
UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Senior research fellow Jari Juuti

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-2238-7 (Paperback)
ISBN 978-952-62-2239-4 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1509

A
C

TA
Jenni M

äättä

OULU 2019

D 1509

Jenni Määttä

EFFECTS OF THE HYPOXIA 
RESPONSE ON METABOLISM 
IN ATHEROSCLEROSIS AND 
PREGNANCY

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF BIOCHEMISTRY AND MOLECULAR MEDICINE;
BIOCENTER OULU





ACTA UNIVERS ITAT I S  OULUENS I S
D  M e d i c a  1 5 0 9

JENNI MÄÄTTÄ

EFFECTS OF THE HYPOXIA 
RESPONSE ON METABOLISM
IN ATHEROSCLEROSIS AND 
PREGNANCY

Academic dissertation to be presented with the assent
of the Doctoral Training Committee of Health and
Biosciences of the University of Oulu for public defence
in Auditorium F101 of the Faculty of Biochemistry and
Molecular Medicine (Aapistie 7), on 24 May 2019, at 12
noon

UNIVERSITY OF OULU, OULU 2019



Copyright © 2019
Acta Univ. Oul. D 1509, 2019

Supervised by
Professor Peppi Karppinen

Reviewed by
Professor Vesa Olkkonen
Professor Susan Ozanne

ISBN 978-952-62-2238-7 (Paperback)
ISBN 978-952-62-2239-4 (PDF)

ISSN 0355-3221 (Printed)
ISSN 1796-2234 (Online)

Cover Design
Raimo Ahonen

JUVENES PRINT
TAMPERE 2019

Opponent
Docent Heikki A. Koistinen



Määttä, Jenni, Effects of the hypoxia response on metabolism in atherosclerosis
and pregnancy. 
University of Oulu Graduate School; University of Oulu, Faculty of Biochemistry and
Molecular Medicine; University of Oulu, Biocenter Oulu
Acta Univ. Oul. D 1509, 2019
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Oxygen is vital for human survival. To ensure its sufficient supply, the body has an intricate
system, which involves the circulatory, respiratory and neuroendocrine systems. When oxygen is
lacking, a state of hypoxia occurs, and adaptive changes in gene expression increase oxygen
delivery to promote survival. The key regulator of the transcriptional hypoxia response is hypoxia-
inducible factor (HIF) which targets over 1000 genes. The HIF prolyl 4-hydroxylases (HIF-P4Hs)
govern the stability of HIF in an oxygen-dependent fashion.

In our studies we investigated whether activation of the hypoxia response through inhibition of
either of two distinct HIF-P4Hs, HIF-P4H-2 or P4H-TM would reduce atherosclerosis in mice.
We found that inhibition of HIF-P4H-2 led to reductions in numbers of atherosclerotic plaques,
and levels of serum cholesterol and inflammation in white adipose tissue and aortic plaques. In
addition, HIF-P4H-2 deficient mice had elevated levels of modified LDL-targeting,
atheroprotective circulating autoantibodies. The P4H-TM knockout mice also had reduced
numbers of atherosclerotic plaques and increased levels of atheroprotective autoantibodies in their
sera, but in contrast to the HIF-P4H-2 deficient mice, they also showed a reduction in serum
triglyceride levels.

To determine how hypoxia alters maternal glucose and lipid metabolism in pregnancy, we
studied pregnant mice that were predisposed to a hypoxic condition (15% ambient O2). We found
that they had enhanced glucose metabolism due to reduced insulin resistance and an increased flux
of glucose to maternal tissues. The hypoxic dams also failed to gain weight and store adipose
tissue in the anabolic phase to the same extent as normoxic control dams.

These results implicate HIF-P4H inhibition as a novel therapeutic mechanism for
atherosclerosis, and suggest that the small molecule HIF-P4H inhibitors currently in clinical trials
for renal anemia may have further possible therapeutic applications. In addition, greater
understanding of the changes in maternal metabolism that underly reduced fetal growth in hypoxic
conditions, and the development of targeted interventions may allow the preservation of fetal
growth in cases of maternal hypoxia.

Keywords: atherosclerosis, gestation, HIF prolyl 4-hydroxylase, high-altitude
conditions, hypoxia, hypoxia-inducible factor (HIF)
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Tiivistelmä

Happi on ihmiselle elintärkeää. Tämän vuoksi meille on kehittynyt pitkälle jalostunut verenkier-
to-, hengitys- ja neuroendokriininen järjestelmä sekä sellaisten geenien ilmentymisen muutok-
sia, jotka joko lisäävät hapen kuljetusta tai auttavat selviytymään hypoksisissa oloissa, jotta taa-
taan riittävä hapen saanti. Hapen puutteessa hypoksiavaste, jonka tärkein säätelijä on hypoksias-
sa indusoituva transkriptiotekijä (HIF), aktivoituu. HIF:lla on yli 1000 kohdegeeniä joiden kaut-
ta sen vaikutukset välittyvät. HIF-prolyyli-4-hydroksylaasit (HIF-P4H:t) säätelevät HIF:n stabii-
lisuutta hapesta riippuvaisesti.

Tutkimuksessamme selvitimme, vähentääkö hypoksiavasteen aktivointi HIF-P4H-2:n tai
P4H-TM:n inhibition kautta ateroskleroosia hiirillä. Tuloksena oli, että HIF-P4H-2:n inhibitio
vähensi ateroskleroottisia plakkeja, seerumin kolesterolia ja inflammaatiota valkoisessa rasvaku-
doksessa sekä plakeissa. Lisäksi hiirillä, joilta puuttui HIF-P4H-2, oli lisääntynyt määrä ateros-
kleroosilta suojaavia muokattua LDL:ää sitovia autovasta-aineita seerumissa. P4H-TM-poisto-
geenisillä hiirillä todettiin vastaavasti vähemmän ateroskleroottisia plakkeja ja lisääntynyt mää-
rä ateroskleroosilta suojaavia autovasta-aineita seerumissa. Poiketen HIF-P4H-2-puutteisista hii-
ristä, niillä oli matalammat seerumin triglyseridi-tasot.

Tutkimme raskaina olevia hiiriä, jotka altistimme hypoksisille olosuhteille (15% O2), jotta
pystyisimme määrittämään, kuinka hypoksia vaikuttaa äidin sokeri- ja rasva-aineenvaihduntaan.
Hypoksiassa raskaana olevilla hiirillä todettiin tehostunut sokeriaineenvaihdunta, joka oli seura-
usta alentuneesta insuliiniresistenssistä sekä lisääntyneestä sokerin sisäänotosta äidin kudoksiin.
Hypoksiassa eivät raskaana olevien hiirten paino eivätkä rasvavarastot lisääntyneet samassa suh-
teessa normoksiassa raskaana olevien hiirten kanssa.

Nämä tulokset tarjoavat uusia mahdollisuuksia HIF-P4H-inhibition käyttämiseen terapeutti-
sena vaihtoehtona ateroskleroosin hoidossa ja ehkäisemisessä. Kliinisissä kokeissa munuaispe-
räisen anemian hoidossa olevat HIF-P4H-estäjät voisivat näin ollen saada lisää indikaatioita.
Lisäksi korkean ilmanalan aiheuttaman pienipainoisuuden takana olevien aineenvaihdunnan
muutoksien ymmärtäminen voi mahdollistaa sikiön kasvun turvaamisen spesifein interventioin.

Asiasanat: ateroskleroosi, HIF-prolyyli-4-hydroksylaasi, hypoksia, hypoksiassa
indusoituva tekijä, korkean paikan olosuhteet, raskaus
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1 Introduction  
Metabolism is defined as chemical processes in the body that manage energy, 

growth and waste disposal. Metabolism is therefore crucial for homeostasis. 

Changes in the metabolic pathways play a pivotal role in the pathology of manifold 

diseases, such as metabolic syndrome, diabetes and cardiovascular diseases. 

Recognition of the role of metabolism in these pathologies allows the development 

of targeted therapeutics that act by altering the pathways that lead to suboptimal 

metabolic events, and hence prevent and treat these diseases. 

Atherosclerosis is a growing health issue worldwide and is thought to be the 

leading cause of mortality, being the underlying cause of approximately 50% of 

deaths in Westernized societies (Libby, Ridker, & Hansson, 2011; Lusis, 2000). 

Atherosclerosis is the formation of atheromatotic plaques, consisting mainly of 

circulating lipids, inside the artery walls. It is also characterized by chronic 

progressive local inflammation (Hansson, 2005). Risk factors for developing 

atherosclerosis are mainly environmental, although genetic risk factors have also 

been identified (Lusis, 2000). However, the initiation of the atherosclerotic plaque 

is thought to be due to impairment of the arterial wall’s endothelial cell function 

due to dyslipidemia, hypertension or pro-inflammatory factors – all of which are 

principally preventable through lifestyle changes and medical intervention (Lusis, 

2000). Pharmacological measures for the prevention and treatment of 

atherosclerosis are principally geared towards reduction of serum lipid levels. This 

is often achieved by the use of statins, which alter lipid metabolism by reducing 

hepatic cholesterol production (Libby et al., 2011). 

Fetal growth is governed by the availability of sufficient nutrients. Maternal 

metabolism, which provides the fetus with energy and nutrients, changes 

throughout gestation. Any compromise in the flux of maternal nutrients may lead 

to a poor fetal outcome and lower birth weight (Negrato & Gomes, 2013). Low 

birth weight predisposes an individual to cardiovascular diseases, obesity and 

metabolic syndrome later in life (Moore, Charles, & Julian, 2011; Negrato & 

Gomes, 2013). Hypoxic conditions associated with high-altitude living are known 

to challenge fetal growth, resulting in reduced birth weight and congenital 

anomalies, the extent of which are dependent on the severity of hypoxia (Moore et 

al., 2011). Low maternal plasma glucose levels have been seen in high-altitude 

pregnancies, and are thought to be partly due to alterations in maternal glucose 

metabolism (Krampl, Kametas, Cacho Zegarra, Roden, & Nicolaides, 2001) 
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In the state of hypoxia, the hypoxia response pathway is activated. Hypoxia-

inducible factor (HIF) consists of an α-and a β-subunit, of which the latter is 

constitutively expressed (Semenza, 2001). Under normoxic conditions, the α-

subunit is targeted towards proteosomal degradation, whereas in hypoxia it escapes 

degradation and forms an    dimer (Semenza, 2001). Binding of the heterodimer 

to the hypoxia-responsive element (HRE) induces the transcription of HIF target 

genes (Schofield & Ratcliffe, 2004). These genes are involved in multiple 

physiological processes, such as glucose and lipid metabolism, inflammation and 

erythropoiesis (Koivunen, Serpi, & Dimova, 2016). Activation of the hypoxia 

pathway alters glucose and lipid metabolism, making premeditated induction of the 

hypoxia response a candidate therapeutic strategy for pathologies involving 

dysfunction in the metabolism of glucose and lipids. 
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2 Review of the literature  

2.1 The hypoxia response pathway 

The human body has evolved mechanisms to maintain a constant oxygen supply 

through the circulatory, respiratory and neuroendocrine systems, for oxygen is vital. 

The eukaryotic cell needs oxygen for cellular respiration, in which the subcellular 

mitochondria oxidize glucose-derived metabolites into adenosine triphosphate 

(ATP), carbon dioxide and water. Completing the energy cycle through oxidative 

phosphorylation (OXPHOS) produces 18 times as much ATP per glucose molecule 

compared with an anaerobic pathway and therefore the energy efficiency of the 

OXPHOS process was a key factor in the evolution of multicellular organisms 

(Semenza, 2007). On the other hand, the OXPHOS process also yields reactive 

oxygen species (ROS) through the premature combination of O2 with electrons, 

which can result in cellular dysfunction and apoptosis. 

Hypoxia is a state in which the body is deprived of oxygen due to a lack of 

adequate oxygen supply. Hypoxia can be a general state affecting the whole body, 

or localized in a specific tissue or region. Hypoxia occurs naturally in many 

physiological processes, such as wound healing, cell proliferation and fetal 

development. It has also been linked to various pathological states such as cancer, 

diabetes, anemia and atherosclerosis. (Ben-Shoshan et al., 2009; Gao, Chen, Zhou, 

& Fan, 2012; Semenza, 2003)  

Hypoxic conditions are recognized by oxygen-sensing mechanisms. When 

hypoxic conditions are persistent, the body will attempt to restore oxygenation or 

to adapt to lower oxygen levels via mechanisms such as increasing the rates of 

respiration and blood flow and triggering survival responses. The major built-in 

mechanism to compensate for a prolonged lack of oxygen is the the hypoxia 

response pathway, which describes the array of transcriptional responses mediated 

via HIF stabilization. (Semenza, 2007) 

2.2 Hypoxia-inducible factor (HIF) 

2.2.1 Structure and mechanism of action 

Hypoxia-inducible factor is a transcription factor that activates the expression of 

over 1000 genes that, in turn, promote survival under hypoxic conditions. HIF 
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consists of two subunits, the α and the β, both of which consist of multiple 

functional domains. There are three known isoforms of the α-subunit: HIF1α, 

HIF2α and the less studied HIF3α while there is only one functional isoform of the 

β- subunit (Kaelin & Ratcliffe, 2008). 

The β-subunit remains stable, regardless of oxygen availability, whereas the α-

subunit is post translationally degraded proteasomally. In normoxia, the HIF prolyl 

4-hydroxylases (HIF-P4Hs) hydroxylate one or two prolyl residues of the HIFα 

subunit’s oxygen-dependent degradation domain (ODDD) (Bruick & McKnight, 

2001). This renders the ODDD a target of the von Hippel-Lindau (VHL) protein, 

which serves as the recognition component of the E3 ubiquitin protein ligase. 

Ubiquitinylation of the HIFα subunit by ligase leads to its proteasomal degradation 

(Maxwell et al., 1999; Semenza, 2003). In hypoxic conditions, the α- subunit 

escapes proteasomal degradation and is able to form a stable dimer with the 

  subunit. This dimer attaches to the hypoxia responsive element (HRE) in 

regulatory regions of genes and, together with coactivator p300 and transcription 

initiation complex (TIC), initiates the expression of HIF target genes (Kaelin & 

Ratcliffe, 2008). The behavior of the HIF subunits under conditions of normoxia 

and hypoxia is presented in Figure 1.   

Structurally, HIFs consist of a basic helix-loop-helix motif and a Per-Arnt-Sim 

domain (bHLH-PAS) as graphically presented in Figure 2. The HIF1α and HIF2α 

isoforms each contain two transactivation domains, the N-terminal (N-TAD) and 

the C-terminal (C-TAD) transactivation domains. The HIF3α isoform contains only 

the N-TAD, and lacks the C-TAD. In addition, an ODDD has been described in the 

human HIF1α, which includes the proline residues 402 and 564. When 

hydroxylated, this ODDD induces the proteasomal degradation of the HIFα subunit, 

(Ivan et al., 2001; Jaakkola et al., 2001).  

 

 



23 

Fig. 1. The hypoxia response pathway. In normoxia, the HIF-P4Hs render the HIFα 
subunit a target for VHL recognition, which leads to polyubiquitinylation, followed by 
proteosomal degradation. The HIF-P4Hs require sufficient amounts of oxygen, 
ascorbate, iron (Fe2+) and 2-oxoglutarate to function. In hypoxic conditions, the HIFα-
subunit escapes proteosomal degradation and forms a stable dimer with the HIFβ 
subunit, and the dimer translocates to the nucleus. The transcription co-activator 
CBP/p300 associates with the dimer and the complex binds to the hypoxia-response 
element (HRE), activating the expression of numerous HIF-target genes. 

HIF1α is a protein of 826 amino acids (aa), whilst HIF2α consists of 870 aa 

and HIFβ, 789 (Ke & Costa, 2006; Semenza, 2001) (Figure 2). The HIF3α isoform 

differs from HIF1α and HIF2α in that it has several possible structures that arise 

from alternative splicing. Currently we know of at least eight different splicing 

variants of HIF3α (Pasanen et al., 2010). Interestingly, one of the alternative 

splicing variants results in an inactive PAS domain (IPAS), which forms an inactive 

HIF dimer (Makino, Kanopka, Wilson, Tanaka, & Poellinger, 2002). The purpose 

of the alternate structures is still unclear, although they may inhibit the hypoxia 

pathway differently and therefore may represent a regulatory mechanism 

(Schofield & Ratcliffe, 2004).  
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Fig. 2.  Structure of the HIF subunits. HIF3α is not presented in this figure due to its 
multiple splice variants. All the subunits consist of basic helix-loop-helix (bHLH) and a 
Per-Arnt-Sim (PAS) domain. The oxygen-dependent degredation domain (ODDD) 
contains two prolyl residues which can be hydroxylated by the HIF-P4Hs. The HIF1α 
and HIF2α subunits each contain two transactivation domains, the N-terminal (N-TAD) 
and the C-terminal (C-TAD) transactivation domains.      

The HIF1α and HIF2α subunits differ from each other in terms of their 

expression levels in tissues. The HIF1α subunit is expressed in nearly all tissues, 

whereas the expression of HIF2α is more restricted. It is found, for instance, in 

endothelial cells, hepatocytes, glial cells, type II pneumocytes, cardiomyocytes, 

fibroblasts of the kidney and interstitial cells of the pancreas and duodenum (Zhao, 

Du, Shen, Zheng, & Xu, 2015). Isoforms of HIF1α and VHL have been found in 

even the simplest animal Trichoplax adherens (Loenarz et al., 2011). 

