lipids. We found decreased lipogenesis 

in the Hif-p4h-2gt/gt WAT and liver (Figure 5D in III). 

5.3.5 Hif-p4h-2gt/gt mice show protection against HFD-induced 

impaired glucose tolerance and steatosis  

To study whether the Hif-p4h-2gt/gt mice are protected against obesity-induced 

changes in glucose metabolism, 6-month-old mice were fed HFD (42% kcal fat) for 6 

weeks. The weight gain of the Hif-p4h-2gt/gt and wild-type mice during the HFD 

treatment was relatively similar, the Hif-p4h-2gt/gt mice thus remaining lighter than 

their wild-type littermates throughout the experiment (Figure 6A in III). The 

adipocytes were smaller and the number of macrophage aggregates lower in the Hif-

p4h-2gt/gt WAT than in the wild-type WAT (Figure 6C and C and Supplementary 

Figure 6A). The glucose tolerance of the HFD-fed Hif-p4h-2gt/gt mice was better than 

that of the HFD-fed wild-type mice and their fasting blood glucose levels were 

likewise lower (Figure 6D in III), whereas the lower serum insulin values (by 15%) 
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and HOMA-IR scores (by 36%) in the HFD-fed Hif-p4h-2gt/gt mice were not 

statistically significant (Supplementary Figure 6B in III). Livers of all 6-month-old 

HFD-treated wild-type mice had steatosis, with four of the nine having a steatosis 

with the highest score (++++), whereas only four of the eight Hif-p4h-2gt/gt mice had 

steatosis (Figure 6E in III), with only one of these having a score of +++ and none 

having ++++. Thus, the Hif-p4h-2gt/gt mice were protected against the development of 

HFD-induced hepatic steatosis. 

5.3.6 Pharmacological HIF-P4H inhibition reverses metabolic 

dysfunction developed in wild-type mice due to aging or HFD  

In order to study whether pharmacological inhibition of HIF-P4Hs leads to metabolic 

alterations similar to those of the genetic deficiency of Hif-p4h-2 we set up two 

models with oral administration of a 2-oxoglutarate analog, FG-4497, that inhibits all 

three HIF-P4Hs competitively: 1) 1-year-old wild-type mice shown to have metabolic 

dysfunction fed normal chow and 2) 3.5-month-old wild-type mice fed HFD for 6 

weeks beforehand. The FG-4497 dose used in these studies stabilizes HIF-1α and 

HIF-2α in mouse kidney and liver and increases serum EPO concentration about six-

fold (Laitala et al. 2012).  

In the first model, after a 1-week adjustment period, FG-4497 administration 

reduced the weight of mice during the subsequent 5 weeks by ∼1.3 g, whereas the 

vehicle-treated mice gained ∼0.6 g (Figure 7A in III). The adipocytes were smaller 

and the number of macrophage aggregates lower in the WAT of the FG-4497-treated 

mice than those of the vehicle-treated mice (Figure 7B and C in III). The serum total 

cholesterol level, the HDL and LDL+VLDL cholesterol levels of the FG-4497-treated 

mice were significantly decreased, whereas their HDL/LDL+VLDL ratio was 

increased (Figure 7D in III), thus, the HIF-P4H inhibition protected from 

hypercholesterolemia. The fasting blood glucose levels of the FG-4497-treated mice 

were likewise decreased, whereas the decreases in their serum insulin level by ∼25% 

and HOMA-IR score by ∼75% were not statistically significant (Figure 7E in III). 

In the second model, 2-month-old mice were fed normal chow or HFD for 6 

weeks, after which the mice fed normal chow were given vehicle, and those fed HFD 

continued on HFD and were given either vehicle or FG-4497 for 4 weeks. During the 

initial 6-week period, the HFD-fed mice gained more weight than those fed normal 

chow (Figure 7F in III). The FG-4497 treatment decreased the weight of the HFD-fed 

mice by ∼0.6 g, whereas their vehicle-treated controls gained ∼3.0 g (Figure 7F in 

III). The WAT weight of the FG-4497-treated HFD mice was lower than that of their 
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controls (Figure 7G in III). The glucose tolerance of the FG-4497-treated HFD mice 

was better than that of their vehicle-treated controls, and their fasting serum insulin 

levels and HOMA-IR scores were significantly decreased (Figure 7 H and I in III). 