2.2.2 Regulation of HIF  

Regulation of the stability, and therefore functional capacity of HIF, is crucial for 

its adequate activity. Regulation of HIF can be executed transcriptionally, 

translationally and post-translationally. (Kietzmann, Mennerich, & Dimova, 2016) 

 The proline residues of the N-TAD, part of the ODDD, are a central part of the 

regulatory mechanism of HIF1α and HIF2α. Only when one or both of them are 

hydroxylated by HIF-P4Hs can the VHL E3 ubiquitin –ligase complex bind to the 

HIFαs and initiate their proteasomal degradation (Pugh & Ratcliffe, 2003; 

Schofield & Ratcliffe, 2004; Semenza, 2003). The catalytic activity of HIF-P4Hs 

is highly dependent on molecular oxygen and therefore they function as efficient 

cellular oxygen sensors (Hirsilä, Koivunen, Günzler, Kivirikko, & Myllyharju, 

2003; Kaelin & Ratcliffe, 2008). 
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The C-TAD is the target of factor inhibiting HIF (FIH), an enzyme that under 

sufficient O2 concentration will hydroxylate the aspargine residue of the HIF1α 

(Asn803 in human HIF1α) or HIF2α domain, hence inhibiting the binding of the 

transcriptional coactivator p300 and CBP (Kaelin & Ratcliffe, 2008; Pugh & 

Ratcliffe, 2003). It has been shown that the HIF1α is more sensitive than HIF2α to 

FIH-mediated inactivation, and that FIH is able to stay active in lower oxygen 

concentrations than HIF-P4Hs, accounting for the degradation of some HIFα 

subunits that escape the HIF-P4Hs (Kaelin & Ratcliffe, 2008; Koivunen, Hirsilä, 

Günzler, Kivirikko, & Myllyharju, 2004) 

In addition to regulation via HIF-P4Hs and FIH through hydroxylation, the 

stability and transcriptional activity of HIFα can be modified post-translationally 

by phosphorylation, acetylation, sumoylation and S-nitrosylation. Phosphorylation 

has been shown to impact HIFα stability, nuclear localization, transactivity, and 

protein-protein interactions (Kietzmann et al., 2016). Pathways involving mitogen-

activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt 

have been shown to induce HIFα transcriptional activity (Dimova & Kietzmann, 

2010). Acetylation by the arrest defective-1 (ARD1) protein and sumoylation are 

two other post-transcriptional regulatory mechanisms also linked to HIFα (Jeong 

et al., 2002), although controversial results have been reported for both, and 

therefore cell-type specific factors may also play a part (Bae et al., 2004; Berta, 

Mazure, Hattab, Pouysségur, & Brahimi-Horn, 2007; Dimova & Kietzmann, 2010). 

Furthemore, S-nitrosylation has been shown to affect HIFα stability through its 

effect on the binding properties of p300 (Dimova & Kietzmann, 2010). 
Hypoxia-inducible factor is present in various types of human tumor and 

elevated levels of HIF1α and HIF2α are often associated with a poor prognosis 

(Keith, Johnson, & Simon, 2011). Tumor hypoxia leads to increased HIFα levels 

and induction of the hypoxia response to activate genes, both of which create a 

beneficial microenvironment for further tumor growth (Keith et al., 2011). For 

instance, HIF activation induces the Warburg effect and enhances glucose and 

glutamine catabolism (Marchiq & Pouysségur, 2016).  

Germline mutations of the VHL gene are associated with various types of 

tumors, including haemangioblastomas of the retina and central nervous system, 

pheochromocytomas and pancreatic islet cell tumours (Kaelin, 2008). The cancer 

type most commonly associated with VHL mutations is clear cell renal cell 

carcinoma, of which 90% of cases demonstrate loss of VHL function (Keith et al., 

2011). Lack of functional VHL leads to disruption of the proteasomal degradation 

of HIF , which results in HIF accumulation. Accordingly, HIF2 -antagonists have 
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shown promise for the treatment for clear cell renal cell carcinomas (W. Chen et al., 

2016; Cho & Kaelin, 2016). 

2.2.3 HIF1 and HIF2 target genes 

The number of genes known to be targeted by HIF is at least 300, although studies 

using next-generation sequencing and ChIP-Seq techniques have recently reported 

the count to be much higher, depending on the analyzed cell type, with as many as 

1807 identified for HIF1 and 3240 for HIF2 (Downes, Laham-Karam, Kaikkonen, 

& Ylä-Herttuala, 2018; Smythies et al., 2018). The structures and sequences of 

HIF1α and HIF2α are very similar, particularly those of the domains responsible 

for DNA binding and dimerization. However, HIF1 /HIF1  and HIF2 /HIF1  

dimers have been shown to function differently in regular physiology and pathology. 

For example, in renal clear cell carcinomas, high levels of HIF2α promote tumor 

growth, while HIF1α slows it (Raval et al., 2005). 

 Recently published data show that HIF1 and HIF2 transcription factors have 

overlapping but distinct chromatin binding preferences, as HIF1 binds closer to 

promoters and HIF2 to distal enhancers. In this study, binding distributions were 

not affected by cell type, duration of hypoxia or presence or absence of the other 

HIFα isoform. The HIFα bound to DNA in the stoichiometric ratio with HIF1β as 

heterodimers. (Smythies et al., 2018) 

Both HIF1 and HIF2 share some target genes, while others are exclusive to one 

isoform or the other. Some HIF1 target genes are, for example, involved in energy 

metabolism, angiogenesis, erythropoiesis, iron metabolism and cell proliferation 

and survival (Semenza, 2003). Some genes involved in glucose metabolism such 

as hexokinase and lactate dehydrogenase are targets only of HIF-1, whereas 

glucose transporter-1 (GLUT1), critical for nutrient uptake, is under the regulation 

only of HIF2 (Rathmell & Chen, 2008). HIF2 is also a known regulator of 

erythropoietin (EPO) and vascular endothelial growth factor (VEGF) (Rathmell & 

Chen, 2008; Zhao et al., 2015). One study found that in endothelial cells, HIF1α 

transcription primarily affected metabolism while HIF2α influenced angiogenesis, 

extracellular signaling, guidance cues and extracellular matrix remodeling. In the 

same study, HIF2α almost exclusively regulated many transcription factors and co-

regulators corresponding with its multifunctional role in hypoxia response 

(Downes et al., 2018). The central HIF target genes are presented in Figure 3.  
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Fig. 3.  The central HIF target genes. There are over 300 validated HIF target genes, 
however new methods suggest that the HIFs induce the transcription of over 1000 
genes. The target genes of HIF-1 and HIF-2 are not separated in this figure. GLUT1, 
glucose transporter-1; PFKL, phosphofructokinase; GAPDH, glyceraldehyde 
dehydrogenase; ENO1, enolase-1; PGK1, phosphoglycerate kinase-1; LDHA, lactate 
dehydrogenase A; PKM, pyruvate kinase M; VEGF, vascular endothelial growth factor; 
VEGFR, vascular endothelial growth factor receptor; TIE2, endothelial tyrosine kinase 
2; PAI, plasminogen-activator inhibitor; EPO, erythropoietin; EPOR, erythropoietin 
receptor; TFR, transferrin receptor; HO-1, haem oxygenase-1; HIF-P4H-2, hypoxia-
inducible factor prolyl 4-hydroxylase-2; SDF1, stromal derived factor-1; CXCR, 
chemokine (C-X-C Motif) receptor; LOX, lysyl oxidase; COL5A1, collagen α1 (V); MMP2, 
matrix metalloproteinase 2; P4HA1, collagen prolyl 4-hydroxylase alpha-1; TGF-α, 
transforming growth factor alpha; IGF-2, insulin-like growth factor-2;  IGFBP1-3, IGF 
binding protein 1-3; NIP3, BCL2/Adenovirus E1B 19 kDa Interacting Protein 3; IL-10, 
interleukin 10; ET1, endotheline-1; eNOS, endothelial nitric oxide synthase; NOS, 
inducible nitric oxide synthase. 

2.3 HIF prolyl 4-hydroxylases (HIF-P4Hs) 

Hypoxia-inducible factor prolyl 4-hydroxylases are enzymes that control the 

stability of the HIFα-subunits via hydroxylation and thereby regulate the activation 

of the hypoxia response. The HIF-P4Hs belong to the 2-oxoglutarate-dependent 

dioxygenase (2-OGDD) family. All these enzymes require Fe2+, O2 and 2-

oxoglutarate to function. They play roles in hypoxia sensing, collagen biosynthesis, 

gene expression and lipid metabolism, and their substrates vary from proteins to 

RNA, DNA and fatty acids. To date, about 70 members of the 2-OGDDs have been 

discovered in humans. X-ray crystallographic studies of this family show a 
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common structure of a double-stranded   helix, having eight   strands. They 

possess three conserved iron-coordinating residues and a conserved positively 

charged residue, Arg or Lys, which coordinates 2-oxoglutarate (2-OG). 

(McDonough, Loenarz, Chowdhury, Clifton, & Schofield, 2010) 

 The prolyl 4-hydroxylase (P4H) family includes, in addition to the HIF-P4Hs, 

the collagen P4Hs (C-P4H). The C-P4Hs play an important role in collagen 

synthesis in the endoplasmic reticulum (ER) by hydroxylating proline residues in 

procollagen   chains, which stabilize the molecule’s triple helical structure, 

whereas the HIF-P4Hs hydroxylate the proline residues of the HIFα ODDD-

domain, which destabilizes HIF  (Myllyharju, 2008). C-P4Hs are able to function 

under conditions of limited oxygen availability, such as in cartilage or healing 

wounds, while the enzymatic activity of the HIF-P4Hs is highly dependent on 

oxygen availability, and therefore they function as cellular oxygen sensors. HIF-

P4H-1 is located exclusively in the nucleus, HIF-P4H-2 is mostly detectable in the 

cytoplasm and HIF-P4H-3 can be found in both nuclear and cytoplasmic locations 

(Metzen et al., 2003).  

2.3.1 Structure of HIF-P4Hs 

There are three known isoenzymes of HIF-P4Hs, HIF-P4H-1, -2 and -3 (also 

referred to as PHDs 1–3 and EglN2, EglN1, and EglN3, respectively). These three 

isoenzymes are all present in human, mouse and rat tissues, while some organisms, 

such as C. elegans and D. melanogaster each have only one HIF-P4H (Myllyharju, 

2008). A single HIF-P4H is found even in the simplest animal, Trichoplax adherens 

(Loenarz et al., 2011). Of the three isoforms, HIF-P4H-2 is the most abundant and 

important, as silencing the HIF-P4H-2 via siRNA alone is enough to stabilize HIFα 

in normoxic conditions in cells, while silencing HIF-P4H-1 or HIF-P4H-3 has no 

such effect (Appelhoff et al., 2004; Berra et al., 2003). Mouse models also prove 

the importance of HIF-P4H-2, as knock out of murine HIF-P4H-2 is embryonically 

lethal, while HIF-P4H-1 or HIF-P4H-3 knock out mice are viable (K. Takeda et al., 

2006). Of the three HIF-P4Hs, HIF-P4H-3 is the smallest in size with 239 residues 

whilst HIF-P4H-1 and 2 have 407 and 426 residues, respectively. The structure of 

each is shown in Figure 4. The general structure of the HIF-P4Hs is dissimilar to 

that of the C-P4Hs, aside from similarities in the catalytically critical residues that 

both feature (Myllyharju, 2008).  

In addition, a fourth HIF-P4H, P4H-TM, has been discovered and named after 

a transmembrane domain close to its N-terminus. P4H-TM is only found in 
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vertebrates, and the polypeptide contains 502 residues with a transmembrane 

domain (residues 59–82) (Figure 4). In cells and in vitro it functions similarly to 

the other HIF-P4Hs – its inhibition stabilizes HIF  and it hydroxylates the proline 

residues in the HIF1  ODDD. However, it also hydroxylates HIF1  ODDD when 

Pro402 and Pro564 are mutated to Ala, suggesting that it can target prolines in other 

positions, and that it may have other substrates in addition to HIF . Compared to, 

P4H-TM resembles the C-P4Hs more closely than it does HIF-P4Hs 1–3, in that it 

has a similar amino acid sequence and has its catalytically critical C-terminal region 

inside the ER lumen. However, it lacks the sequences of the peptide substrate-

binding domain characteristic of the C-P4Hs. (Koivunen, Tiainen et al., 2007; 

Myllyharju, 2008) 

 

Fig. 4. Structures of the four HIF-P4Hs. The Fe2 + binding residues in the -His-X-Asp- and 
-His- motifs are indicated. In HIF-P4H-1 these are His297, Asp299 and His358. The 
residue binding the 2-oxoglutarate is an Arg found in a +9 position as opposed to the 
second Fe2 + binding His. P4H-TM differs from the other HIF-P4Hs by its binding residue 
of the C5 carboxyl group of 2-oxoglutarate being a Lys in position +10 as opposed to 
the second Fe2 +  binding histidine. H=histidine, D=aspartic acid, R=arginine, K=lysine 

2.3.2 Function, inhibitors and additional substrates  

The HIF-P4Hs require oxygen, Fe2+and 2-OG to function. They also require 

vitamin C (ascorbate) or additional reducing agents to protect against self-catalyzed 

inactivation due to oxidation of iron or reactive Cys residues (Briggs et al., 2016; 

Flashman, Davies, Yeoh, & Schofield, 2010; Hirsilä et al., 2005). HIF-P4Hs are 

dioxygenases, using both the oxygen atoms, one being used for the 4-

hydroxyproline residue in HIFα and the other for oxidative decarboxylation of 2-

OG, yielding succinate and CO2. (Kaelin & Ratcliffe, 2008)  

All HIF-P4Hs are expressed throughout the tissues at diverse levels. HIF-P4H-

2, being the most critical, is found in all tissues and its expression level is generally 
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consistent between tissue types. HIF-P4H-1, on the other hand, has its highest 

expression level in the placenta and is the only isoform to have been detected in the 

testis whereas HIF-P4H-3 is expressed to the greatest level in the heart (Myllyharju, 

2008). P4H-TM is expressed at lower levels than HIF-P4Hs 1-3 in the mouse and 

zebrafish, with its highest mRNA levels found in the brain and eye, especially in 

the cortical neurons and the retinal pigment epithelium (Hyvärinen, Parikka et al., 

2010; Leinonen et al., 2016). P4H-TM mRNA is also found in skeletal muscle, lung, 

heart, adrenal gland and kidney tissues, but expression levels in these tissues reach 

only 4–15% of the magnitude of that in the eye (Koivunen et al., 2007; Oehme et 

al., 2002). In common with the HIF-P4Hs, P4H-TM is also involved in the 

induction of erythropoiesis through the induction of expression of erythropoietin 

(EPO) in the kidneys similar to other HIF-P4Hs (Laitala et al., 2012). HIF-P4H-2 

and HIF-P4H-3 present with alternative, shorter splicing forms that appear inactive. 

In the case of HIF-P4H-2, the inactive form is produced in far smaller quantities 

than the active form, whereas equal amounts of both forms of HIF-P4H-3 are seen 

(Hirsilä et al., 2003).  

Structural analogues of the 2-OG cosubstrate and some other metabolites have 

been reported to bind to HIF-P4Hs, and the binding of most of these inhibits the 

activity of al least one of the HIF-P4H isoforms. Citrate, isocitrate, succinate, 

fumarate, malate, oxaloacetate, pyruvate and S-2-hydroxyglutarate have all been 

shown to behave in such manner (Isaacs et al., 2005; Koivunen et al., 2007; 

Koivunen et al., 2012; Lu et al., 2005; Selak et al., 2005), and of these, succinate 

and fumarate inhibit all the HIF-P4H isoforms (Koivunen, Hirsilä et al., 2007). R-

2-hydroxyglutarate, produced in isocitrate dehydrogenase mutant gliomas and 

acute myeloid leukemia, has been shown to promote the activity of HIF-P4Hs while 

it inhibits the activity of other 2-OGDDs (Koivunen et al., 2012). 

HIF-P4Hs also have non-HIFα substrates: I-κB kinase and FOXO3a have been 

linked to HIF-P4H-1 (Fitzpatrick et al., 2016; Zheng et al., 2014), AKT1/2 and N-

myc downstream-regulated gene 3 (NDRG3) to HIF-P4H-2 (Guo et al., 2016; Lee 

et al., 2015) and β2-adrenergic receptor, pyruvate kinase M2, and acetyl-CoA 

carboxylase to HIF-P4H-3 (German et al., 2016; Luo et al., 2011; Xie et al., 2015). 

Chemical inhibition of the HIF-P4Hs by 2-OG analogues results in reduced 

enzymatic activity and stabilization of HIF  in normoxic conditions. The 2-OG 

analogues were first discovered when antifibrotic agents were developed for 

inhibition of C-P4Hs (Maxwell & Eckardt, 2016), and further studies proved that 

2-OG analogues activate HIF by inhibiting HIF-P4H enzymes (Jaakkola et al., 

2001). To date, various 2-OG analogue HIF-P4H inhibitor small molecules have 
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been developed, at least eight of which, including roxadustat, vadadustat, 

molidustat and daprodustat have been tested in clinical trials (Koivunen & 

Kietzmann, 2018). They have mainly been studied for treatment of renal anemia 

due to chronic kidney disease and a few have reached phase III clinical trials 

(Koivunen & Kietzmann, 2018; Maxwell & Eckardt, 2016). FG-4497 is a 2-OG 

analogue pan-HIF-P4H inhibitor developed by FibroGen Inc. Several preclinical 

studies have been conducted to identify potential therapeutic effects of its induction 

of hypoxia response in pathologies such as skeletal ischemia, metabolic syndrome 

and obesity, lung conditions and cerebral functions (Gong et al., 2015; Karsikas et 

al., 2016; Rahtu-Korpela et al., 2014; Trollmann, Richter, Jung, Walkinshaw, & 

Brackmann, 2014). Other therapeutic targets of HIF-P4H inhibition will be 

presented more extensively in 2.3.5.  

2.3.3 HIF-P4H mouse models 

As previously mentioned, homozygous HIF-P4H-2 knockout mice are 

embryonically inviable due to heart defects and placental disruptions at the age of 

E12.5–E14.5 (K. Takeda et al., 2006). One study found that although 

developmental defects were found in the hearts of such mice, the HIF-P4H-2 

deficiency did not result in a cardiac increase of HIF  (K. Takeda et al., 2006). 

Another study found heterozygous HIF-P4H-2 mice to be viable and that 

implanting tumors in these animals resulted in improved tumor perfusion and 

oxygenation, and inhibited tumor cell invasion, intravasation and metastasis due to 

stability of the endothelial lining and enhanced vessel maturation (Mazzone et al., 

2009). In addition, Hif-P4h-2+/- mice are protected from ischemic injury by 

collateral artery formation via M2-like macrophage driven smooth muscle cell 

recruitment and growth (Y. Takeda et al., 2011). 

Conditional knockout models of the HIF-P4H-2 have been created to further 

study the function and role of HIF-P4H-2 in physiological and biochemical 

processes. Mice in which exons 2 and 3 of the HIF-P4H-2 gene were deleted at 

near term (E17.5) or 3 weeks of age presented with highly elevated erythropoiesis 

through increased expression of EPO, venous congestion and cardiomyopathy, and 

died prematurely (Minamishima et al., 2009). They also showed increased 

HIF1  stabilization and HIF1  target gene expression (Minamishima et al., 2008). 

In another study, exon 2 of HIF-P4H-2 was targeted at 6 weeks of age resulting in 

the mice having increased hyperactive angiogenesis and angiectasia in the liver, 
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heart, kidney and lung and also the brain, even though the HIF-P4H-2 disruption 

was inefficient (K. Takeda, Cowan, & Fong, 2007). 