The results indicate that pharmacological HIF-P4H inhibition reverses metabolic 

dysfunction in both aged mice and mice fed HFD. 
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6 Discussion  

6.1 HIF-P4H-2 deficiency protects against acute myocardial 

ischemia and ischemia-reperfusion injury (I) 

HIF-P4H enzymes regulate the stability of HIFα via inducing its degradation, and 

during ischemia HIF-P4H activity is repressed due to a shortage of oxygen leading to 

HIF stabilization (Kaelin & Ratcliffe 2008, Myllyharju & Koivunen 2013, Semenza 

2011). Recent studies have suggested that modulation of the HIF pathway by different 

methods can lead to an improved outcome following acute myocardial ischemia (Cai 

et al. 2008, Eckle et al. 2008, Hölscher et al. 2011, Huang et al. 2008). However, 

these studies have been performed using viral vectors and siRNA targeting HIFα and 

mice with partial HIF-1α deficiency or single cell line HIF-P4H deficiency. Our 

group has created a viable hypomorph Hif-p4h-2gt/gt mouse line with suppressed wild-

type Hif-p4h-2 mRNA expression, the level being lowest in the heart, 8% compared 

to the wild type (Hyvärinen et al. 2010). Using this mouse line we show that chronic 

HIF-P4H-2 deficiency affects all major cardiac cell types, results in whole-heart 

stabilization of HIF-1α and 2α, which leads to better-preserved LV function and 

increased survival following AMI and I/R compared to wild type.  

We saw that the survival in LAD block was significantly better among the Hif-

p4h-2gt/gt mice. Evans blue and TTC staining following AMI showed increased 

perfusion of the Hif-p4h-2gt/gt hearts as both the infarcted area and AR were 

significantly smaller in the hypomorphs.  In addition, the level of serum cTNI was 

more than 50% lower in Hif-p4h-2gt/gt mice, which indicates milder cardiomyocyte 

injury. The echocardiography manifested a significantly better-preserved LV ejection 

fraction by ~60% in the Hif-p4h-2gt/gt mice following AMI. Microscopic analysis of 

cardiac tissue capillaries revealed enlarged capillaries in the Hif-p4h-2gt/gt hearts that 

correlated with the above data implying enhanced perfusion. Coronary vasomotor 

tone is mediated by the vascular endothelium, the most important vasodilators being 

angiotensin 2 and NO. The tone is determined by local oxygen demand. Normally the 

blood flow in coronaries is 5% of cardiac output, but hypoxia in the myocardium 

increases the coronary flow and vessel diameter as local oxygen demand increases. 

Under normal conditions only a fraction of all myocardial capillaries is recruited, but 

in conditions of increased oxygen demand such as ischemia the recruitment of 

capillaries increases markedly. Capillary resistance is a definitive variable for 

coronary flow, the resistance decreasing as capillary diameter increases, hence 



 

70 

increasing the blood flow. Thus, the larger capillaries lead to increased blood flow. 

Our data suggest that during ischemia the HIF-P4H-2 deficiency leads to better 

preserved cardiac function and enhanced perfusion of the heart via enlarged 

capillaries thus leading to diminished ischemic injury.  

To decipher the mechanism leading to larger capillaries, we analysed the 

expression of genes affecting angiogenesis and vasodilation and found increased 

expression of several of them in the Hif-p4h-2gt/gt hearts. In an earlier study with the 

same mouse line upregulation was seen in the HIF target genes for adrenomedullin 

and BNIP3 in the Hif-p4h-2gt/gt hearts, the former acting as a vasodilator and the latter 

as a apoptotic factor that in hypoxia participates in survival mechanisms (Hyvärinen 

et al. 2010). Our analysis revealed upregulation of HIF targets TIE2 (Takeda et al. 

2004, Tian et al. 1997) and one of its ligands ANG2 that is induced at sites of stress 

and vessel remodeling (Simon et al. 2008). In normal conditions ANG1 is the main 

agonist for the TIE2 receptor while ANG2 is a partial agonist/antagonist (Moss 2013). 