By contrast, homozygous HIF-P4H-1 and HIF-P4H-3 knockout mice are 

viable (Aragonés et al., 2008; Bishop et al., 2008; Marsch et al., 2016; K. Takeda 

et al., 2006). Hif-P4h-1-/- mice have lower oxygen consumption in skeletal muscle 

as a consequence of activation of the Pparα pathway and reprogramming of the 

glucose metabolism from oxidative to more anaerobic ATP production (Aragonés 

et al., 2008). Furthermore, the Hif-P4h-1-/-/Ldlr-/- mice present with an 

atheroprotective phenotype when exposed to a Western diet with reduced serum 

very-low-density lipoprotein (VLDL) and low-density lipoprotein (LDL) levels 

and plaque area (Marsch et al., 2016). A study performed on Hif-P4h-3-/- mice 

revealed a hypofunctional sympathoadrenal system with low adrenal medullary 

secretory capacity and hypotension (Bishop et al., 2008). Double knockout of Hif-

p4h-3 and apolipoprotein E (ApoE) in mice fed a high fat diet resulted in increases 

in aortic atherosclerotic lesion area, macrophages and other factors promoting 

atherosclerosis such as adhesion molecules and mediators of the inflammatory 

response (H. Liu et al., 2016). Crossing of Hif-P4h-1-/- and Hif-P4h-3-/- mice led to 

the development of moderate erythrocytosis and accumulation of HIF2α, which is 

known to activate hepatic EPO production (K. Takeda et al., 2008). Compared with 

mice only conditionally inactivated for Hif-p4h-2, such animals that are 

additionally Hif-p4h-3 null have increases in HIF activation, hepatic steatosis and 

dilated cardiomyopathy, and a higher risk of premature mortality, but no 

exacerbation of the overproduction of EPO, or polycythemia (Minamishima et al., 

2009). However, the mice that were only null for Hif-p4h-3 did not present with 

HIF accumulation in the tissues examined or display the phenotypes previously 

mentioned, which confirms the importance of HIF-P4H-2 as the most critical HIF-

P4H isoenzyme (Minamishima et al., 2009). Regardless, HIF-P4H-3 seems to 

partially compensate for compromised HIF-P4H-2 function, as HIF expression was 

greater in mice that lacked both HIF-P4H-2 and HIF-P4H-3, compared with 

animals who were deficient only in HIF-P4H-2 (Minamishima et al., 2009).  

Murine models have also been employed to study the role of the HIF-P4Hs in 

red blood cell homeostasis. One such study showed that renal EPO production was 

induced by Hif-p4h-2 inactivation, resulting in severe erythrocytosis, whereas Hif-

p4h-1-/-/Hif-p4h-3-/- mice only presented with moderate erythrocytosis (K. Takeda 

et al., 2008). Inactivation of hepatic Hif-p4h-1, 2 or 3 alone did not increase EPO 

or hematocrit values, but inactivation of all three resulted in dramatic increases in 

hepatic EPO production and hematocrit (Minamishima & Kaelin, 2010).  
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Hypoxia and its role in inflammation have been studied in several mouse 

models. One showed that decreased epithelial cell apoptosis and enhanced 

intestinal epithelial barrier function in HIF-P4H-1 knockout mice conferred 

protection against colitis. This finding may represent a new approach to the 

treatment of inflammatory bowel disease (IBD) (Tambuwala et al., 2010). Another 

model using HIF-P4H-1 null mice also showed a reduced inflammatory response 

to chemically-induced acute skin inflammation (Ullah et al., 2017).  

As the complete knock out of HIF-P4H-2 does not result in living offspring, 

our research group created mice hypomorphic for HIF-P4H-2 (Hif-p4h-2gt/gt) 

utilizing a genetrap (gt) method. In this method, intron 1 of the Hif-p4h-2 gene in 

embryonic stem cells was targeted with a cassette containing a slice acceptor 

sequence fused to a β-galactosidase reporter followed by a polyadenylation signal. 

This results in an interference in mRNA splicing and then in the fusion of exon 1 

to the -galactosidase reporter and thus a truncated polypeptide. These mice do not 

have a reduced lifespan and do not develop massive erythrocytosis. As the genetrap 

is incomplete, the mouse line expresses reduced levels of Hif-p4h-2 mRNA in 

multiple tissues. The lowest levels of Hif-p4h-2 mRNA are found in the heart, at 8% 

of the wild-type (WT) level, followed by 15% in the skeletal muscle, 34–47% in 

the kidney, spleen, lung and bladder, 50% in white adipose tissue (WAT) and ~60% 

in the brain and the liver. Commensurate with the reduction in Hif-p4h-2 mRNA 

levels, HIF1α and HIF2α are stabilized in many tissues. (Hyvärinen, Hassinen et 

al., 2010; Rahtu-Korpela et al., 2014)  

The HIF-P4H-2 hypomorph mice are protected from acute ischemia. 

Compared with the WT they have enlarged capillaries in their hearts and skeletal 

muscle and have smaller infarct size following ligation of the left anterior 

descending coronary artery or limb ischemia-reperfusion injury, respectively, with 

no difference in the number of cardiac collateral capillaries (Hyvärinen et al., 2010; 

Karsikas et al., 2016; Kerkelä et al., 2013). Protection from acute cardiac ischemia 

has been also shown in mice with inactivation of Hif-p4h-2 limited to 

cardiomyocyte expression only (Hölscher et al., 2011). In another model, selective 

siRNA repression of Hif-p4h-2 resulted in significant activation of HIF1α and 

reduced myocardial infarct sizes in murine hearts (Eckle, Köhler, Lehmann, El 

Kasmi, & Eltzschig, 2008). When mice with cardiac-specific Hif-p4h-2 

inactivation and no aging-associated cardiopathy or cardiac dysfunction at baseline 

were subjected to a pressure overload model, structural and functional changes 

reminiscent of ischemic cardiomyopathy were seen at 8 weeks after birth (Moslehi 

et al., 2010). However, when Hif-p4h-3-/- mice were crossed with cardiac specific 
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Hif-p4h-2 inactivation significant cardiac dysfunction was observed as soon as at 5 

weeks of age (Moslehi et al., 2010). Hif-p4h-2gt/gt mice have shown slight induced 

erythropoiesis upon aging with no significant increase in EPO levels; further 

studies have revealed the spleen to be the site of extramedullary erythropoiesis with 

HIF1α and HIF2α stabilization and HIF2α-dependent alterations of Notch signaling 

(Myllymäki et al., 2017). In a study of metabolic syndrome and glucose and lipid 

metabolism, Hif-p4h-2gt/gt mice had reduced body weight, improved insulin 

sensitivity, reduced serum cholesterol levels, less WAT and less WAT inflammation, 

and the males were protected against hepatic steatosis (Rahtu-Korpela et al., 2014). 

Similarly, data published by Matsuura and colleagues, showed that mice with the 

HIF-P4H-2 gene deleted from the adipose tissue only, had better glucose tolerance, 

less WAT and reduced WAT inflammation compared with controls (Matsuura et al., 

2013). On the other hand, another study that also used mice with the HIF-P4H-2 

gene deleted from adipose tissue showed an increase in WAT, alongside reduced 

serum fatty acid levels and reduced lipolysis  (Michailidou et al., 2015). 

The role of P4H-TM has been studied in P4H-TM knockout mice. In one of 

these, P4htm-/- mice were generated by targeting a LacZNeo cassette to exon 3 of 

P4htm, leading to a truncated transcript of exons 1 and 2 and a split exon 3 fused 

to LacZNeo (Laitala et al., 2012). The insertion of the LacZNeo cassette allowed 

the use of X-gal staining, which identified several tissue types with high levels of 

P4H-TM expression. These included the brain (neocortex, hippocampus, amygdala 

and hypothalamus), the retinal pigment epithelium (RPE) of the eye, the adrenal 

medulla and the kidney, all results that were in accord with earlier findings 

regarding mRNA levels (Leinonen et al., 2016). Under conditions of normoxia, 

these P4htm-/- mice had stabilized HIF1α in cortical neurons and high expression 

levels of certain HIF target genes in tissues. Upon aging, the mice presented with 

increased expression of Epo mRNA and EPO protein in the kidney, renal changes 

such as inflammation and fibrosis, thinning of the RPE and a pathological state 

resembling human age-dependent macular degeneration (Leinonen et al., 2016). 

Additional studies performed with FG-4497, a 2-oxoglutarate analogue, revealed 

that P4H-TM contributed to the regulation of EPO production, hepcidin expression 

and erythropoiesis (Laitala et al., 2012). 

2.3.4 HIF-P4Hs in human diseases  

Mutations in the HIF-P4H-2 gene (EGLN1) are known to be pathogenic in humans. 

Consistent with the hypoxia pathway being imperative for the induction of EPO 
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production, several loss�of�function germline mutations in HIF-P4H-2 have been 

shown to cause autosomal�dominantly inherited congenital erythrocytosis (Bento 

et al., 2014; Elena Albiero et al., 2012; Yang et al., 2015). Percy et al. identified 

P317R mutation of HIF-P4H-2 in a family who presented with erythrocytosis. 

Further analysis revealed that the mutation significantly decreased enzyme activity 

in vitro (Percy et al., 2006). The S61R mutation in HIF-P4H-1 has been shown to 

cause erythrocytosis with pheochromocytoma/paraganglioma (Yang et al., 2015). 

No mutations in HIF-P4H-3 have been reported to cause diseases in humans.  

Exposure to high-altitude conditions induces erythropoiesis and polycythemia 

in humans as an adaptive mechanism to the hypoxic environment. However, 

increased viscosity of the blood results in impaired oxygen delivery and local blood 

flow. Tibetans, despite being a population with a very long history of high-altitude 

residency, do not have elevated levels of hematocrit or hemoglobin. Two 

simultaneously occurring missense mutations in the HIF-P4H-2 gene (D4E and 

C127S) that have been found in the Tibetan population, are proposed to provide 

protection from polycythemia. (Lorenzo et al., 2014)  

P4H-TM mutations have also been associated with human pathology.  A 

mutation of P4HTM with an in-frame loss of exon 6 through defective splicing was 

identified in six patients with a common ancestor from the 17th century. This leads 

to loss of the catalytical residues (Figure 4). Single-nucleotide polymorphism (SNP) 

genotyping of these individuals revealed additional mutations in USP4 and TKT, 

and the genotype is thought to be autosomal recessively inherited. All the patients 

presented with a distinctive phenotype that included intellectual disability, 

hypotonia, strabismus, mild deformations of the musculoskeletal system and coarse 

facial features. Despite the P4H-TM mutation, no increase in HIF1α target gene 

expression or in the HIF1α protein levels under normoxic or hypoxic conditions 

was seen in the patients' lymphoblasts. (Kaasinen et al., 2014).  

2.3.5 HIF-P4Hs as therapeutic targets   

Activation of the hypoxia response through high-altitude conditions has been used 

for boosting the production of erythropoietin and therefore hemoglobin by 

endurance athletes. Anemia, whether due to chronic kidney disease (CKD), 

inflammatory diseases, cancer or genetics, could possibly be treated with hypoxia, 

employing the same mechanism. Activation of HIF2 induces both renal and hepatic 

EPO synthesis, leading to erythropoiesis. Furthermore, HIF2 promotes iron 

metabolism and hence development of erythrocytes by increasing intestinal iron 
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uptake and transferrin levels, and by reducing hepcidin synthesis through EPO-

induced erythropoiesis (reduced hepcidin results in increased iron release through 

ferroportin). HIF target genes also include heme oxygenase-1 and ceruloplasmin. 

(Haase, 2013) 

The mouse experiments (reviewed previously in chapter 2.3.3.) performed by 

Takeda et al. (2008) and Minamishima and Kaelin (2010) suggest that treatment of 

anemia through HIF-P4H inhibitors should be targeted by etiology: HIF-P4H-2 

inhibitors alone might be sufficient for nephric patients whilst patients with chronic 

renal failure and therefore insufficient renal function would most likely benefit 

from pan-inhibition of all HIF-P4Hs since the knockout of all three are required for 

hepatic induction of EPO. Anemia caused by CKD has been the most studied 

indication for HIF-P4H inhibitors so far. For example, the oral HIF-P4H inhibitor 

roxadustat delivered promising results in Phase II clinical studies for CKD 

(Provenzano et al., 2016) and is currently in Phase III trials (Joharapurkar, Pandya, 

Patel, Desai, & Jain, 2018). As the HIF-P4H inhibitors stimulate renal and hepatic 

erythropoiesis and promote efficient iron utilization through hepcidin suppression, 

they can reduce the need for iron supplements. Furthermore, the use of HIF-P4H 

inhibitors results in EPO levels that are within the normal physiological range, 

making such treatment safer for patients than the use of recombinant EPO 

(Joharapurkar et al., 2018). Since HIF-P4H inhibition reduces hepcidin levels, it 

may be a suitable strategy for the treatment of inflammatory anemias, which are 

characterized by elevated hepcidin levels (Ganz, 2003). Indeed, protective results 

were seen in such a setting in HIF-P4H-2 deficient mice (Myllymäki et al., 2017). 

Lack of activation of the HIF pathway leads to poor outcomes in ischemia: 

neuron-specific HIF1α knockdown in mice subjected to focal transient cerebral 

ischemia resulted in increased tissue damage and reduced survival rate compared 

with controls (Baranova et al., 2007) and heterozygous HIF1α knockdown mice 

showed complete loss of ischemic preconditioning-induced cardioprotection (Cai 

et al., 2008). Studies performed on HIF-P4H-2-deficient mice or rats treated with 

the pan HIF-P4H inhibitor GSK360A showed protection against skeletal muscle 

and cardiac ischemia-reperfusion injuries (Bao et al., 2010; Hölscher et al., 2011; 

Hyvärinen et al., 2010; Karsikas et al., 2016; Kerkelä et al., 2013), suggesting 

induction of the hypoxia response as a possible future prophylaxis against ischemic 

injuries.  

To date, the anti-inflammatory properties of HIF activation have been studied 

using hydroxylase inhibitors in murine models of IBD, renal transplant and renal 

ischemia with promising results, and this strategy has also proved to offer 
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protection from sterile sepsis and pulmonary infection in mice (Taylor & Colgan, 

2017). The association of IBD with hypoxia has been comprehensively 

documented in mouse models. For example, several models of IBD have shown 

that the deletion of HIF1α from intestinal epithelial cells leads to increased and 

severe intestinal inflammation, whereas loss of HIF2α appears to have protective 

properties (Eltzschig, Bratton, & Colgan, 2014).  

Activation of the hypoxia response in wound healing enhances the healing 

process by improving mucosal barrier protection, re-epithelialization and induction 

of HIF target genes, such as VEGF. Acute lung injury (ALI) is an inflammatory 

respiratory syndrome caused by injuries to, or acute infections in, the lung. Studies 

have been performed to understand the role of hypoxia in ALI, and in one 

experiment mice with a bacteria-induced ALI given 21% O2 had a better survival 

rate and outcome compared to mice exposed to 100% O2, suggesting that hypoxia 

and its following HIF activation may protect against lung damage. (Eltzschig et al., 

2014).  

Chronic hypoxia also has beneficial effects on metabolism. In one metabolic 

model, HIF-P4H-2 deficient mice that were fed a high-fat diet (HFD) presented 

with less adipose tissue, smaller adipocytes and less inflammation in their adipose 

tissue than their WT littermates. The deficient mice also displayed superior glucose 

metabolism, glucose tolerance and insulin sensitivity, as well as lower serum 

cholesterol levels and less hepatic steatosis. When the WT mice were treated with 

FG-4497, they achieved the same phenotype, a finding that suggests a possible 

pharmacological target for the treatment of obesity and metabolic syndrome via 

activation of the hypoxia response pathway. (Rahtu-Korpela et al., 2014). Studies 

of the use of HIF-P4H inhibitors for the treatment of anemia in CKD patients show 

that both roxadustat and daprodustat reduce serum cholesterol levels and improve 

the ratio of high-density lipoprotein (HDL)/LDL, whereas vadadustat has no effect 

on serum cholesterol levels (Koivunen & Kietzmann, 2018).  

Pharmacologically, the HIF-P4H inhibitors developed to date can be 

categorized as follows: 2-OG mimics; Fe2+ chelators; HIF-P4H active site blockers; 

CUL2 deneddylators and Fe2+ substitutes (Eltzschig et al., 2014). Their mechanism 

of action is based on their ability to block the binding of the cosubstrate 2-OG or 

the Fe2+ ion cofactor, which leads to inhibition of the catalytic activity of the HIF-

P4Hs and thus stabilization of HIF (Eltzschig et al., 2014). Our group’s research 

has been focused on the preclinical compound FG-4497. It is a 2-OG mimic that 

acts by blocking the active site of the HIF-P4Hs and stabilizing HIF1α and HIF2α 

(Laitala et al., 2012). Administration of FG-4497 induces protection against colitis, 
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acute respiratory syndrome, cerebral ischemia, hypoxia-induced brain apoptosis, 

metabolic syndrome and obesity in mice (Gong et al., 2015; Rahtu-Korpela et al., 

2014; Reischl et al., 2014; Trollmann et al., 2014) 

2.4 Atherosclerosis 

2.4.1 Atherosclerosis as a noncommunicable disease 

Atherosclerosis and its associated pathologies are a global health issue. According 

to the WHO, cardiovascular diseases (CVD) are the leading cause of premature 

mortality, being responsible for an estimated 17.9 million deaths in 2016. Of all 

CVD deaths, 85% are attributable to heart attack and stroke. (Cardiovascular 

diseases (CVDs). 2017) 

Atherosclerosis is a disease in which the lumen of the arteries is narrowed by 

the formation of plaques. The growth of the plaque occurs gradually and may begin 

in youth. Plaque growth and lumen narrowing result in compromised blood flow in 

tissues. Each plaque is topped by a fibrous cap, which is fragile and may rip, 

causing the blood to clot locally. Such a blood clot may cause congestion or block 

the blood flow completely, or it may travel in the circulation, causing a blockage 

elsewhere. (Gisterå & Hansson, 2017; Libby et al., 2011; Lusis, 2000)  

The most common manifestations of atherosclerosis are angina pectoris and 

heart attack, stroke and claudication. The coronary arteries, responsible for 

supplying blood to the heart, are sensitive to, and often affected by, atherosclerosis. 