It has recently been shown that mice with heterozygous TIE2 deficiency have 

impaired recovery of perfusion following chronic hind limb ischemia. Surprisingly 

conditional overexpression of ANG2 but not ANG1 enhanced the recovery and 

improved arteriogenesis (Lekas et al. 2012), which indicates that ANG2 may be the 

leading ligand of these two during the hypoxia response. We also observed 

upregulation of apelin and its receptor APJ that have been shown to regulate vessel 

diameter during angiogenesis (Kidoya et al. 2008). In a recent study, transgenic mice 

overexpressing apelin in keratinocytes showed induction of enlarged but not leaky 

blood vessels in the dermis, suggesting apelin might be used for therapeutic 

angiogenesis (Kidoya et al. 2010). To decipher the role of TIE2 upregulation in more 

detail we blocked TIE2 signaling of 4 week-old mice by AAV9-mediated 

overexpression of TIE2 ECD in the Hif-p4h-2gt/gt and wild-type mice. As a result four 

weeks later in the Hif-p4h-2gt/gt hearts the expression levels of cardiac apelin and APJ 

had returned to the wild-type level and the capillary enlargement reversed, confirming 

the major role of the TIE2 pathway in regulation of capillary size. The TIE2-blocked 

mice were then subjected for AMI, in which the Hif-p4h-2gt/gt hearts showed reversal 

of both the better-preserved LV function and smaller infarct size. Interestingly, a 

trend for the difference between genotypes still persisted in the AR being smaller in 

the Hif-p4h-2gt/gt hearts. These results suggest that HIF-mediated TIE2 induction is at 

least partly responsible for the improved cardioprotection of the Hif-p4h-2gt/gt mice, 

but some additional factors, such as apelin, may have also contributed to the improved 

perfusion. TIE2 blockage resulted in five-fold elevated levels of serum cTNI in both 
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genotypes after AMI, with no difference observed between genotypes, which also 

suggests that TIE2 signaling mediates protection against cardiac ischemia. 

Besides the increased levels of the above-mentioned endothelial genes, the 

expression level of eNOS was also increased in the Hif-p4h-2gt/gt hearts following I/R. 

In addition, cardiac apoptosis was reduced and serum NO levels were elevated in the 

hypomorphs compared to wild type following I/R. NO is known to mediate several 

beneficial effects on ischemia such as vasodilation (Dezfulian et al. 2007). Moreover, 

the regulation of eNOS is reported to be in part controlled by the forkhead box O 

transcription factors that act in postnatal vasculature formation and maturation 

(Potente et al. 2005) suggesting that NO may have a role also in early vascular 

development. Interestingly, the forkhead box O 3a has recently been reported to be a 

HIF-P4H-1 substrate (Zheng et al. 2014) and thus also hypoxia modulated. In a recent 

study pharmacological induction of endothelial cell HIF-1α promoted cardiomyocyte 

protection in cell culture against hypoxia and reoxygenation injury, this being NO 

dependent and associated with inhibition of MPTP opening (Leucker et al. 2011). 

HIF-induced adenosine signaling is known to prevent MPTP opening, which is one of 

the major causes of I/R injury as it leads to mitochondrial swelling and later to cell 

death (Halestrap 2010). 

In summary, our data show that HIF-P4H-2 deficiency improves survival and LV 

systolic function following AMI and I/R. We show that endothelial cells in the Hif-

p4h-2gt/gt hearts play a crucial role in ischemic cardioprotection. Both TIE2 signaling 

and NO production are enhanced in the HIF-P4H-2 deficient endothelial cells, the 

former resulting in increased capillary size in the myocardium and thus improved 

perfusion of the tissue during ischemia, and the latter likely also contributing to 

improved perfusion. According to these data, systemic inhibition of HIF-P4H-2, e.g. 

by small molecule inhibitors currently in clinical trials for treatment of anemia 

(Myllyharju & Koivunen 2013), may be a new treatment to ameliorate cardiac 

ischemia. 

6.2 HIF-P4H-2 deficiency protects against skeletal muscle 

ischemia-reperfusion injury (II) 

The Hif-p4h-2gt/gt mice that are protected against cardiac ischemia (original article I) 

show also chronic stabilization of HIF-1α and 2α in their skeletal muscles (Hyvärinen 

et al. 2010). This prompted us to study whether their skeletal muscle could also be 

protected against skeletal muscle ischemia. Our results demonstrate that HIF-P4H-2 

deficient mice show protection against hind limb I/R injury and their serum lactate 
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levels recover faster from exercise. They also have larger capillaries and preserve 

beneficial energy metabolism in the skeletal muscles during I/R, the former being the 

major mediator in the protection against hypoxia.  