A narrowed lumen of a coronary artery may present as angina pectoris, typically a 

pain in the chest, upper back and left upper limb after exercise, which signifies a 

local lack of oxygen. The total blockage of a coronary artery will result in heart 

ischemia and infarction. A stroke is usually caused by a blood clot travelling from 

the carotid arteries of the neck up to the arteries of the brain. Similarily congestion 

of the arteries in the lower limbs results in local pain with exercise, and a total 

blockage will lead to gangrene. (Airaksinen et al., 2016)    

The fundamental risk factors for developing atherosclerosis are concentrated 

around the individuals’ lifestyle. The most important risk factors are high LDL 

cholesterol levels, high blood pressure and smoking. In addition, the risk is 

increased when a patient has low HDL levels and high triglyceride levels. Other 

predisposing factors include type 2 diabetes mellitus, obesity and male gender. The 

risk of developing atherosclerosis grows as predisposing factors accumulate. In 
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Finland, doctors are advised to use the Finriski calculator to estimate the annual 

risk for several pathologies associated with atherosclerosis (Airaksinen et al., 2016; 

Montalescot et al., 2013).  

2.4.2 Formation of atherosclerotic plaques 

Plaque formation is the main driver of the development of the pathologies 

associated with atherosclerosis and it correlates strongly with the amount of 

circulating LDL in the blood. The mechanism of plaque formation is a 

multicomponent process of local inflammation, cell death, smooth muscle cell 

(SMC) proliferation, calcification and angiogenesis. An atherosclerotic plaque is a 

structure of accumulated lipids from the circulation, immunocytes, SMCs and a 

collagenic fibrous cap. (Bentzon, Otsuka, Virmani, & Falk, 2014). 

Current knowledge of the process suggests that the plaque formation begins 

with an LDL particle entering the endothelial wall of the artery as presented 

graphically in Figure 5. The hypothesis is that the process of LDL ingress to the 

arterial wall begins with changes in the permeability and extracellular matrix of the 

endothelial wall due to irritative stimuli, such as high blood pressure and 

dyslipidemia, leading to increased entry of LDL molecules. (Tabas, Williams, & 

Borén, 2007) 

Low-density lipoprotein accumulates in the proteoglycans of the 

subendothelial space, where it is modified by proteases and lipases, leading to 

aggregation. The LDL particles are oxidized by myeloperoxidase, lipoxygenase 

and ROS, leading to oxidized LDL (oxLDL). The products of LDL oxidization lead 

to modifications of the lysine in apolipoprotein B (apoB), a lipid transporter 

particularly associated with LDL and plaque formation. The presence of LDLs and 

their oxidized lipid products promote the attraction of adhesion molecules (such as 

vascular cell adhesion protein 1, [VCAM-1], chemoattractants and growth factors) 

to the endothelial cells and smooth muscle cells of the arterial wall. This in turn 

attracts circulating monocytes and leads to their differentiation to macrophages and 

dendrocytes. (Gisterå & Hansson, 2017; Goldstein & Brown, 2015)  
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Fig. 5. A schematic representation of the development of an atherosclerotic plaque. The 
LDL particles enter the endothelial wall of the artery and are modified, resulting in 
oxidized LDL particles (oxLDL). Monocytes from the circulation migrate to the arterial 
wall and differentiate into macrophages. The oxLDL is ingested by the macrophages 
and LDL-laden macrophages develop into foam cells. These foam cells gather into the 
plaque and may go through apoptosis. T-cells mediate the inflammatory process near 
and inside the plaque, while B-cells are responsible for producing circulatory 
antibodies. Over time, the plaque grows and consists of smooth muscle cells (SMC), 
foam cells, apoptotic cells, collagen and cholesterol crystals. 

After recruitment, the monocytes develop into macrophages, which express 

scavenger receptors that are central for the uptake of modified LDL particles. Foam 

cells and endothelial cells are highly active in producing cytokines and other 

inflammatory markers. Foam cells gather within the arterial intima and eventually 

go through apoptosis, creating a plaque core consisting of cholesterol crystals, 

necrotic cells and extracellular matrix. (Gisterå & Hansson, 2017; Goldstein & 

Brown, 2015)  

The progression of the lesion is also characterized by the presence and 

proliferation of SMCs, which can be of intimal origin or have migrated from the 

media layer to the intima. In addition, the developing plaque has enhanced 

synthesis of collagen, elastin and proteoglycans which contribute to its stability. 

The fibrous cap that covers the plaque is formed of extracellular matrix molecules. 

Symptoms of atherosclerosis arise either when the plaque prevents sufficient blood 

flow through the artery, resulting in tissue ischemia or when the fibrous cap 
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ruptures, causing a thrombus. The plaques that are most likely to rupture are those 

that feature a fibrous cap, a lipid-filled necrotic core and signs of a highly active 

inflammatory process. Inflammatory cells may weaken the architecture of the 

plaque by the release of collagenolytic enzymes, thereby causing SMC death, 

which leads to a decreased amount of supporting collagen in the plaque (Gisterå & 

Hansson, 2017; Libby et al., 2011). Efferocytosis is the engulfment of apoptotic 

cells by phagocytosis, mostly excecuted by macrophages. Impaired efferocytosis 

has been recognized in advancing atherosclerosis and this results in growing 

necrotic cores (Kojima, Weissman, & Leeper, 2017).  

2.4.3 Inflammation and atherosclerosis 

Inflammation has a fundamental position in the formation of atherosclerotic 

plaques, and involves both the innate and adaptive immune systems. The 

subendothelial lipids are modified by oxygen radicals and enzymes. Many of these 

modifications have been proven to initiate inflammatory processes. For example, it 

was recently shown that the phosphocholine group of oxidized phospholipids on 

LDLs’ surfaces can act as an antigen (Kankaanpää et al., 2018).  

Under conditions of inflammation, the endothelium begins to secrete 

chemokines (for example CCL2, CCL5, CXCL10, CXCL11 and CCL11) and 

adhesion molecules (for example E-selectin, VCAM-1). The adhesion molecules 

attract leukocytes and activated platelets, thereby further promoting the 

inflammatory process via the secretion of more chemokines. Immune cells, mainly 

monocytes, dendritic cells and T-cells, infiltrate the lesion. (Hansson & Libby, 2006; 

Legein, Temmerman, Biessen, & Lutgens, 2013) 

The macrophages is the most important cell type in innate immunity while 

other cell types, such as neutrophils, natural killer cells and mast cells are present 

only in small numbers (Gisterå & Hansson, 2017). Monocytes move into the 

innermost layer of the arterial wall, the tunica intima, and differentiate into 

macrophages via local stimulators, such as monocyte-colony stimulating factor (M-

CSF). The modified lipids, considered as foreign molecules, are recognized by the 

macrophages and ingested, and as the lipids accumulate in the macrophages, so 

called “foam cells”, phagocytes with ingested lipids inside them, are formed 

(Legein et al., 2013).  

T-cells are abundant in atherosclerotic lesions, consisting mainly of CD4+ T-

cells. Together with dendritic cells they form the basis of the adaptive immune 

system, which is central to the pathogenesis of atherosclerosis. The CD4+ T-cells 
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are responsible for recognizing protein antigens and presenting them to major-

histocompatibilty-complex (MHC) class II molecules. Dendritic cells take up the 

antigens from the plaque and travel into the lymph nodes where they present the 

antigens to naïve T-cells. (Gisterå & Hansson, 2017) 

Small numbers of natural killer T-cells and CD8+ T-cells can also be found in 

lesions. The populations of CD8+ T-cells tends to diminish over time with plaque 

formation, and their activation has been found to increase atherosclerosis (Gisterå 

& Hansson, 2017). Furthermore, T-cells reactive to heat shock protein 60/65 

(Hsp60/65) have been found in the atherosclerotic plaques, and autoantibodies 

against Hsp60/65 are associated with the evocation of plaque formation (Gisterå & 

Hansson, 2017). The ligation of the antigen to the T-cells results mainly in a type 1 

helper-T (Th1) response in the pathogenesis of atherosclerosis. When the antigen 

receptor of the T-cell is ligated, the activated T-cells transform into Th1-effector 

cells that produce interferon-γ, which enhances antigen presentation and induces 

the synthesis of the inflammatory cytokines tumor necrosis factor   (TNF ) and 

interleukin-1 (IL-1). This cascade results in the production of multiple 

inflammatory and cytotoxic molecules (Hansson, 2005). This process is thought to 

be pro-atherosclerotic, because mice that lack the interferon-γ receptor (Gupta et 

al., 1997) or that have the pathway inhibited (Laurat et al., 2001; Mallat et al., 2001) 

present with reduced atherosclerosis. Small numbers of Th2, Th17 and Treg cells 

can be found in atherosclerotic plaques (Gisterå & Hansson, 2017). All in all, T-

cells seem to play a critical role in the pathogenesis of atherosclerosis, which is 

demonstrated by an ApoE-deficient mouse model in which the lack of both T- and 

B-cells resulted in reduced development of atherosclerosis, but the introduction of 

LDL-specific CD4+ T-cells accelerated the formation of atherosclerosis (Zhou, 

Nicoletti, Elhage, & Hansson, 2000; Zhou, Robertson, Hjerpe, & Hansson, 2006). 

B-cells are mainly linked to atherosclerosis through their ability to produce 

immunoglobulins, which drive the formation of immune complexes between the 

B-cells and their cognate antigens. Fewer B-cells than T-cells are found in the 

atherosclerotic lesion itself. When B-cell subtypes are considered, B1-cells are 

atheroprotective whereas the B2-cells promote lesion progression, although 

speculation has arisen that the protective aspect of B1-cells is attributable solely to 

their IgM secretion (Tsiantoulas, Diehl, Witztum, & Binder, 2014). 

Immunoglobulins will be further reviewed in chapter 2.4.4. However, the 

importance of B-cell function in the development of atherosclerosis can be 

demonstrated by the results of a study, which found that lesion size was 30–40% 

greater in Ldlr-/- and B-cell deficient mice than in Ldlr-/- mice that were not B-cell 
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deficient (Major, Fazio, & Linton, 2002). Interestingly, spleen B-cells are 

particularly atheroprotective, and patients who have undergone a splenectomy 

carry a heightened risk for coronary artery disease (CAD) (Witztum, 2002). This 

could be because splenetic B-cells produce natural antibodies that can recognize 

phosphorylcholine, a molecule present in oxLDL. The presence of these antibodies 

results in enhanced elimination of oxLDL (Binder et al., 2003).  

The anti-inflammatory cytokines interleukin-10 (IL-10) and transforming 

growth factor β (TGFβ) are central to the development of atherosclerosis, as 

inhibition of IL-10 increases the development of lesions and unfavorable plaque 

architecture (Caligiuri et al., 2003; Mallat et al., 1999), and disruption of TNF -

signaling in T-cells leads to increased atherosclerosis (Robertson et al., 2003).  

2.4.4 Immunoglobulins in atherosclerosis 

The LDL particles in the atherosclerotic plaque are known to be highly 

immunogenic. Oxidization of LDL yields extremely reactive products, which then 

cause the associated proteins and lipids to transform into highly immunogenic 

epitopes (Karvonen, Päivänsalo, Kesäniemi, & Hörkkö, 2003). Antibodies, also 

known as immunoglobulins, are produced by the B-cells and they are responsible 

for the neutralization of pathogens. Immunoglobulins recognize foreign epitopes 

on the surface of cells. The mechanism of antibody-mediated neutralization and 

disposal of foreign objects varies (Legein et al., 2013).  

In the inflammatory process of atherosclerosis, the main types of 

immunoglobulin produced are immunoglobulins G (IgG) and M (IgM). B1-cells, 

responsible for IgM and IgA production, are typically located in the peritoneal 

cavity. Their antibodies are referred to as natural because they are produced without 

T-cell interference or stimulation by exogenous antigens. The B2-cells on the other 

hand, produce IgG, and require T-cell activation to do so. (van Leeuwen, 

Damoiseaux, Duijvestijn, & Tervaert, 2009).  

B-lymphocytes are occasionally found in the atherosclerotic lesion itself, 

particularly in the lymphoid tissue of the tunica adventitia near atherosclerotic 

plaques (van Leeuwen et al., 2009). Immunoglobulins can be located in the plaque 

itself; IgG and IgM are present from the early stages of plaque formation, adhere 

specifically to the oxLDL of the atherosclerotic plaque and can also be found in the 

circulation (Ylä-Herttuala et al., 1994).  

Immunoglobulins have been identified as both protective and causative 

elements in the development of atherosclerosis. In earlier studies, the presence of 



44 

high levels of autoantibodies specific for oxLDL was linked with atherosclerosis in 

mice (Palinski, Tangirala, Miller, Young, & Witztum, 1995) and the presence of 

IgG antibodies against oxLDL correlated with carotid atherosclerosis in humans 

(Salonen et al., 1992). However, the current paradigm regards IgM autoantibodies 

as atheroprotective, while the role of IgG antibodies is controversial (Tsiantoulas 

et al., 2014). Various population-based studies suggest that atherosclerosis 

development correlates negatively with the presence of oxLDL IgM autoantibodies, 

and positively with the presence of oxLDL IgG autoantibodies (Hulthe, Bokemark, 

& Fagerberg, 2001; Karvonen et al., 2003; Tsimikas et al., 2007). Interestingly, 

oxLDL IgM autoantibodies have been associated with a stable plaque phenotype 

with fewer macrophages and lipids, whereas the IgG has been linked to an unstable 

type of plaque (Gonçalves et al., 2005). The IgM against phosphorylcholine, an 

important epitope of oxLDL, correlates negatively with the incidence of stroke and 

heart attack (Fiskesund et al., 2010; Grönlund et al., 2009).  

IgG antibodies have been associated with the development and progression of 

atherosclerosis in multiple studies (Shoenfeld, Wu, Dearing, & Matsuura, 2004; 

van Leeuwen et al., 2009). On the contrary, when hyperlipidemic rabbits were 

immunized with homologous malondialdehyde acetaldehyde-modified LDL 

(MDA-LDL) or copper-oxidized LDL (CuOx-LDL) they displayed elevations in 

MDA-LDL IgG and CuOx-LDL IgG levels, respectively, and an atheroprotective 

phenotype (Ameli et al., 1996; Palinski, Miller, & Witztum, 1995). Similar results 

have been found with Apoe−/− or hypercholesterolemic Ldlr−/− mice; immunization 

with MDA-LDL was followed by an increase in the level of MDA-LDL IgG and a 

reduction of atherosclerosis (Freigang, Hörkkö, Miller, Witztum, & Palinski, 1998; 

George et al., 1998).  

2.4.5 Role of cholesterol and circulating lipids 

Cholesterol synthesis can be divided into two main stages. In the first, isoprenoid 

is condensed to squalene and in the second, the cyclization of squalene leads to the 

formation of lanosterol, which is then converted to cholesterol. The cholesterol 

synthesis pathway begins with acetyl-CoA and acetoacetyl-CoA, which generate 3-

hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) in a reaction catalyzed by 

HMG-CoA synthase (HMGCS). This is followed by catalysis by HMG-CoA 

reductase to yield mevalonate. This first step is considered to be the most important 

for cholesterol biosynthesis, and statins, inhibiting the HMG-CoA reductase, are 

widely used to reduce serum cholesterol levels. Other regulatory factors include 
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sterol regulatory element-binding proteins (SREBP), which are activated when 

sterol levels are low (Alphonse & Jones, 2016; Sharpe & Brown, 2013). The 

cholesterol synthesis pathway is presented in Figure 6. 

 

Fig. 6. A simplified diagram of the cholesterol synthesis pathway.  

The main groups of plasma lipoproteins are VLDL, LDL and HDL. Ingested lipids 

travel through the circulation to the liver, where they are secreted as VLDL, a large 

lipoprotein containing both triglycerides and cholesterol. LDL particles are formed 

when the triglycerides of the VLDL are extracted in peripheral tissues, such as 

muscle and adipose tissue. LDL receptors are in charge of removing LDL particles 

from the circulation and most of these receptors reside in the liver. If the ratio of 

LDL particles to LDL receptors is too high, as in the case of hypercholesterolemia 

or LDL receptor deficiency, LDL may begin to build up in the arterial walls and 

induce plaque formation. (M. S. Brown & Goldstein, 1986) 

The major role of circulating LDL particles in the pathogenesis of 

atherosclerosis was first discovered by John Gofman in 1955, when he centrifuged 

serum lipoproteins, isolating them according to their density and compared the 

levels of LDL and HDL in heart attack patients and otherwise healthy controls. He 

found that patients who had undergone strokes had higher levels of LDLs and lower 

levels of HDLs than the healthy subjects. (Goldstein & Brown, 2015) 

The role of cholesterol and LDL in cardiovascular diseases has since been 

studied comprehensively. In 1991 an epidemiologic study showed that the Chinese 

population, who tend to have lower cholesterol values than Western populations, 

had a strong correlation between high serum cholesterol levels and death (Z. Chen 

et al., 1991). LDL being the most abundant carrier of circulating cholesterol in 

humans would explain this increased risk. 

Familiar hypercholesterolemia (FH) was the condition in which LDL was first 

proven to elevate the risk of coronary disease. In FH, the LDL receptor gene is 

defective. People who are heterozygous for the disorder produce fewer functional 

LDL receptors, and those who are homozygous for FH can produce none  (M. S. 

Brown & Goldstein, 1986; Goldstein & Brown, 2015). Due to the reduced number 
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of LDL receptors, LDL cannot be taken into the liver, and this leads to elevated 

serum levels of LDL. Heterozygous patients present with levels of LDL cholesterol 

up to 2-fold greater than those of the general population and tend to have heart 

attacks at 50–60 years of age, while homozygous patients can have levels of LDL 

6- to 8-fold elevated and may develop coronary heart diseases in their early teens 

(M. S. Brown & Goldstein, 1986). Mutations in the PCSK9 gene can lead to 

overexpression of LDL receptors, which reduces levels of serum LDL. Such 

mutations have been shown to reduce the incidence of coronary events (Cohen, 

Boerwinkle, Mosley, & Hobbs, 2006). 

The causality between high LDL levels and atherogenesis has also been shown 

by a lowering of the risk for CVD through pharmacological reduction of LDL 

cholesterol levels. Statins inhibit the HMG-CoA reductase which is the rate-

controlling enzyme of cholesterol synthesis. The first double-blinded randomized 

trial studies of statins in 1994 showed that simvastatin lowered serum cholesterol 

levels and significantly reduced the risk of CVD mortality and morbidity (Pedersen 

et al., 2004). In the largest study so far, over 20,000 adults with coronary heart 

disease, occlusive arterial disease or diabetes were given simvastatin for five years. 

Rates of myocardial infarction, stroke and revascularisation were reduced by about 

25% compared with the placebo group; total cholesterol level fell by an average of 

1.2 mmol/l and serum LDL by 1.0 mmol/l. (MRC/BHF heart protection study of 

cholesterol lowering with simvastatin in 20,536 high-risk individuals: A 

randomised placebo-controlled trial. 2002). To date, statins serve as a fundamental 

treatment for CVDs as shown in Table 1. 