It is known from previous studies that several glycolytic HIF targets, such as 

GLUT1, are upregulated in the Hif-p4h-2gt/gt hearts (Hyvärinen et al. 2010), 

suggesting increased glycolysis.  PDK1, which shunts pyruvate from the oxidative 

TCA cycle to glycolysis, was also upregulated (Hyvärinen et al. 2010), thus 

enhancing glycolytic metabolism. We found that the mRNA levels of several HIF 

target genes for glycolytic enzymes (Semenza 2009) and PDK1 were significantly 

increased in the Hif-p4h-2gt/gt gastrocnemius muscle compared to wild type. This is in 

agreement with the earlier data from the heart (Hyvärinen et al. 2010) and with our 

current data from skeletal muscle (original article III) and suggests that glycolytic 

metabolism dominates in the Hif-p4h-2gt/gt muscles while oxidative energy production 

is dampened. 

Glucose is stored as glycogen in tissues, mostly liver, the amount depending on 

physical training, basal metabolic rate and eating habits such as fasting. When needed, 

glycogen is broken down and converted again to glucose. Muscle glycogen functions 

as an immediate short-term source of glucose. The amount of glycogen can be 

measured by glycogen staining. At baseline the glycogen content of the Hif-p4h-2gt/gt 

skeletal muscles was lower than that in the wild type even though we found in these 

mice increased uptake of glucose into skeletal muscles (original article III) and saw 

upregulation of the mRNAs for glycolytic genes and GBE1. Glycogen synthesis, i.e. 

glycogenesis, is regulated by hormones, insulin being the key regulator. Insulin also 

promotes the absorption of glucose into tissues. As we found that the Hif-p4h-2gt/gt 

mice have increased insulin sensitivity (original article III) the lower insulin levels 

may have been the reason for the lower amount of stored glycogen in the skeletal 

muscles in the Hif-p4h-2gt/gt mice at baseline.  

Despite the enhanced glycolysis no increases were found in the skeletal muscle or 

serum baseline lactate levels in the Hif-p4h-2gt/gt mice. Additionally, after exercise 

faster clearance of the exercise-induced serum lactate was observed in the Hif-p4h-

2gt/gt mice compared to wild type. These findings are likely due to the increased 

expression of MCT4, although not quite reaching statistical significance (p = 0.06), a 

HIF-1 dependent lactate exporter (Ullah et al. 2006), in the skeletal muscle and 

increased activity of the gluconeogenetic PEPCK in the liver of the Hif-p4h-2gt/gt 

mice, indicating that the excessive lactate is more efficiently exported from the 

skeletal muscle and taken into liver for gluconeogenesis.  
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The mean area of capillaries in the Hif-p4h-2gt/gt skeletal muscles was slightly, but 

significantly increased relative to wild type while the number of capillaries was not 

significantly different. This observation of the phenotype was in line with our data 

from the Hif-p4h-2gt/gt hearts (original article I). However, we did not observe 

significant increases in the skeletal muscle mRNA expression levels of the HIF 

targets endothelial vascular factors TIE2, eNOS, apelin and its receptor APJ that were 

increased in the cardiac muscles of the Hif-p4h-2gt/gt mice (original article I). Since 

HIF-1 and 2 are stabilized in both the skeletal muscle and heart of these mice 

(Hyvärinen et al. 2010) it seems likely that detection of differences in endothelial 

vascular mRNAs in the skeletal muscle would have required enrichment of 

endothelial cells, as skeletal muscle has significantly fewer capillaries than cardiac 

muscle. 

The Hif-p4h-2gt/gt mice subjected to hind-limb I/R injury showed improved 

recovery of motor function 48 hours post-ischemia compared to wild type, as none of 

them dragged their affected hind limb. The infarct size in the Hif-p4h-2gt/gt 

gastrocnemius muscles was less than half that of wild-type muscles. No difference 

was found between genotypes in the number of apoptotic cells at 48 hours post-I/R, 

unlike in the Hif-p4h-2gt/gt hearts, where we found a decreased number of apoptotic 

cells 3 hours post-I/R compared to wild type (original article I). This suggests that cell 

death had probably occurred already at a time point earlier than 48 hours.  

The enlarged capillary area was negatively correlated with the infarct size 

suggesting that the protection against skeletal ischemia in the Hif-p4h-2gt/gt skeletal 

muscles is mediated by the larger capillaries. This observation is in agreement with 

our current studies on cardiac ischemia in the Hif-p4h-2gt/gt mice (original article I) 

and mice with cardiomyocyte-specific HIF-P4H-2 knock-out (Hölscher et al. 2011). 

Similar results have been seen also in other recent studies on modulation of the 

hypoxia response pathway in skeletal muscle ischemia. Local HIF-P4H-2 inactivation 

in tissue-resident macrophages and bone marrow-derived mesenchymal stem cells has 

been linked to increased arteriogenesis and neovascularization in the skeletal muscle 

and protection against ischemia, as has inhibition of HIF-P4H-2 via shRNA injection 

locally in gastrocnemius muscle (HoWangYin et al. 2014, Lijkwan et al. 2014, 

Takeda et al. 2011). The underlying molecular level mechanisms have involved 

activation of the NF-B pathway (Takeda et al. 2011) and stabilization of HIF-1 

leading to induced expression of VEGF-a (HoWangYin et al. 2014). Likewise, 

overexpression of constitutively active HIF-1 in skeletal muscle or in bone marrow-

derived angiogenic cells has been reported to induce angiogenesis and increase 

capillary size and perfusion in skeletal muscle and protect it from injury in preclinical 
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limb ischemia models (Patel et al. 2005, Rey et al. 2009). In addition to the outcomes 

above, focal overexpression of constitutively active HIF-1αand 2α has been reported 

to improve skeletal muscle energy recovery in rabbits (Niemi et al. 2014). 

HIF-1α is known to regulate several enzymes of glucose metabolism (Semenza 

2009) and isolated hearts of the Hif-p4h-2gt/gt mice preserve a better energy status 

during I/R compared to wild-type hearts, which was found to be the mechanism 

protecting the former from injury (Hyvärinen et al. 2010). Interestingly, the Hif-p4h-

2gt/gt skeletal muscles preserved a higher glycogen content following I/R compared to 

wild type, and this higher level correlated with increased expression of Pfkl mRNA 

following I/R, but not with smaller infarcts. Aragonés and coworkers (2008) showed 

that reprogramming of basal metabolism from oxidative to glycolytic due to HIF-

P4H-1 deficiency in mice provides skeletal muscle with tolerance against ischemia. 

Our data however suggest that HIF-P4H-2 deficiency supported the energy 

metabolism in the skeletal muscles during the I/R, but the protection against the injury 

was mainly mediated by improved perfusion. 

The HIF-P4Hs can be targeted pharmaceutically with small-molecule 2-

oxoglutarate antagonists that stabilize HIF under normoxia. Such an inhibitor is 

currently under clinical trials for the treatment of anemia of chronic kidney disease, 

and preclinical data suggest that ischemic conditions may also be future indications 

for such molecules (Myllyharju & Koivunen 2013). Altogether, the data presented 

here are in line with earlier research and suggest that HIF-P4H-2 inhibition may 

provide a novel strategy for the treatment of limb ischemia and PAD. 

6.3 Chronic HIF-P4H-2 deficiency provides protection against 

metabolic syndrome (III) 

Metabolic disorders such as obesity and diabetes are growing problems worldwide. 

Many studies have demonstrated that hypoxia reduces body weight (Quintero et al. 

2010, van den Borst et al. 2013, Yun et al. 2002). The only obvious abnormality 

found in the Hif-p4h-2gt/gt mice was that their weights were 88% of those of the wild 

type (Hyvärinen et al. 2010).  This difference was readily observed and stimulated 

interest in studying their metabolism in more detail. 

Levels of glucose transporters and glycolytic enzymes when compared to wild 

type were similarly increased in the Hif-p4h-2gt/gt skeletal muscle and WAT as seen 

earlier in their hearts (Hyvärinen et al. 2010). Interestingly, the uptake of 

deoxyglucose was increased into skeletal muscle in the hypomorphs. PDK1 

expression was also increased in skeletal muscle and WAT of the Hif-p4h-2gt/gt mice 
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as seen in their hearts (Hyvärinen et al. 2010), which suggests increased glycolysis in 

several tissues of the hypomorphs. These observed differences in glucose metabolism 

contribute to the improved glucose tolerance and insulin sensitivity among the 

hypomorphs that indicate protection against diabetic diseases. Acute hepatic Hif-p4h-

3 deletion has also been reported to improve glucose tolerance and insulin sensitivity, 

but no data were available on its effects on weight gain (Taniguchi et al. 2013). Our 

data are in line with known consequences of HIF-1α stabilization (Semenza 2009).  