HDL, often referred to as the “good” cholesterol, can extract cholesterol from 

peripheral cells. In atherosclerosis, these peripheral cells are the foam-laden 

macrophages of the vessel walls. HDL transfers the cholesterol to the liver for 

excretion, thereby reversing the effect of LDL cholesterol building up in 

atherosclerotic plaques. The HDL particles are loaded with cholesterol at the plaque 

site by ATP-binding casette transporters (Libby et al., 2011). HDL also inhibits the 

oxidation of LDL and apolipoproteins, exerts anti-inflammatory and reparatory 

effects on the endothelium of the arterial wall and prevents monocyte binding to 

the endothelium (Rye, Bursill, Lambert, Tabet, & Barter, 2009). 
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Table 1. Current treatment of atherosclerosis according to Finnish “Käypä hoito” 
recommendations. 

1.Reducing risk factors 2. Prognostic 

pharmacological treatment 

3. Symptomatic 

pharmacological 

treatment 

4. Invasive treatment 

options 

-Blood pressure 

target < 140-130/< 90-

80 mmHg  

-ASA/Clopidogrel 

Antiplatelet therapy, reduces 

thrombocyte aggregation and 

acute coronary syndrome. 

-Beta-blockers 

Reduce heart rate, 

blood pressure, chest 

pain 

-PCI = percutaneous 

coronary intervention 

a metal or drug-eluting 

stent placed in the 

narrowed coronary artery 

via catheter  

-Hyperlipidemia 

Target LDL < 1.8 

mmol/l, Kol < 4.0–4.5 

mmol/l, HDL > 1.0 

mmol/l, Trigly < 2 

mmol/ 

-ACE-inhibitor 

For all patients with history of 

cardiac infarction or CAD + 

diabetes/ hypertension 

-Calcium channel 

blockers 

Reduces chest pain 

when beta-blockers 

contraindicated 

-CABG = coronary artery 

bypass graft 

Bypassing the narrowed 

artery surgically with 

vessels from the patient 

 

 

-Obesity 

Target BMI ≤ 25 and 

waist circumference of 

≤ 94 cm in men and ≤ 

80 cm in women 

 

-Statin 

Reduce hepatic cholesterol 

synthesis, serum LDL-

cholesterol levels, vascular 

build-up, inflammation  

-Nitrate 

Sublingually/spray for 

immediate relief of 

angina and long-acting 

nitrates for reccurring 

chest pain 

 

 

-Disrupted glucose 

metabolism 

   

- Sedentarism, 

smoking, alcohol 

   

2.4.6 Mouse models of atherosclerosis 

Mice are relatively resistant to the development of atherosclerosis, so genetically 

modified mice must be used to study atherosclerosis. Mice have an HDL-dominant 

lipid profile whereas in humans cholesterol transport is mostly LDL-mediated. 

Therefore, the study of atherosclerosis in mice requires the creation of a non-HDL 

hypercholesterolemia. (Getz & Reardon, 2012) 

Two main genetic models are used to promote the development of 

atherosclerosis in mice: LDL-receptor deficient and ApoE-deficient animals. The 

Ldlr-/- genotype creates a phenotype similar to human FH, resulting in increased 

serum LDL levels and hence predisposing the mice to growth of aortic plaques. 
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Serum cholesterol levels do not increase as much in these animals as they do in 

ApoE-deficient mice, and so they also require HFD to develop complex aortic 

lesions. However, their condition mimics human atherosclerosis more accurately 

due to the LDL-dominant lipid profile (Emini Veseli et al., 2017).  

In addition to the complete knockout of Ldlr, a mouse line with a missense 

mutation, C699Y, in Ldlr generated using the N-ethyl-N-nitrosourea (ENU) 

mutagenesis has been used in atherosclerotic experiments. The mutation, LdlrHlb301, 

leads to a truncated receptor, which lacks the membrane-spanning segment and 

therefore the LDL is not able to bind to it. Compared to the traditional knockout 

model, LdlrHlb301 mice present with lower total cholesterol levels having, in contrast, 

higher HDL and triglyceride levels. They also have accelerated atherosclerotic 

lesion formation and reduced hepatosteatosis. (Svenson et al., 2008) 

ApoE is a plasma protein which functions as a ligand for LDL receptors and it 

is mainly synthesized in brain, liver, spleen and kidney (Mahley, 1988). Its main 

function is the transport of lipids and cholesterol, but ApoE also participates in 

tissue repair, immunoregulation and cell growth (Mahley, 1988). In humans ApoE 

is found as three different isoforms (ApoE2, 3, and 4), whereas mice have only a 

single isoform. The homozygous knockout of the gene in mice leads to a significant 

increase in plasma cholesterol levels, mostly through increases in VLDL and 

chylomicrons (Meir & Leitersdorf, 2004). ApoE-deficient mice fed a HFD tend to 

develop a more drastic phenotype than Ldlr-deficient mice, and more rapidly, 

making ApoE deficiency a more popular model of atherosclerosis (Emini Veseli et 

al., 2017). ApoE deficiency is rare in humans, but when familial homozygous 

deficiency does occur, it manifests as premature CVD, xanthomas, and 

hyperlipoproteinemia (Schaefer et al., 1986).  

Furthermore, Ldlr-/- and Apoe-/- mouse lines have been created that are also 

homozygous for the Apob (100) allele. Apob (100) functions as a recognition signal 

for the cellular binding and internalization of LDL particles by the apoB/E receptor. 

This mutation further elevates their risk of atherosclerosis and high plasma 

cholesterol levels (Véniant, Withycombe, & Young, 2001). A similar phenotype 

has also been seen in Ldlr-deficient mice with apoBEC-1 enzyme deficiency, which 

have elevated serum LDL and extensive atherosclerosis (Powell-Braxton et al., 

1998). A mouse model with double knockout of both ApoE and the SR-BI HDL 

receptor has a phenotype similar to many human cardiovascular diseases and 

complications, including lipid-rich coronary artery occlusions, spontaneous 

multiple myocardial infarctions and cardiac dysfunction (Braun et al., 2002). 

Mouse models with transgenic expression of CETP or human apoE isoforms have 
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been created because their lack of cholesteryl ester transfer protein (CETP) and 

apoE isoforms, respectively, to closely resemble human lipid metabolism (Knouff 

et al., 1999; Westerterp et al., 2006).  
Mice are an asset for the study of atherosclerosis due to their small size, genetic 

pliability and fast formation of atherosclerosis. However, mouse models are not 

identical to human when considering the pathogenesis of atherosclerosis. For 

example, mice do not have HDL subsets, apoE isoforms or CETP and their plaque 

distribution is dense in the aortic root, aortic arch and side branches, and less 

prominent in the coronary arteries. These differences should be taken into account 

when interpreting data. (Daugherty et al., 2017) 

2.4.7 Role of hypoxia in atherosclerosis 

The role of hypoxia in atherosclerosis is undeniable, but it remains controversial 

whether it is a protective or a predisposing factor in the evolution and pathogenesis 

of atherosclerosis. 

Hypoxia is a known inducer of neovascularization. Many of the genes involved 

in the different steps of angiogenesis, such as VEGF, angiopoietins, fibroblast 

growth factors and the nitric oxide synthases involved in regulation of vascular tone, 

have been found to be responsive to hypoxia or are direct HIF target genes in tissue 

culture (Pugh & Ratcliffe, 2003; Semenza, 2012). The progression of 

atherosclerotic lesions features angiogenesis, a form of neovascularization that 

results in a new vascular structure. In atherosclerosis, angiogenesis is mediated via 

endothelial cells sprouting from postcapillary venules (Moreno, Purushothaman, 

Sirol, Levy, & Fuster, 2006). Neovascularization enables the deposition of lipids 

and delivery of inflammatory cells into the arterial wall and therefore induce the 

development of atherosclerotic plaques (Boyle, Sedding, & Haverich, 2017). 

Incomplete endothelial structure of the neovessels is related to plaque instability 

and microvascular leakage (Boyle et al., 2017). 

Sluimer et al. examined the presence of hypoxia in atherosclerotic plaques in 

seven symptomatic patients prior to carotid endarterectomy. By infusing lesions 

with pimonidazole, a hypoxia marker, they found that the atherosclerotic plaques 

contained hypoxic areas, particularly in their macrophage-rich centers. The study 

also showed an elevation in mRNA and protein expression of HIF1α and HIF2α, 

with expression of their target genes at the mRNA level increasing alongside lesion 

progression (Sluimer et al., 2008). HIF1  is present in 50–60% of plaques and is 
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associated with advanced and inflammatory plaque phenotypes and with VEGF 

expression (Vink et al., 2007). 

Obstructive sleep apnea predisposes to atherosclerosis and activation of the 

hypoxia response through chronic intermittent hypoxia (CIH) is thought to be 

involved. One model found that ApoE-deficient mice to that were exposed to CIH 

developed atherosclerosis faster than their unexposed littermates (Jun et al., 2010; 

Nakano et al., 2005). These findings suggest that intermittent hypoxia is a risk 

factor in the development of atherosclerosis, possibly through inflammatory 

pathways as well as oxidative stress (Marsch, Sluimer, & Daemen, Mat J. A. P., 

2013). 

In contrast, CVD is less prevalent in populations living at high altitudes than 

in those living at sea level, suggesting that long-term hypoxia might be 

atheroprotective. For example, a Swiss study reported that the risk for mortality 

from coronary heart disease and and from stroke fell by 22% and 12%, respectively 

with every additional 1000 m of altitude (Faeh, Gutzwiller, & Bopp, 2009). Another 

study compared outcomes in ApoE-/- mice habituated to a quite severe degree of 

hypoxia of 10% O2 (equivalent to a human living at 5000 m altitude), with those in 

similar animals habituated to 21% O2 (equivalent to sea level). The hypoxic mice 

developed fewer atherosclerotic aortic lesions than the controls, and had increased 

expression of IL-10, an anti-atherogenic cytokine that is known to be regulated by 

HIF1α (J. Kang et al., 2016). 

2.5 Pregnancy 

2.5.1 Maternal glucose, lipid and energy metabolism during 
pregnancy 

During pregnancy, maternal metabolism is adapted to optimize fetal outcomes and 

growth. Certain metabolic changes serve the needs of the growing fetus. As a 

physiological compensation, maternal energy intake increases progressively 

throughout pregnancy (Murphy & Abrams, 1993). 

 In early pregnancy, glucose tolerance, insulin sensitivity and hepatic glucose 

production are within normal ranges (Butte, 2000). The change in glucose 

metabolism ensures adequate provision of glucose to secure fetal growth in 

addition to maintenance of the mother’s basal needs. Maternal fasting glucose 

values decrease progressively towards the end of the pregnancy. This reduction is 
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thought to be a result of serum dilution due to increased plasma volume, increased 

uptake and utilization of glucose by the fetal-placental unit and insufficient 

compensation via hepatic gluconeogenesis. As a compensatory mechanism, hepatic 

glucose production increases towards the end of pregnancy. (Di Cianni, Miccoli, 

Volpe, Lencioni, & Del Prato, 2003; Lain & Catalano, 2007) 

Maternal insulin resistance develops during the second and third trimesters. It 

is a crucial metabolic change for fetal development and growth, as it directs the 

energy usage more towards the fetus’ needs and less towards maternal tissues (Lain 

& Catalano, 2007). Although pregnancy can thus be considered a prediabetic state, 

the prevalence of gestational diabetes mellitus is about 5% (Eades, Cameron, & 

Evans, 2017). The mechanism by which insulin resistance develops during 

pregnancy is currently unclear, but possible factors include human placental 

lactogen (HPL), cortisol, progesterone, prolactin and TNF  (Lain & Catalano, 

2007).  

Lipid metabolism during pregnancy features fat storage, particularly in the first 

two trimesters. A woman whose BMI is in the normal range will gain about 3.5 kg 

of adipose tissue during pregnancy. The adipose tissue is used as an energy source 

for both the mother and the growing fetus and throughout lactation after birth (Lain 

& Catalano, 2007).   

The first two trimesters are considered to be anabolic phases, in which the 

insulin sensitivity of the mother is high and fat is being stored. Fatty acid synthesis 

of adipose tissue is elevated in the pregnancy due to increased levels of serum 

insulin, increased or unchanged insulin sensitivity and increased maternal nutrient 

intake (Herrera & Ortega-Senovilla, 2014; Zeng, Liu, & Li, 2017). In addition, an 

increase is seen in adipose tissue levels of lipoprotein lipase (LPL), an enzyme 

responsible for the hydrolysis of triglycerides and lipoproteins. This leads to 

enhanced cellular uptake of hydrolytic lipid products and also promotes lipid 

storage (Herrera & Ortega-Senovilla, 2014). De novo lipogenesis is also a factor 

promoting anabolism in the adipose tissue: rats in early pregnancy rats use 

increased amounts of glucose for fatty acid and glycerol synthesis (Palacín, 

Lasunción, Asunción, & Herrera, 1991). 

The last trimester is a catabolic phase,  in which the rate of fetal growth peaks 

(Lain & Catalano, 2007). During the last trimester less fat is stored in maternal 

adipocytes and more is mobilized through increased lipolysis. This is driven by 

hormone-sensitive lipase in the WAT (Martineau et al., 2015) and decreased activity 

of LPL in adipose tissue (Pujol, Proenza, Lladó, & Roca, 2005). Simultaneously, 

insulin sensitivity decreases. (Herrera & Ortega-Senovilla, 2014) .  
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Mobilized lipids can be converted into other molecules by the liver for further 

usage. Non-esterified fatty acids (NEFAs), activated to acetyl-CoA, can be used for 

triglyceride synthesis. Alternatively, they can be facilitated as an energy source or 

for ketone body synthesis. Glycerol, converted to glycerol-3-phosphate, can also 

be transformed to triglycerides, and glycerol itself can be used for gluconeogenesis 

(Zeng et al., 2017).  

The levels of maternal circulating lipids also increase, mainly towards the last 

trimester due to enhanced lipolysis. Maternal hyperlipidemia is mainly caused by 

a significant rise in serum triglyceride levels. Total cholesterol levels rise by 25–

50%, LDL by 50%, and HDL by 30% while triglyceride levels rise to 2–4-fold 

greater than pre-gestational values (Lain & Catalano, 2007). 

2.5.2 Impact of maternal metabolism on fetal growth  

The growing fetus is dependent on nutrient flux from the mother for optimal growth. 

Glucose is the primary nutrient for fetal development and growth (Herrera & 

Ortega-Senovilla, 2014) and gluconeogenesis in the growing fetus is minimal, so it 

is reliant on maternal glucose for optimal growth (Kalhan & Parimi, 2000). 

Essential macronutrients required from the maternal side are amino acids, free fatty 

acids and cholesterol (Brett, Ferraro, Yockell-Lelievre, Gruslin, & Adamo, 2014).  

The flux of glucose is mediated through facilitated diffusion, mainly via the 

insulin-independent GLUT1 transporter and the GLUT3 transporter. GLUT3 is 

particlarly important in early pregnancy, its defiency leading to fetal growth 

restriction and miscarriage (Larqué, Ruiz-Palacios, & Koletzko, 2013). By 

injecting mothers with a stable isotope of glucose hours before delivery, one study 

showed that 95% of fetal plasma glucose originates from the maternal circulatory 

system (Staat et al., 2012). In addition, excessive levels of maternal serum glucose, 

due to poor glycemic control or GDM, can lead to the fetus being large for its 

gestational age, and the offspring having macrosomia (birth weight >4 kg) 

(Jiménez-Moleón et al., 2002; Sameshima et al., 2000). 

The placenta does not transfer insulin and so it is produced in increasing 

amounts in the fetal pancreas throughout gestation, thus enhancing the glucose 

utilization in insulin-sensitive tissues on the fetus’ side. Therefore, fetal glucose 

utilization and growth rate are modulated by three factors: maternal serum glucose 

levels, glucose transfer through placental transportation and fetal insulin secretion. 

Deficits in one or more of these mechanisms may lead to fetal hypoglycemia and 

thus intrauterine growth restriction. (Hay, 2006) 
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Fatty acids play an important role in the development, being responsible for 

proper neural development and fetal fat accumulation (Brett et al., 2014). Lipids do 

not pass the placental barrier as easily as glucose. The mechanism of trans-placental 

lipid transfer is not completely understood, but it is known that the placenta 

contains lipases and has receptors for all circulating plasma lipoprotein types. 

However, positive correlations between certain maternal lipid concentrations, fetal 

lipid concentration and fetal growth has been shown in women with GDM (Herrera 

& Ortega-Senovilla, 2014). Maternal lipids generally take the form of triglycerides, 

phospholipids and cholesterol esters. The triglycerides cannot be transported 

through the placenta as such but must first be broken down into free fatty acids by 

lipases, in which form they are suitable for placental uptake (Brett et al., 2014). 

As most circulating amino acids are found in higher concentrations in the fetal 

than the maternal plasma, which suggests active transport across the placenta and 

underlines the critical role played by amino acids in fetal development. There are 

15 different amino acid transporters expressed in the placenta and the transport 

systems are stimulated by, for example, glucose, insulin and insulin-like growth 

factor (IGF)1. (Brett et al., 2014)  

Cholesterol is used by the fetus for several processes. For example, it is a 

component of cell membranes, and a precursor for bile acid and steroid hormones, 

and is involved in cell proliferation and differentiation (Zeng et al., 2017). The fetus 

is also able to synthesize cholesterol; about 22–40% of the fetus’ cholesterol is 

maternally derived in the last trimester, suggesting that the rest is synthesized de 

novo by the fetus (Pitkin, Connor, & Lin, 1972). The placenta is able to transport 

cholesterol to the fetus in the form of HDL, LDL and VLDL particles (Woollett, 

2011). 

Ketone bodies act as a secondary source of energy for the growing fetus in 

when insufficient glucose is available. The transfer of ketones to the fetus is 

especially elevated during maternal fasting periods. Maternal ketogenesis increases 

towards late gestation, thus ensuring optimal energy availability for the growing 

fetus and ketones can also be used as substrates in brain lipid synthesis. Ketones 

are transported across the placenta either through unfacilitated diffusion or via a 

specific transporter (Zeng et al., 2017). The metabolic changes that occur during 

pregnancy are summarized in Table 1. 
  



54 

Table 2. Metabolic changes typically seen during the early and late stages of pregnancy. 
↑ = increases, ↔ = unchanged, ↓ = decreases. 