Diet induced obesity is associated with chronic low-grade adipose tissue 

inflammation that predisposes to insulin resistance, which is believed to be adipose 

tissue macrophage mediated (Harford et al. 2011). The macrophages attract other 

macrophages and release cytokines and adipokines, which induce a proinflammatory 

response in the adipose tissue that also downregulates the expression and function of 

GLUT4 thus increasing insulin resistance (Harford et al. 2011). The excess amount of 

adipose tissue also releases increased levels of adiponectin that is connected with the 

chronic inflammation (Fuentes et al. 2013). We found the adipocyte size decreased 

and the number of adipose tissue macrophages diminished in the Hif-p4h-2gt/gt mice 

indicating healthier adipose tissue. The expression of Pparγ mRNA was increased in 

the Hif-p4h-2gt/gt WAT and skeletal muscle. Pparγ has been reported to be a HIF-1 

target gene at least in the heart and in hepatocytes (Krishnan et al. 2009, Zhao et al. 

2014) and thus the induction is in line with the HIF-1α stabilization seen in the Hif-

p4h-2gt/gt WAT and skeletal muscle.  

The expression of GLUT4 was also increased in WAT and skeletal muscle 

suggesting that these changes altogether contributed to the increased insulin 

sensitivity in the hypomorphs. Similar to our results, mice with an adipocyte-specific 

Hif-p4h-2 deletion also have less WAT, smaller adipocytes, a lower number of 

adipose tissue macrophages and improved glucose tolerance, but only when fed a 

HFD (Matsuura et al. 2013), suggesting that HIF-P4H-2 deficiency in several tissues 

was responsible for the metabolic changes seen in the Hif-p4h-2gt/gt mice. However, 

Michailidou and coworkers (2014) saw increased adipose mass and adipocyte size, 

but interestingly also improved adipose tissue vascularization together with normal 

glucose tolerance, suppressed lipolysis and reduced circulating levels of fatty acids in 

mice with an adipocyte-specific Hif-p4h-2 deletion. There was no increase in the 

amount of macrophages or fibrosis (Michailidou et al. 2014).  

Liver is the tissue having the highest proportion of wild-type HIF-P4H-2 

expression in the Hif-p4h-2gt/gt mice, this being 85% of that of the wild-type mice and 

a weak stabilization of HIF-2α but not HIF-1α was seen. The second highest 

expression is in the brain where it is 60% of that of the wild type. We saw increased 
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expression of the HIF-2α target Irs2 mRNA and decreased expression of the Srebp1c 

mRNA and the SREBP1 targets Accα and Fas mRNAs, coding for key enzymes in 

fatty acid synthesis, in the Hif-p4h-2gt/gt liver. These data are in agreement with a 

previous observation in mice with a hepatic Hif-p4h-3 deletion (Taniguchi et al. 

2013). Decreased fatty acid synthesis and de novo lipogenesis were observed in the 

liver and WAT of the Hif-p4h-2gt/gt mice, presumably due to the changes in the fatty 

acid synthesis genes above. The observed decreased amount of acetyl-CoA in the 

tissues of the Hif-p4h-2gt/gt mice due to enhanced PDK1 is also likely to contribute to 

the decreased lipogenesis. Given that HIF-P4H-2 is not known to have any metabolic 

non-HIF substrates it seems likely that most, if not all, of the metabolic changes found 

in the Hif-p4h-2gt/gt mice are due to HIFα stabilization. 

Earlier reports show that extensive HIF-2α stabilization in liver leads to hepatic 

steatosis (Rankin et al. 2009, Taniguchi et al. 2013). The Hif-p4h-2gt/gt mice, however, 

had no steatosis but instead were protected against it, suggesting that low-level HIF-

2α stabilization has beneficial effects. This finding is supported also by a study on 

mice with acute Hif-p4h-2 deletion, where augmenting levels of HIF-2α through 

various combinations of multiple Hif-p4h gene knock-outs did not further improve 

hepatic metabolism but added toxicity (Taniguchi et al. 2013). Excessive liver-

specific HIF-2α stabilization leads to increased hepatic and serum cholesterol levels 

that have been reported to be due to decreased cholesterol oxidation to bile acids 

(Ramakrishnan et al. 2014, Rankin et al. 2009). Our results contradict this as the Hif-

p4h-2gt/gt mice had decreased serum cholesterol levels, one mechanism for it being a 

decreased level of acetyl-CoA but other mechanisms are possibly also involved. The 

stabilization of HIF-2α, however, is weak in the Hif-p4h-2gt/gt liver probably 

explaining the different phenotype compared with the above two studies. Weak HIF-

2α stabilization seems to have beneficial effects on both hepatic steatosis and 

cholesterol levels. 

When the Hif-p4h-2gt/gt mice were fed HFD they showed protection against HFD-

induced adipose tissue inflammation, impaired glucose tolerance and hepatic steatosis 

as they showed also when fed normal chow. These findings however contradict those 

of earlier studies on mice fed HFD combined with inhibition of HIF-1α in adipocytes 

using different methods (Jiang et al. 2011, Sun et al. 2013) or in adipose tissue and 

liver (Shin et al. 2012), in which the inhibition of HIF-1α has been observed to 

diminish the consequences of HFD. At the moment there is no clear explanation for 

these conflicting results, but the additional stabilization of HIF-2α in the Hif-p4h-2gt/gt 

liver is suggested to play an important role (Taniguchi et al. 2013).  
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Our Hif-p4h-2gt/gt mouse data suggest that pharmacological HIF-P4H-2 inhibition 

could also be beneficial for the treatment of obesity, diabetes and metabolic syndrome 

and therefore we performed similar analyses with wild-type mice treated with a pan-

HIF-P4H inhibitor, FG-4497. Treatment with FG-4497 in two mouse models, aged 

mice fed normal chow and young mice fed a HFD, led to results similar to genetic 

HIF-P4H-2 deficiency such as weight reduction and improved glucose tolerance. This 

indicates that inhibition of HIF-P4H-2 may also reverse age- and diet-induced 

metabolic dysfunctions, and suggests that the same would be observed with an 

inhibitor specific for HIF-P4H-2 alone. 

The data above show that the Hif-p4h-2gt/gt mice, whether fed normal chow or a 

HFD, have major alterations in their adipose tissue and metabolism, including 

improved glucose tolerance and insulin sensitivity, reduced serum cholesterol levels, 

and protection against hepatic steatosis. Our data on oral administration of a HIF-P4H 

inhibitor, FG-4497, to wild-type mice with metabolic dysfunction demonstrate that it 

phenocopied the beneficial effects of genetic HIF-P4H-2 deficiency in metabolism. 

HIF-P4H-2 inhibition may thus be a novel therapy that not only protects against the 

development of obesity, hypercholesterolemia and diabetes but also reverses these 

pathological conditions. 
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7 Conclusions and future prospects 

Deficiency of HIF-P4H-2 has previously been shown to act in a tissue-protective 

manner during various types of ischemic conditions. This study has provided new 

knowledge on the role of HIF-P4H-2 in the heart during AMI and I/R and in skeletal 

muscle during I/R. During myocardial ischemia coronary arteries dilatate thus 

decreasing the peripheral resistance and facilitating the blood flow to myocardium. 

However, during maximal dilatation of coronary vasculature, capillary resistance 

becomes the main determinant of coronary flow. The capillary resistance is 

determined via capillary area, meaning that larger capillaries lead to better perfusion 

of the tissue. Under conditions of increased oxygen demand also the number of 

capillaries recruited is increased compared to the normal conditions. In the HIF-P4H-

2 deficient heart, HIF-1α and HIF-2α were stabilized resulting in enlarged capillaries 

at baseline while no abnormalities were detected in cardiac function. The survival of 

HIF-P4H-2 deficient mice in cardiac ischemia was enhanced and they recovered 

better following AMI. The better recovery was seen in increased cardiac function, as 

well as in reduced level of serum cTNI and infarct and AR sizes, which indicate that 

the HIF-P4H-2 deficiency leads to better perfusion of the heart. Similar features were 

seen also following I/R, and it was observed that the increased capillary size persisted 

following it. These findings were due to increased expression of TIE2 and other 

endothelial HIF targets in the HIF-P4H-2 deficient hearts and increased expression of 

eNOS in endothelial cells, leading to larger capillaries, better perfusion and thus 

protection against cardiac ischemia. This causation was supported by TIE2-blocking 

of the HIF-P4H-2 deficient mice that reversed nearly all the beneficial effects seen at 

baseline and after ischemic injuries. In the HIF-P4H-2 deficient skeletal muscle, HIF-

1α and HIF-2α were stabilized moderately, but enlarged capillaries were also seen. 