Maternal metabolic changes Early pregnancy Late pregnancy 

Glucose metabolism   

Insulin production ↔ ↑ 

Insulin resistance ↓/↔ ↑ 

Gluconeogenesis ↔ ↑ 

Fasting serum glucose levels ↔ ↓ 

Anabolic fat storage ↑ ↓ 

Lipid metabolism   

Lipolysis ↔ ↑ 

Serum triglyceride levels ↔ ↑ 

Ketogenesis ↔ ↑ 

Maternal cholesterol usage ↑ ↓ 

Other factors   

Plasma volume ↑ ↑↑ 

Serum Hb levels ↔ ↓ 

The rate of fetal growth is governed by many factors. One of the most studied is 

uteroplacental function, since the growing fetus is dependent on it for respiratory, 

hepatic and renal functions, and problems of placental formation or functions may 

lead to pre-eclampsia and fetal growth restriction (Mayer & Joseph, 2013). As with 

the macro structure of the placenta, the expression of carriers and transporters in 

the placental tissue also affect the nutritional flux from the mother to the fetus. 

Low birth weight predisposes to postpartum pathologies, and furthermore, 

increases the risks of various diseases in adulthood. In newborns, low birth weight 

carries a risk of conditions such as hypoglycemia, hypothermia, hypercoagulability, 

hyperbilirubinemia, hypotension and respiratory distress syndrome (Negrato & 

Gomes, 2013). Adults who were born small for their gestational age have an 

elevated risk of developing type 2 diabetes (Harder, Rodekamp, Schellong, 

Dudenhausen, & Plagemann, 2007), coronary vascular diseases (Forsén et al., 1997; 

Ramadhani et al., 2006), hyperlipidemia (Nair et al., 2009), metabolic syndrome 

(Boney, Verma, Tucker, & Vohr, 2005) and obesity (Kensara et al., 2005). 
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2.5.3 Pregnancy in high-altitude conditions 

High-altitude conditions are a challenge for gestation. High-altitude conditions 

have been associated with lower-than-average birth weights among many 

ethnicities (Jensen & Moore, 1997; Levine et al., 2015; Mortola, Frappell, Aguero, 

& Armstrong, 2000; Soria, Julian, Vargas, Moore, & Giussani, 2013). It has been 

reported that the average fetal birth weight decreases by approximately 100 g for 

every 1000 m above sea level (Soria et al., 2013).  

High altitude is the second most important determining factor when it comes 

to birth weight, duration of gestation being the most important (Jensen & Moore, 

1997; Julian et al., 2007; Krampl, 2002). The effect of high-altitude conditions on 

fetal growth is more prominent than, for example, maternal smoking. This is 

noteworthy, because as mentioned in section 2.5.2, low birth weight increases the 

risk of several pathologies. It is estimated, that about half of the reduction in birth 

weight seen at high altitudes is attributable to a tripling in risk of pre-eclampsia 

(Keyes et al., 2003). Physiological changes arising from high-altitude pregnancies 

include dilated placental vessels, higher uterine artery blood flow and lower fetal 

heart rate, which all compensate for the low levels of oxygen (Ritchie, Oakes, 

Kennedy, & Polson, 2017). 

In an animal model of high-altitude pregnancy, the exposure of pregnant mice 

for a five hour period to severe hypoxic conditions equivalent to 7500–8000 m of 

altitude resulted in fetal resorbtion and malformations (Ritchie et al., 2017). 

Reduced birth weights have also been reported in several animal models wherein 

gestational animals have been housed in mild-to-moderate hypoxic conditions (de 

Grauw, Myers, & Scott, 1986; Jacobs, Robinson, Owens, Falconer, & Webster, 

1988; Ream, Ray, Chandra, & Chikaraishi, 2008) 

Populations that have adapted to the high-altitude climate, such as Andeans 

and Tibetans, have developed coping mechanisms for supporting the fetal growth 

under these conditions. These indigenous populations show less reduction in birth 

weights at high altitude than populations with a shorter history of high-altitude 

residence; birth weight among indigenous Andean and Tibetan populations is 

reduced only one third as much as is seen in non-adapted Europeans (Moore et al., 

2011). Andeans and Tibetans both have greater uterine artery volumetric flow and 

O2 delivery than non-adapted populations, due to a higher rate of pelvic blood flow 

redistribution (Moore, 2017).  

In a study of pregnancy at different altitudes, mothers living at high-altitude 

conditions of 4300 m, had a blood oxygen saturation of 89.9% and a pO2 level of 
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7.1 kPa (normal range 10–14 kPa) (McAuliffe, Kametas, Krampl, Ernsting, & 

Nicolaides, 2001). However, in this study, women whose families had lived at a 

high altitude for at least three generations maintained their oxygenation throughout 

pregnancy better than those who had a family history of high-altitude living of less 

than three generations, suggesting the development of a genetic coping mechanism. 

Interestingly, a study of children born at high altitude found that those born of 

European mothers were nearly five times more likely than those born to Andean 

mothers to be small for their gestational age (Julian et al., 2007). Further genetic 

analysis revealed that a single nucleotide polymorphisms (SNP) in two HIF-related 

gene genes, EDNRA and PRKAA1 (also known as AMPKα1), was associated with 

higher birth weights in both high altitude and normoxic conditions (Bigham et al., 

2014).  

Additionally, pregnant women living at high altitudes have lower plasma 

glucose levels than those living at sea level, which could be attributable to poorer 

intake, decreased absorption or altered metabolism of glucose (Krampl et al., 2001). 

No difference in the prevalence of GDM has been found between mothers living at 

moderate and high altitudes, although high BMI and greater gestational age 

increase the risk of GDM at moderate, but not high altitudes (Euser et al., 2018).  

2.5.4 HIF and pregnancy 

Hypoxia is present in normal embryonic development and partial hypoxia is 

necessary for normal fetal development and growth. In the first trimester, before 

placental development, the fetal arterial and venous blood has a very low oxygen 

content of 4%, yet severe hypoxia in further gestation leads to embryonic death or 

birth defects (Ritchie et al., 2017). Non-physiological fetal hypoxia can be caused 

by three factors: preplacental hypoxia (both mother and fetus are hypoxic), 

uteroplacental hypoxia (embryonic hypoxia caused by dysfunction of the placenta) 

and postplacental hypoxia (only the fetus is hypoxic) (Kingdom & Kaufmann, 

1997). 

Prenatal hypoxia is associated with many pathologies later in life. The 

developing fetus can compensate for acute periods of hypoxia by redistributing the 

blood flow towards vital organs, such as the brain. Chronic hypoxia causes 

asymmetric fetal growth restriction and, as a compensatory mechanism, ventricular 

and aortic wall thickening. Studies done on rats have revealed fetal aortic wall 

thickening in hypoxic pregnancies, with the adult offspring later displaying 
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enhanced myocardial contractility and endothelial dysfunction in peripheral 

resistance vessels. (Dino A Giussani et al., 2012) 

Animal models have shown that knockouts of HIF1α and HIF2α or HIFβ lead 

to abnormal placentation and thence to embryonic lethality (Macklin, McAuliffe, 

Pugh, & Yamamoto, 2017). This demonstrates that normal placental development 

requires HIF stabilization. Placental dysfunction leading to circulatory problems 

may cause hypoxia for the growing fetus. Placental levels of HIF1  were elevated 

in a mouse model of pre-eclampsia and human pre-eclampsia patients, suggesting 

that HIF-1α promotes placental disease progression (Iriyama et al., 2015).  

As previously mentioned, hypoxia and atherosclerosis are interlinked. 

Interestingly, when pregnant rats were exposed to 10% O2, their offspring showed 

elevated levels of pro-inflammatory cytokines, which led to the early stages of 

atherosclerosis (Zhang et al., 2016). 
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3 Aims of the present study  
In studies using a HIF-P4H-2 hypomorphic (Hif-p4h-2gt/gt) murine model, our 

research group previously showed that inhibition of HIF-P4H-2 protects from 

various conditions associated with metabolic syndrome, such as obesity,  

hypercholesterolemia and insulin resistance (Hyvärinen et al., 2010; Rahtu-Korpela 

et al., 2014). These mice also had less WAT inflammation than their WT littermates. 

The phenotype that protected from obesity and metabolic dysfunction protective 

phenotype was reproduced in WT mice when they were treated with the pan HIF-

P4H inhibitor FG-4497 (Rahtu-Korpela et al., 2014). The pathophysiology of 

atherosclerosis, on the other hand, is centered on lipid accumulation due to high 

serum cholesterol levels and local inflammation. High-altitude pregnancy results 

in lower birth weight via mechanisms that are still unclear.  In addition, maternal 

glucose is the most important energy source for the growing fetus. For these reasons, 

the aims of the present study were: 

I  To investigate whether genetic or pharmacologic HIF-P4H-2 inhibition in Ldlr-

deficient mice, could prevent the development of atherosclerosis. 

II  To study the role of inhibition of the fourth HIF-P4H, P4H-TM, in the 

development of atherosclerosis in Ldlr-/- mice  

III  To decipher the effects of exposure to hypoxic conditions on maternal 

gestational glucose and lipid metabolism and to reveal whether these effects 

correlate with birth weight.  
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4 Methods 
Table 3. Materials 

Mouse models  Gene modification strategy  Used in 

Hif-p4H-2gt/gt Genetrap I 

LdLr-/- Knockout I 

LdLrHlb3011 ENU mutagenesis I 

LdLrHlb3011/Hif-p4H-2gt/gt ENU mutagenesis/Genetrap I 

P4h-tm-/- Knockout II 

P4h-tm-/-/LdLr-/- Knockout/Knockout II 

C57BL/6NCrl - III 

Table 4. Methods 

Level  Method Used in 

DNA PCR I,II 

RNA RNA isolation I,II,III 

 Quantitative real-time PCR analyses I,II,III 

 RNA sequencing (RNA-seq) III 

Protein ELISA (insulin, glucagon) I,III 

 SDS-PAGE and Western blotting I 

Tissue Preparation and staining of paraffin sections I,II,III 

 Immunohistochemichal stainings I,II 

 Histological analyses I,II,III 

 Determination of blood glucose levels I,III 

 Determination of tissue glycogen levels III 

 Determination of serum lipid levels I,II,III 

 Determination of serum hemoglobin levels III 

 Determination of blood lactate levels III 

 Determination of serum ketoacid levels III 

 Urine analysis III 

 Analysis of circulating antibodies I,II 

 Determination of gluconeogenesis III 

 Analysis of atherosclerosis I,II 

In vivo Administration of HFD I,II 

 Administration of a HIF-P4H inhibitor (FG-

4497) 
I 

 Glucose tolerance test I,III 

 Deoxyglucose uptake test III 

Other Statistical analysis I,II,III 

 Analyses of histological measurements I,II,III 

 Animal experimentation license I,II,III 
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5 Results 

5.1 HIF-P4H-2 inhibition protects against development of 
atherosclerosis 

5.1.1 Pharmacological HIF-P4H inhibition in LDLR–deficient mice 
reduced weight gain, accumulation of adipose tissue and 
inflammation in adipose tissue 

Outcomes in Ldlr−/− mice fed a HFD were treated with FG-4497 for 13 weeks were 

compared with those in a vehicle-treated control group. Weight gain (Fig. 1A in I), 

liver weight (Fig. 1B in I), WAT weight (Fig. 1C in I), adipocyte size (Fig. 1D in I) 

and WAT macrophage aggregate count (Fig. 1E and F in I) were all significantly 

lower in the FG-4497-treated mice than in the vehicle-treated controls. 

5.1.2  Pharmacological HIF-P4H inhibition reduced aortic plaque area 
in LDLR-deficient mice 

The FG4497-treated mice had a reduction of ≈50% in the areas of calcified plaques 

both in the full-length aortas (Fig. 2A in I) and at the aortic origin (Fig. 2B in I) 

compared with the vehicle group, with the necrotic core area being <30% of that 

seen in the controls (Fig. 2E in I). The FG-4497-treated mice also had a lower total 

area of foam macrophages (Fig. 2D in I). Body weight (Fig. 3A and B in I), serum 

cholesterol levels (Fig. 3C and D in I) and the number of WAT macrophage 

aggregates (Figs. 3E and F in I) all correlated positively with the sizes of the 

plaques in the whole aorta and at the aortic origin, suggesting that lower weight, 

lower cholesterol levels and fewer macrophages were factors that protected against 

atherosclerosis development in the FG-4497–treated mice. 

5.1.3 Pharmacological inhibition of HIF-P4H reduced insulin 
resistance and enhanced glucose metabolism in LDLR-
deficient mice 

Insulin resistance was measured in the experimental animals using the Homeostasis 

Model Assessment of Insulin Resistance (HOMA-IR) equation. Since the FG-

4497-treated mice had lower insulin levels than the vehicle group, but with no 



64 

observed difference in blood glucose levels, HOMA-IR scores were lower in the 

FG-4497 group (Fig. 1G in I). At the mRNA level the expression of HIF1α target 

genes for glycolysis was generally higher in the livers and WAT of FG-4497-treated 

than of vehicle-treated mice (Online-only Fig. 1B and C in I). 

5.1.4 Pharmacological HIF-P4H inhibition in LDLR-deficient mice 
reduced serum cholesterol levels and increased levels of 
circulating atherosclerosis-protective autoantibodies  

Levels of total cholesterol, HDL, LDL+VLDL cholesterol and triglycerides were 

elevated to a lesser extent in FG-4497-treated mice than in controls during the HFD 

(Fig. 1H, I, J, K and L in I). Further experiments revealed that the FG-4497 treated 

mice had a nonsignificant reduction in mRNA expression of hepatic Hmgcoar, a 

key gene in the regulation of cholesterol synthesis, compared with the control group. 

(Online-only Fig. 1B in I). Accordingly, the FG-4497-treated mice had reduced 

amounts of squalene, the first measurable intermediate of cholesterol biosynthesis 

after acetyl-CoA both in the liver and serum, compared with the control group 

(Online-only Table II in I). The liver level of mRNA for lipoprotein lipase (Lpl) 

was about 2-fold greater in the FG-4497-treated than in controls, although this 

result did not quite reach significance (Online-only Fig. 1B in I). This may 

represent the presence of a mechanism to compensate for impaired hepatic 

cholesterol synthesis. 

Natural autoantibodies to oxidized lipids are reported to be protective against 

the development of atherosclerosis (Hulthe et al., 2001; Karvonen et al., 2003; 

Tsimikas et al., 2007). Such autoantibodies were of interest to understand the 

possible mechanisms of the anti-inflammatory and immunological properties of 

HIF-P4H inhibition, because of the observed reduction in WAT inflammation and 

atheroprotective effects. Even though the total circulating IgG and IgM levels and 

the oxidation-specific autoantibody levels increased in a similar manner in both 

groups (Fig. 4 in I), the FG-4497-treated mice, but not the controls, also showed a 

significant increase in the level of CuOx-LDL IgG autoantibodies (Fig. 4B in I). 

The higher levels of CuOx-LDL IgG autoantibodies correlated negatively with 

plaque size at the aortic origin but not in the whole aorta (Fig. 4G and H in I). 
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5.1.5 Genetic HIF-P4H-2 inhibition reduced aortic plaque area and 
adipose tissue inflammation and increased levels of circulating 
atherosclerosis-protective autoantibodies 

To study whether the atheroprotective feature of HIF-P4H inhibition was 

specifically attributable to inhibition of HIF-P4H-2, a new mouse line was 

generated, which featured both HIF-P4H-2 hypomorphism and LDLR deficiency. 

As crossing of Hif-p4h-2gt/gt with Ldlr-/- leads to embryonic lethality we crossed 

Hif-p4h-2gt/gt with LdlrHlb301 mice (the latter having a missense mutation at C699Y 

in the LDL receptor). As in the parental line, HIF1α, but not HIF2α, was stabilized 

in the WAT of the LdlrHlb301/Hif-p4h-2gt/gt mice, but unlike the Hif-p4h-2gt/gt mice, 

in this new line HIF1α but not HIF2α was stabilized in the liver (Online-only Fig. 

IIB in I). On regular chow the LdlrHlb301/Hif-p4h-2gt/gt mice were lighter than the 

LdlrHlb301 mice (Fig. 5A in I) but this difference was not maintained on an HFD and 

no difference was seen between the two genotypes in WAT weight or adipocyte size 

(Fig. 5B in I). However, the number of WAT macrophage aggregates was lower in 

the LdlrHlb301/Hif-p4h-2gt/gt than the LdlrHlb301line (Fig. 5C in I). Neither HOMA-IR 

scores (Online-only Fig. IID in I) nor cholesterol levels (Fig. 5D in I) differed 

between the genotypes. Interestingly, the LdlrHlb301/Hif-p4h-2gt/gt mice were 

protected from the development of atherosclerosis, having a ≈50% reduction in 

whole aorta plaque area (Fig. 5E in I) and a ≈40% reduction at the aortic origin 

(Fig. 5F in I). Moreover, the area of the necrotic core (Fig. 5H in I) and the area of 

foam macrophages (Fig. 5G in I) were lower in the plaques of the LdlrHlb301/Hif-

p4h-2gt/gt than in those of the LdlrHlb301animals. The number of WAT macrophage 

aggregates correlated positively with plaque sizes in the whole aorta and at the 

aortic origin (Fig. 5I in I), suggesting that reduced WAT inflammation was also 

associated with atherosclerosis protection in this model. 

LdlrHlb301/Hif-p4h-2gt/gt mice had higher levels than the LdlrHlb301animals of 

serum IgM autoantibodies to CuOx-LDL and MAA-LDL (Fig. 6A in I) and IgG 

autoantibodies to CuOx-LDL and MAA-LDL (Fig. 6B in I). The levels of IgM 

CuOx-LDL and IgM MAA-LDL autoantibodies both correlated negatively with 

plaque necrotic core area and the level of IgM MAA-LDL autoantibodies with 

plaque size at the aortic origin (Fig. 6C in I). 

There was no difference between the Hif-p4h-2gt/gt and LdlrHlb301 mice in total 

hepatic cholesterol levels, but the hepatic level of squalene was significantly lower 

in the Hif-p4h-2gt/gt, as was previously observed in the FG-4497–treated Ldlr-/- mice, 

further supporting the postulate of reduced synthesis (Online-only Table III in I). 
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Having previously found that the hepatic mRNA levels of sterol regulatory 

element-binding protein 1c (Srebp1c), acetyl-CoA carboxylase α (Accα), and fatty 

acid synthase (Fas) were lower and that for insulin receptor substrate 2 (Irs2) 

higher in the Hif-p4h-2gt/gt mice than in their WT littermates, we now additionally 

observed a significant reduction in the level of hepatic stearoyl-CoA desaturase 

1(Scd1) mRNA (Fig. 6E in I).   

To establish a causality between HIFα stabilization and the observed phenotype, 

we extracted primary hepatocytes from the Hif-p4h-2gt/gt mice and knocked down 

Hif1α or Hif2α by siRNA transfections in them (Fig. 6F in I). Two independent 

siRNAs for Hif1α and Hif2α resulted in >85% and 60% to 70% downregulation of 

the corresponding mRNA levels, respectively, and interestingly, downregulation of 

one isoform resulted in upregulation of the other (Fig. 6F in I). The downregulation 

of either Hif1α or Hif2α resulted in downregulation of Irs2 and upregulation of 

Srebp1c, Accα, Fas, and Scd1 mRNA levels. As expected, downregulation of Hif1α 

in these Hif-p4h-2gt/gt hepatocytes devoid of HIF1α stabilization did not alter the 

mRNA levels of the glycolytic genes phosphofructokinase (Pfkl) and pyruvate 

dehydrogenase kinase 1 (Pdk1).The downregulation of Hif2α increased the levels 

of Pfkl and Pdk1, most likely because of simultaneous Hif1α mRNA upregulation 

(Fig. 6F in I). Hmgcr was upregulated when either Hif1α or Hif2α was 

downregulated, indicating that it is regulated by both HIFαs (Fig. 6F in I). 

5.2 P4H-TM deficiency in mice protects from atherosclerosis  

5.2.1 P4htm-/-/Ldlr-/- mice had reduced serum triglyceride levels 

P4H-TM and Ldlr-deficient mice (P4htm-/-/Ldlr-/-) were generated for the 

experiments and P4htm+/+/Ldlr-/- served as a control group. The 3-month old mice 

were fed an HFD for 13 weeks. P4htm-/-/Ldlr-/- animals presented with lower serum 

triglycerides than the P4htm+/+/Ldlr-/- mice (Fig. 2B in II). This significant 

difference was seen when both groups were fed normal chow, and persisted after 

the introduction of the HFD with serum triglyceride levels being ~40% lower in the 

P4htm-/-/Ldlr-/- mice. No difference between the genotypes was seen in the total 

cholesterol, HDL and LDL+VLDL or in the HDL/LDL+VLDL ratio (Fig. 2A in II). 

Interestingly, the serum triglyceride levels of the P4htm+/+/Ldlr-/- line were 

significantly higher than those of P4htm+/+ mice (1.36 ± 0.12 mmol/l vs. 2.40 ± 

0.48 mmol/l, p = 0.00097) (Fig. 2B, C in II), but triglyceride levels were similar in 



67 

the P4htm-/- and P4htm-/-/Ldlr-/- lines (1.81 ± 0.10 mmol/l vs. 1.52 ± 0.10 mmol/l, 

p = 0.32) (Fig. 2B, C in II). No difference was seen between the genotypes in total 

body, liver, WAT or spleen weights (Fig. 1A, B in II).  

5.2.2 P4htm-/-/Ldlr-/- mice had fewer atherosclerotic plaques in the 
whole aorta 

After 13 weeks on HFD, en face analysis of the Sudan IV-stained aorta revealed 

that P4htm-/-/Ldlr-/- mice had fewer aortic plaques whole aorta than the 

P4htm+/+/Ldlr-/- animals (Fig. 3A, B in II). However, at the valvular level, 

histological examination of cross-sections found 50% more plaques in the P4htm-/-

/Ldlr-/- mice, but this finding did not reach significance (Fig. 3C, D in II). This 

difference may be due to differential distribution of plaques, with greater 

concentrations in the aortic arch, branches and junctions.  

5.2.3 Knockout of P4H-TM induced a trend for higher hepatic levels 
of triglycerides and alterations to pathways that regulate lipid 
metabolism and immunological responses in the liver 

Histological analyses found that both P4htm-/-/Ldlr-/- and P4htm+/+/Ldlr-/- mice had 

severe hepatic steatosis as a result of the HFD and no significant difference was 

seen between genotypes (Fig. 4A, B in II). Levels of liver triglycerides were ~20% 

higher in the P4htm-/-/Ldlr-/- than the P4htm+/+/Ldlr-/- mice, although this difference 

was not significant (Fig. 4C in II). Using the RNASeq method we determined 

differentially expressed hepatic genes. Compared with  P4htm+/+/Ldlr-/- livers, 

P4htm-/-/Ldlr-/- livers showed greater RNA expression of genes involved in 

immunological and inflammatory processes, such as the phagosome, FcγR-

mediated phagocytosis, chemokine signaling and antigen processing and 

presentation, cell adhesion and cholesterol metabolism pathways (Fig. 5C, 

Supplemental Table 2 in II). The genes found to have lower RNA expression in 

P4htm-/-/Ldlr-/- livers were associated with the complement and coagulation 

cascades, several pathways associated with amino acid metabolism, omega-6-fatty 

acid pathways fatty acid degradation, steroid hormone synthesis, retinol 

metabolism and peroxisome pathways (Fig. 5D, Supplemental Table 2 in II). The 

Hepatic LPL is responsible for hydrolysing triglycerides in chylomicrons and 

VLDL. Our RNAseq data showed that its expression was 1.8-fold greater in the 

P4htm-/-/Ldlr-/- mice than in the P4htm+/+/Ldlr-/- mice (Supplement Table 1 in II, p 
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= 0.003). Plasma LPL has been associated with atheroprotective qualities, although 

contradictory results have been reported (Stein & Stein, 2003). However, the 

overexpression of LPL in ApoE-/- mice results in decreased serum triglyceride 

levels and less aortic lesions, with no changes in the levels of serum total 

cholesterol and HDL (Yagyu et al., 1999), while hepatic LPL overexpression 

increases liver triglyceride content (Kim et al., 2001). These findings portray a 

similar phenotype to that seen in our P4htm-/-/Ldlr-/- mice, which also displayed 

reduced serum triglyceride levels and increased liver triglycerides. 

5.2.4 Elevated circulating levels of atheroprotective autoantibodies 
were found in the P4htm-/-/Ldlr-/- mice  

The analysis of circulating immunoglobulin autoantibodies showed no difference 

in levels of total IgG, CuOx-LDL IgG or MAA-LDL IgG at any time point (Fig. 

6A, B, C in II). No difference was seen between the genotypes at 0 weeks in the 

levels of total IgM, CuOx-LDL IgM, or MAA-LDL IgM on normal chow (Fig. 6D, 

E, F in II). However, at 9 weeks on HFD the levels of total IgM and the CuOx-LDL 

IgM fractions increased significantly and nearly significantly, respectively, in the 

P4htm-/-/Ldlr-/- plasma compared with P4htm+/+/Ldlr-/-  (Fig. 6D, E in II), and these 

differences persisted at 13 weeks (Fig. 6D, E in II). The serum triglycerides at 13 

weeks, which had a significant difference between the genotypes, correlated 

negatively with the CuOx-LDL IgM at 9 weeks and 13 weeks (Fig. 7E, F in II). Of 

these two the latter was nearly significantly increased in the P4htm-/-/Ldlr-/- 

compared with P4htm+/+/Ldlr-/- (Fig. 6E in II). 

5.3 Hypoxia causes reductions in birth weight by altering maternal 
glucose and lipid metabolism 

5.3.1 Hypoxia reduced birth weight, maternal weight gain and 
catabolic reserve of maternal adipose tissue in pregnant mice 

C57BL6/NCrl dams were housed throughout gestation in normobaric hypoxic  

(15% O2) or normoxic (21% O2) conditions with ad libitum feeding. Mice were 

sacrificed at E9.5 (mid pregnancy) or E17.5 (late pregnancy). At E17.5, the embryo 

weight was 4% lower under hypoxic conditions than under normoxic conditions 

(Fig. 1d in III). There was no difference between the hypoxic and normoxic groups 



69 

in embryo number or placental weight at E17.5 (Fig. 1a and b in III). Gonadal WAT 

weight was 25% lower in the hypoxic group at E9.5 and 16% lower at E17.5 

compared with the normoxic group (Fig. 1h in III). Correspondingly, at E17.5 

gonadal WAT adipocyte size was 14% smaller in the hypoxic group than the 

normoxic group, which correlated positively with the embryonic weight findings, 

while no difference in liver weight was seen (Fig. 1g in III). 

Gonadal WAT weight fell by 11% from E9.5 to E17.5 under normoxia but 

remained constant in the hypoxic mice (+1%) over the same period (Fig. 2a in III). 

Viewed alongside the lower WAT weight in the hypoxic dams, this suggests that 

the hypoxic dams did not go thorough the process of anabolic fat storage in later 

pregnancy the same way as the normoxic animals. The normoxic dams also had 

higher urine levels of free fatty acids and ketoacids (Fig. 2b and Table I in III), 

suggesting a higher lipolytic activity in the normoxic dams’ adipose tissue. No 

significant differences were detected between the normoxic and hypoxic dams at 

E17.5 in the levels of serum ketoacids, cholesterol or triglycerides (Fig. 2c, d, e in 

III). 

5.3.2 Hypoxia improved glucose sensitivity, reduced insulin 
resistance and increased glucagon levels in pregnant mice  

Maternal glucose tolerance at E9.5 and E17.5 was superior in the hypoxic mice 

compared with those kept in normoxic conditions (Fig. 3a and b in III). At E9.5 

there was no difference in fasting blood glucose between the groups. However, it 

was significantly lower in the hypoxic dams at E17.5  (Fig. 3a and b in III). As 

expected in late pregnancy because of increased glucose usage, maternal fasting 

blood glucose levels in both groups fell between E9.5 and E17.5 but the decline 

was significantly greater in the hypoxic than the normoxic group (Fig. 3a and b in 

III). Although insulin levels and HOMA-IR scores increased overall in both groups, 

fasting insulin levels doubled by E17.5 in the hypoxic group, but tripled in the 

normoxic group. The average HOMA-IR score did not change between E7.5 to 

E19.5 in the hypoxic group, but tripled in the normoxic group (Fig. 3c and d in III). 

These findings suggest that the hypoxic conditions resulted in the failure to develop 

the regular degree of gestational insulin resistance in late pregnancy. 

In late pregnancy (E17.5) the serum glucagon levels were 2-fold higher in the 

hypoxic dams compared with normoxic animals (Fig. 4a in III), which may be due 

to the lower insulin levels seen in the hypoxic dams. Even though the livers of the 

hypoxic dams had higher expression levels of Phospoenolpyruvate carboxykinase 



70 

(Pepck) mRNA, their hepatic PEPCK catalytic activity was significantly lower than 

that of the normoxic animals (Fig. 4b and c in III). There was no difference between 

groups in the level of serum lactate, a major substrate for gluconeogenesis (Fig. 4d 

in III), suggesting that if the low hepatic PEPCK activity under hypoxic conditions 

was due to a scarcity of gluconeogenic substrates, a deficit in the amount of 

glucogenic amino acids was likely responsible. 

The average glycogen level in the livers of the hypoxic dams was 25% lower 

than that of the normoxic group, with no difference in kidney or skeletal muscle 

glycogen levels. Taken together, the hepatic findings support that hypoxic 

conditions promote the downregulation of glycogenesis and upregulation of 

glycogenolysis (Fig. 4f in III). Accordingly, qPCR analyses of the tissues revealed 

that the hypoxic dams presented with downregulation of Glycogenin (Gyg) mRNA 

in the liver and kidney and of Glycogen branching enzyme 1 (Gbe1) mRNA in 

kidney, while Glucose-6-phosphatase (G6pc) mRNA was upregulated in the liver 

(Fig. 4g and h in III). 

5.3.3 Hypoxia promoted glucose uptake in multiple maternal organs  

A radioactive deoxyglucose intake test revealed that hypoxic conditions resulted in 

increased glucose intake to nearly all maternal tissues at E17.5. In most tissues 

glucose intake was ~2-fold higher in the hypoxic than the normoxic dams (Fig. 5a 

in III). In both normoxic and hypoxic dams, the kidney had the highest glucose 

intake, followed by the placenta and liver (Fig. 5a in III). Maternal renal and hepatic 

glucose intake correlated negatively with embryonic weight (r = −0.52, 

P�<�0.05 and r�=�−0.55, P�<�0.05, respectively). The most prominent 

difference between the groups in glucose intake was seen in the heart: in hypoxia, 

glucose intake levels were similar in the heart and the brain whereas in normoxia, 

brain glucose intake exceeded that of the heart (Fig. 5a in III).  

5.3.4 Hypoxia increased haemoglobin levels and expression of HIF-
target genes in both maternal and fetal tissues 

Maternal hemoglobin (Hb) levels were significantly higher under hypoxia than 

normoxia at E17.5, which is indicative of activation of the hypoxia response (Fig. 

1e in III). In the hypoxic group we saw a significant upregulation in mRNA levels 

of Phosphofructokinase (Pfk) (an HIF1 target gene and a rate-limiting enzyme of 

glycolysis) at E17.5 in the maternal liver, gonadal WAT and skeletal muscle, and in 
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the embryonic liver and skeletal muscle (Fig. 5b, c, d, e and f in III). Secondly, the 

hypoxic group also showed significant upregulation in the maternal liver of mRNA 

levels of insulin receptor substrate 2 (Irs2), an HIF2 target gene and a key protein 

for increasing insulin sensitivity (Fig. 5b in III). Thirdly, hypoxic maternal gonadal 

WAT showed an increase in mRNA levels of Pyruvate dehydrogenase kinase 1 

(Pdk1), an HIF1 target gene that downregulates OXPHOS) (Fig. 5c in III). Taken 

together, these findings suggest that the following processes occurred in the 

hypoxic dams: activation of the hypoxia response, enhanced glucose uptake and 

glycolysis, and downregulation of OXPHOS. 
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6 Discussion 

6.1 The role of HIF-P4H inhibition in the prevention and treatment 
of atherosclerosis  

6.1.1 HIF-P4Hs and lipid metabolism in atherosclerosis 

Atherosclerosis is a disease that affects populations worldwide, manifesting as 

ischemic strokes, ischemic heart disease and peripheral arterial disease. Although 

atherosclerosis-related mortality rates have declined in high-income countries, 

many low-to-moderate income countries still have an increasing trend of mortality. 

Various risk factors have been identified, such as smoking, increased serum lipid 

levels, diabetes mellitus, high blood pressure. Yet we still require new 

pharmacological interventions to prevent and treat atherosclerosis. Therefore, 

clinical and experimental scientific approaches must be combined to establish new 

strategies by which to reduce the morbidity and mortality atherosclerosis induces 

through it many manifestations. (Herrington, Lacey, Sherliker, Armitage, & 

Lewington, 2016; Libby et al., 2011) 

Lipid metabolism plays a fundamental role in the development of 

atherosclerosis. Comprehensive studies have shown that high LDL levels in 

humans predispose to cardiovascular events, and that monogenic disorders that 

increase LDL levels carry a heightened risk of cardiovascular complications (Libby 

et al., 2011). It follows that reduction of serum LDL levels can decrease the 

probability of cardiovascular events and therefore represents key aspect of 

atherosclerosis management (Libby et al., 2011). Our data show that stabilization 

of HIF1α and HIF2α through HIF-P4H-2 inhibition leads to a reduction in serum 

cholesterol levels. This effect is likely driven by several mechanisms, of which one 

was redutions of insulin levels and insulin resistance. HIF target genes induce 

glucose intake in an insulin-independent fashion and Hif-p4h-2gt/gt mice had 

improved glucose tolerance. The catalytic activity of HMG-CoA reductase is 

reduced by low insulin levels. This resulted in lower levels of hepatic squalene and 

reduced hepatic cholesterol synthesis in the FG-4497-treated Ldlr−/− and Hif-p4h-

2gt/gt mice, and reduced levels of serum squalene in the former.  

In addition, both FG-4497-treated Ldlr−/− and Hif-p4h-2gt/gt mice presented 

with reduced expression of hepatic Srebp1c mRNA. Part of the SREBP family of 

key regulators of lipid synthesis in liver, SREBP1 is primarily responsible for fatty 
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acid synthesis whereas SREBP2 in mainly involved in cholesterol synthesis, 

although the functions of the two overlap (Horton, Goldstein, & Brown, 2002). The 

reduced expression of Srebp1c mRNA was most likely due to induced expression 

of the HIF2α target gene Irs2 because Srebp1c is downregulated by IRS2. Srebp1c 

is also a direct target of insulin, and therefore lower insulin levels might also have 

contributed to the reduced expression of Srebp1c mRNA (Leavens & Birnbaum, 

2011). Our hepatocyte data showed that HIF1α and HIF2α can both downregulate 

Srebp1c mRNA, which confirms the findings of earlier studies (Wei et al., 2013). 

Our FG-4497–treated Ldlr−/− and Hif-p4h-2gt/gt mice had reduced mRNAlevels of 

the Srebp1c downstream targets Fas, Accα and Scd1. This leads us to conclude that 

the reduction of Srebp1c likely resulted in reduced de novo hepatic lipogenesis and 

cholesterol synthesis, which concurs with our research group’s earlier findings with 

Hif-p4h-2gt/gt mice (Rahtu-Korpela et al., 2014). Moreover, the improved glucose 

metabolism seen in the FG-4497-treated Ldlr−/− mice manifested as a reduction in 

hepatic Glut2 mRNA expression, which in turn reducted the uptake of glucose and 

hence limited the availability of acetyl-CoA, the building block for cholesterol 

synthesis. Similar findings were seen previously in Hif-p4h-2gt/gt mice (Rahtu-

Korpela et al., 2014). From these findings we can conclude that the HIF2α 

stabilization (or stabilization of both HIF1  and HIF2 ) and the reduced insulin 

resistance found in the livers of FG-4497-treated Ldlr−/− and Hif-p4h-2gt/gt mice but 

not in the LdlrHlb301/ Hif-p4h-2gt/gt mice that only had hepatic stabilization of HIF1 , 

were associated with reductions in serum cholesterol levels. 