The expression levels of the mRNAs for several endothelial pro-angiogenic factors 

that were upregulated in the heart were instead unchanged in the skeletal muscle of 

these mice, probably because skeletal muscle exhibits significantly fewer capillaries 

than heart. Extraction and analysis of endothelial cells would be required to show a 

difference between the genotypes. Interestingly, the glycogen content of skeletal 

muscle was decreased at baseline indicating that the lower level of insulin in these 

mice resulted in reduced glucose uptake into skeletal muscle. The glycogen content, 

however, persisted following I/R whereas it decreased in the wild-type mice, 

suggesting that the energy status may have been better in the HIF-P4H-2 deficient 

mice following I/R. Nevertheless, the HIF-P4H-2 deficient skeletal muscle showed 
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protection against hind limb I/R injury similarly to the heart, mainly due to enlarged 

capillaries. 

The results from the studies on ischemic protection show that HIF-P4H-2 

deficiency protects both cardiac and skeletal muscle against ischemic injury in vivo, 

and the protection is mediated mainly via enhanced perfusion due to larger capillaries. 

Therefore a pharmacological inhibitor of HIF-P4H-2 may be a potential therapeutic in 

patients with cardiac or skeletal muscle ischemia such as angina pectoris or PAD. 

This study has also demonstrated that HIF-P4H-2 deficiency modifies glucose 

and lipid metabolism in a manner that protects against several metabolic dysfunctions. 

Molecular level effects of HIF-P4H-2 deficiency and HIF-1α stabilization led to 

increased glucose intake into skeletal muscle and WAT as well as enhanced 

glycolysis, which results in improved glucose tolerance and insulin sensitivity. 

Increased expression of PDK1 resulting from HIF-1α stabilization and the switch 

from oxidative metabolism towards increased glycolytic metabolism decreased the 

amount of acetyl-CoA and led to decreased de novo lipogenesis in WAT. Therefore 

the adipocyte size and adipocyte-derived leptin levels were reduced in WAT, whereas 

levels of adiponectin, a hormone inversely correlated with body fat percentage, were 

increased, all indicating healthier metabolism in WAT and explaining the lower body 

weight in the HIF-P4H-2 deficient mice. Importantly, also the obesity-related low-

grade inflammation was reduced in the HIF-P4H-2 deficient adipose tissue as the 

macrophage aggregate number was reduced. In liver the HIF-P4H-2 deficiency led to 

moderate stabilization of HIF-2α resulting in reduced fatty acid synthesis, de novo 

lipogenesis and cholesterol synthesis, altogether reducing hepatic steatosis. The HIF-

P4H-2 deficient mice also had reduced serum total cholesterol, HDL and LDL+VLDL 

levels and the HDL/LDL+VLDL ratio was improved, indicating a cholesterol 

metabolism beneficial for health. In an experiment with wild-type mice treated with a 

pan-HIF-P4H inhibitor the results were similar to the HIF-P4H-2 deficient mice. 

The data from the study on metabolism indicate that pharmacological inhibition 

of HIF-P4H-2 may be a potential novel treatment for the prevention and reversal of 

obesity, diabetes and metabolic syndrome also in humans. 

Possible deleterious effects of chronic HIF stabilization have been studied. 

Hölscher and coworkers reported that chronic cardiac HIF-1α stabilization leads to 

unfavourable consequences such as cardiomyopathy, however the Hif-1α mRNA in 

the heart was induced more than 10,000-fold compared to wild type and therefore the 

results are not comparable to physiological HIF stabilization. The Hif-p4h-2gt/gt mice 

show no cardiomyopathy or tumors during follow-up. Patients with Hif-p4h-2 and 

HIF2a mutations that have erythrocytosis have not been reported to have tumors (Lee 
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& Percy 2011). No tumors have been observed in several HIF-P4H-defective mouse 

lines (Minamishima & Kaelin 2010). In clinical trials of HIF-P4H pan-inhibitor no 

adverse effects have been reported (Myllyharju 2013). It is to be noted that 

pharmacological inhibition of HIF-P4Hs does not aim to constant stabilization of HIF. 
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