Following the findings regarding HIF-P4H-2 inhibition, and treatment with 

FG-4497 which, in addition to inhibiting HIF-P4Hs 1-3, also inhibits P4H-TM, 

albeit with an elevation of IC50 value of approximately 100 (Laitala et al., 2012), 

we wanted to study whether the atheroprotective phenotype could also be seen in 

the P4H-TM deficient mice. Increased serum triglyceride levels have been shown 

to be an independent risk factor for atherosclerosis (Hokanson & Austin, 1996; 

Sarwar et al., 2007). The serum triglyceride levels of our P4htm-/-/Ldlr-/- animals 

were significantly lower than those of the the P4htm+/+/Ldlr-/- mice before the 

introduction of the HFD and their levels remained reduced after 13 weeks on HFD 

(Figure 2B). No difference was seen between these genotypes in serum total 

cholesterol, HDL or LDL+VLDL levels. Plasma triglycerides are composed of 

remnant particles which include VLDLs, intermediate-density lipoproteins and, in 

the non-fasting state, chylomicron remnants. Since we found no difference between 

the genotypes in total LDL and VLDL levels (Fig. 2C), we conclude that the 

difference in triglyceride levels was most likely driven by a difference in the level 
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of chylomicrons. Chylomicrons are too large to penetrate intact endothelium 

(Fogelstrand & Borén, 2012). However, as with LDL cholesterol, both VLDL and 

chylomicron remnants can be ingested by macrophages in the arterial wall and 

increase inflammation and plaque growth, thus leading to atherosclerosis. Because 

of their large size, each trapped particle contributes a large amount of lipids and 

therefore only a modest accumulation of chylomicron remnants might significantly 

contribute to the vascular lipid deposition. However, unlike LDL, neither VLDL 

nor chylomicrons require oxidative modifications for the promotion of 

atherogenesis (Budoff, 2016). Therefore, the atheroprotective phenotype we 

observed in the P4htm-/-/Ldlr-/- mice may have been partly due to their lower level 

of triglycerides. 

The RNASeq data revealed that, compared with the P4htm+/+/Ldlr-/- genotype, 

the P4htm-/-/Ldlr-/- mice had a significantly higher level of expression of hepatic 

Lpl RNA, which codes for an enzyme responsible for hydrolysing the triglycerides 

in chylomicrons and VLDL. The atheroprotective role of plasma LPL is well 

established, although contradictory results have been reported (Stein & Stein, 2003). 

One study found that overexpression of LPL in ApoE-/- mice resulted in decreased 

serum triglyceride levels and fewer aortic lesions (Yagyu et al., 1999). Another 

murine model revealed that hepatic overexpression of LPL resulted in increased 

presence of triglycerides in the liver and the deletion of hepatic LPL increased 

serum triglycerides (Kim et al., 2001), which aligns with the trend we saw with the 

liver triglycerides of the P4htm-/-/Ldlr-/- mice. Furthemore, we found reduced 

expression of certain apolipoprotein RNAs in the livers of our P4htm-/-/Ldlr-/- mice, 

which could have reduced triglyceride transportation, thereby reducing the serum 

triglyceride levels and risk of atherosclerosis. Similar downstream effects have 

been seen with human APOC3 mutations (Crosby et al., 2014; Jørgensen, Frikke-

Schmidt, Nordestgaard, & Tybjærg-Hansen, 2014). The elevated expression of 

Apoa4 RNA, we saw in P4htm-/-/Ldlr-/- livers has previously been associated with 

reduced susceptibility to atherosclerosis and a stable plaque phenotype (Geronimo 

et al., 2016; Recalde et al., 2004). In conclusion, our P4htm-/-/Ldlr-/- mice appeared 

to be protected from atherosclerosis, partly as a result of reductions in serum 

triglyceride levels that may have arisen from elevated hepatic LPL expression. 
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6.1.2 Immunology and its role in atherosclerosis in HIF-P4H-deficient 
mice 

Immunological processes have been identified as central to the development of 

atherosclerosis (Gisterå & Hansson, 2017; Libby et al., 2018). Elevated levels of 

IgM class autoantibodies against modified LDL particles have been shown to 

protect from plaque accumulation and development, and also IgG autoantibodies 

have also been shown to have protective value, although some reports contradict 

this (Binder, 2010; Hulthe et al., 2001; Karvonen et al., 2003; Kyaw et al., 2011; 

Tsimikas et al., 2007). At 13 weeks, our FG-4497-treated Ldlr−/− mice had higher 

levels of autoantibodies against CuOx-LDL than the control group alongside lower 

counts of aortic plaques and less WAT inflammation. Interestingly, LdlrHlb301/Hif-

p4h-2gt/gt mice presented with similar findings of reduction in plaque size, WAT 

inflammation and increased levels of autoantibodies against modified LDL even 

though they did not have a lower amount of serum cholesterol, implying that the 

autoantibodies played an atheroprotective role. The increased levels of 

autoantibodies also correlated negatively with plaque size at the aortic origin and 

the lower number of WAT macrophages correlated positively with plaque sizes in 

the whole aorta and aortic origin, suggesting that reduced inflammation protects 

against the development of atherosclerosis. The P4htm-/-/Ldlr-/- mice, on the other 

hand, had significantly higher levels of total IgM and nearly significantly higher 

levels of CuOx-LDL IgM (p = 0.06) at 9 and 13 weeks on an HFD when compared 

to the P4htm+/+/Ldlr-/- mice. The levels of IgM autoantibodies against CuOx-LDL 

IgM correlated negatively with serum triglyceride levels. Altogether, our data 

suggest that the inhibition of HIF-P4H-2 and P4H-TM are mechanisms that can 

promote innate immune responses that can in turn mediate protection from 

atherosclerosis. 

6.2 Hypoxia alters maternal glucose and lipid metabolism resulting 
in compromised fetal growth 

High-altitude conditions, through chronic hypoxia, reduce birth weight as a form 

of intrauterine growth restriction (IUGR) (Jensen & Moore, 1997; Moore et al., 

2011). Hypoxia can be considered the second most important factor determining 

fetal growth, duration of the gestation being the first (Krampl, 2002). Low birth 

weight predisposes to pathologies later on in life, such as cardiovascular diseases, 

type 2 diabetes and metabolic syndrome (Herrera & Ortega-Senovilla, 2014). 
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IUGR is also associated with infant mortality and morbidity (Barker, 1990), and 

therefore understanding the mechanism behind low birth weight is significant for 

not only the residents of high-altitude conditions but also for other hypoxia-

associated IUGR cases (Moore, 2017). 

HIF is known to regulate glucose and lipid metabolism through its target genes. 

In hypoxic conditions, glucose metabolism shifts towards the non-oxygen requiring 

process of glycolysis, while OXPHOS is simultaneously suppressed (Kaelin & 

Ratcliffe, 2008). HIF induces expression of pyruvate PDK, which is a key regulator 

of glycolysis as it prevents the conversion of pyruvate to acetyl-CoA through 

pyruvate dehydrogenase, thereby inhibiting its usage in the Krebs cycle and 

lipogenesis (Semenza, 2009). To compensate for the deficit in ATP resulting from 

the shift to glycolysis, glucose uptake is also increased via the HIF pathway 

(Semenza, 2009) 

In our murine model, the hypoxic dams presented with enhanced glucose 

tolerance compared with the normoxic dams even though their insulin levels 

increased 2-fold from mid- to late-gestation. This was because their insulin 

resistance remained unchanged, while the HOMA-IR score tripled in the normoxic 

group from mid- to late-gestation. Increasing insulin resistance is a physiological 

adaptation of the process of maternal glucose metabolism that ensures the provision 

of the growing fetus with sufficient glucose (Lain & Catalano, 2007). As elevated 

maternal glucose uptake correlated with lower birth weight, it would appear that 

hypoxia enhances glucose metabolism in such a way as to compromise the glucose 

supply to the growing fetus. In addition, the intake of glucose into the heart tissue 

of the hypoxic dams was double that seen in the normoxic dams.  

Gluconeogenesis increases towards late pregnancy, which is another way to 

ensure glucose availability for the fetal growth. Our hypoxic dams had reduced 

phosphofructokinase (PEPCK) activity, which further limited glucose availability. 

One of the usual metabolic changes of pregnancy is increased usage of fatty acids 

as an energy source to save glucose for fetal fuel (L. X. Liu & Arany, 2014), but 

this metabolic change also appeared to be absent in our hypoxic dams. All things 

considered, the hypoxic dams did not develop the gestational physiological changes 

in glucose metabolism and insulin resistance to the same extent as the normoxic 

dams, which jeopardized optimal fetal growth.   

Our study found that the hypoxic dams were not able to store adipose tissue in 

the anabolic phase of early pregnancy. As hypoxia induces glycolytic metabolism 

and reduces OXPHOS (Rahtu-Korpela et al., 2014), we saw upregulation of the 

HIF target genes Pfk and Pdk in WAT, and this probably contributed to the 
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inefficient glucose metabolism in the adipose tissue and therefore reduced anabolic 

activity. In our study, WAT weight correlated positively with birth weight, implying 

that the failure of anabolic lipogenesis contributed to the reduction in birth weight.  

One possible source of error is the food intake of the dams. The ingestion of 

food was not controlled and the dams were fed freely in their cages. Therefore we 

can not confirm that all the mice ate the exact same amount. 

6.3 Hypoxia and its therapeutic possibilities in glucose and lipid 
metabolism 

The results presented above suggest that hypoxia and HIF-P4H inhibition each alter 

glucose and lipid metabolism and have an impact on immunological pathways. 

Atherosclerosis was reduced in the HIF-P4H-2 deficient mice, independent of 

whether the prevention was achieved through pharmacologic or genetic inhibition. 

These mice also had reduced cholesterol synthesis, reduced inflammation and 

increased amounts of atheroprotective autoantibodies. In addition, the P4H-TM 

deficient mice also presented with reduced numbers of aortic plaques, reduced 

serum triglyceride levels and higher levels of atheroprotective autoantibodies. 

During gestation, hypoxic conditions led to enhanced maternal glucose metabolism 

through increases in insulin sensitivity and glucose flux to maternal tissues, and 

reductions in maternal weight gain and adipose tissue anabolism.  

The role of HIF in the pathomechanism of atherosclerosis is controversial. 

Some studies show that inhibition of HIF-P4H-2 and the resultant stabilization of 

HIF lead to improved glucose and lipid metabolism, reduced serum cholesterol 

levels and protection from metabolic syndrome and obesity (Matsuura et al., 2013; 

Michailidou et al., 2015; Rahtu-Korpela et al., 2014). Other studies show that 

increased expression of HIF1α in mouse lymphocytes reduces inflammation and 

numbers of aortic plaques (Ben-Shoshan et al., 2009), yet on the contrary HIF1α 

expression in humans correlates with a more advanced histology of atherosclerotic 

plaques (Kasivisvanathan et al., 2011). In mice, HIF-P4H-1 knockout has been 

associated with an atheroprotective phenotype, whereas overexpression of HIF-

P4H-3 leads to the opposite result, with greater proliferation of atherosclerotic 

plaques (H. Liu et al., 2016; Marsch et al., 2016). No studies have previously 

examined the relationship between P4H-TM inhibition and atherosclerosis. 

Therefore, studying the role of HIF through pharmacologic and genetic mouse 

models offers new insight into the pathology of atherosclerosis and its association 

with HIF.  
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To date, the treatment of atherosclerosis has focused on the concept of 

reduction of serum cholesterol levels, whereas pharmacological strategy for the 

treatment of atherosclerosis target either the acute or the chronic inflammation 

known to play a role in plaque formation (Khan, Spagnoli, Tardif, & L'Allier, 2015). 

Pro-inflammatory cytokines such as Interleukin-1β (Il-1β), IL-6 and TNFα have 

been targeted pharmacologically resulting in atheroprotective effects (Khan et al., 

2015). The possible clinical relevance of the results of our study lies in HIF-P4H 

inhibition. As we observed increased amounts of autoantibodies in both the Hif-

p4h-2gt/gt and P4htm-/-/Ldlr-/- mice, HIF-P4H-2 and P4H-TM inhibition could 

provide therapeutic treatment options for inflammatory diseases and 

atherosclerosis. The potential anti-inflammatory properties of the HIF pathway 

have previously been studied in ulcerative colitis and Crohn’s disease, and in some 

infectious diseases such as those caused by Pseudomonas aeruginosa and 

Acinetobacter baumannii (Colgan & Taylor, 2010; Karhausen et al., 2004; 

Okumura et al., 2012; Xue et al., 2013).  

LDL is a known risk factor for cardiovascular events and the development of 

atherosclerosis and its complications. It has therefore been suggested that high LDL 

levels be treated with statins in CVD patients (Libby et al., 2011). High triglyceride 

levels have also been identified as an independent risk factor for atherosclerosis 

(Hokanson & Austin, 1996; Sarwar et al., 2007). It has therefore been speculated 

that other pharmacologic approaches further to statins might be beneficial in 

patients presenting with increased serum triglyceride levels (such as cases with 

diabetes or metabolic syndrome) who are at high risk of atherosclerosis. Therefore, 

our finding of a reduction in serum total cholesterol and LDL levels in the HIF-

P4H-2-deficient mice and a reduction in serum triglycerides levels in the P4htm-/-

/Ldlr-/- mice suggest that their inhibitors would provide beneficial effects in the 

prevention or treatment of atherosclerosis. 

Insulin resistance is usually associated with diseases such as diabetes and 

metabolic syndrome, and it predisposes to cardiovascular diseases. It is therefore 

generally considered to be deleterious to an individuals’ health (A. E. Brown & 

Walker, 2016). However, insulin resistance is a normal physiological during 

pregnancy, which tends to progress late in the term. Our data suggest that hypoxia-

induced insulin sensitivity results in increased glucose uptake to maternal tissues, 

thus decreasing its availability for the fetus. This being considered, a high calorie 

diet might serve as an intervention to ensure fetal growth in high-altitude conditions, 

or other pregnancies in which fetal growth might be compromised due to low 

insulin resistance or inefficient lipogenesis. Previously, interventions through 
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multiple micronutrients have been shown to reduce the risk of low birth weight and 

maternal anemia in high-altitude conditions, which demonstrates the importance of 

maternal nutrition during pregnancy (Y. Kang et al., 2017). 

Gestational diabetes mellitus is a growing health issue due to an increase in the 

prevalence of maternal obesity and of pre-gestational type 2 diabetes. GDM is the 

most common complication during gestation, affecting up to 36% of all 

pregnancies worldwide (J. Brown et al., 2017). To date, the primary intervention 

against GDM is some form of diet therapy combined with physical exercise. Insulin 

may also be considered as a secondary choice insulin to control blood glucose 

levels (J. Brown et al., 2017). Based on our data, GDM could be treated via 

modulation of the HIF pathway to increase insulin sensitivity of mothers presenting 

with impaired glucose tolerance and hyperinsulinemia, with such an intervention 

possibly resulting in healthier offspring.  

In conclusion, the effects of hypoxia and HIF on glucose and lipid metabolism 

are undeniable. Based on our results, activation of the hypoxia response via HIF-

P4H inhibition could serve as a beneficial component in future treatment of 

atherosclerosis. However, the complete opposite could be proposed regarding fetal 

growth and development. Hence, hypoxia and its therapeutic possibilities remain a 

double-edged sword, and further research is required to understand its true 

potentials and disadvantages in the treatment of diverse physiological states and 

pathologies.  
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7 Conclusions and future prospects 
Oxygen homeostasis represents a well-characterized equilibrum in metazoans and 

it is governed by complex physiological systems reaching down to the level of 

cellular metabolism (Semenza, 2012). HIF, which triggers a transcriptional hypoxia 

response, is one of the key components in regulating oxygen homeostasis and it is 

estimated that thousands of genes are involved in this intricate process (Downes et 

al., 2018; Smythies et al., 2018), including genes that regulate immunological 

processes and glucose and lipid metabolism. 

We found that both pharmacologic and genetic inhibition of HIF-P4H-2 

resulted in the formation of fewer atherosclerotic lesions in both the whole aorta 

and at the aortic origin, reduced inflammation in the plaques and WAT and 

increased amounts of circulating atheroprotective autoantibodies. In addition, the 

pharmacologic inhibition of HIF-P4H-2 led to reduced serum cholesterol levels and 

improved insulin sensitivity. Genetic inhibition of P4H-TM led to reduced numbers 

of atherosclerotic lesions in the full-length aorta, reduced serum triglyceride levels 

and increased serum levels of atheroprotective autoantibodies. These results reflect 

the importance of the HIF pathway in lipid metabolism as well as in immunological 

response. These results suggest that the activation of the hypoxia response via HIF-

P4H inhibition could in future be used as a therapeutic option for the prevention 

and treatment of atherosclerosis.  

Hypoxia reduces birth weight and predisposes individual to numerous 

pathologies in later life (Negrato & Gomes, 2013; Soria et al., 2013). The study 

performed on pregnant mice in hypoxic conditions revealed an increased glucose 

flux towards the maternal tissues as well as higher insulin sensitivity, which in case 

of normal pregnancy is unwanted since insulin resistance is part of the regular 

gestational physiology (Herrera & Ortega-Senovilla, 2014). In addition, the 

anabolic phase of the adipose tissue was compromised in the hypoxic dams, 

resulting in reduced weight gain and limitation of the energy sources for the mother 

and fetus. All in all, high-altitude conditions compromise fetal growth and, based 

on the results of our study, this may be due to alterations in the maternal glucose 

and lipid metabolism.  

Thus far pharmacological HIF-P4H inhibitors have undergone clinical trials 

mainly for the treatment of renal anemia, however, these molecules also have 

potential for prevention and treatment of obesity, metabolic syndrome, liver 

diseases, inflammatory diseases and ischemic conditions (Eltzschig et al., 2014; 

Koivunen & Kietzmann, 2018). Reflecting on our findings regarding hypoxic 
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gestation, further therapeutic targets for HIF-P4H inhibitors may include GDM and 

obesity. On the contrary, activation of the hypoxia response is also known to 

contribute to the pathogenesis of diseases such as cancer, sleep apnea and 

pulmonary arterial hypertension (Semenza, 2012) and these possible negative 

effects of the hypoxia response must also be taken into consideration. More 

research is required to gain a deeper understanding of the possible therapeutic 

potential of activation of the hypoxia response, however, the work described herein 

offers intriguing directions for future investigations.  

 

Fig. 7. Summary of the main results obtained from our studies concerning HIF-P4H-2 
and P4H-TM deficiencies and atherosclerosis and hypoxia and pregnancy. 

Activation of the 
hypoxia response 

through 

Hypoxic 
conditions during 

pregnancy

HIF-P4H-2 
inhibition

P4H-TM 
deficiency

Maternal glucose 
metabolism ↑

 Anabolism of 
adipose tissue ↓

Maternal weight 
gain ↓

Glucose flux into 
maternal tissues ↑ 

Maternal insulin 
resistance ↓

Serum cholesterol ↓

Serum atheroprotective 
autoantibodies ↑

Glucose and energy 
for growing fetus ↓

Serum triglycerides ↓Hepatic LPL ↑

Hepatic cholesterol 
synthesis ↓

Inflammation in WAT and 
atherosclerotic plaques ↓ Atherosclerotic 

plaques ↓



83 

List of references  
Alphonse, P. A. S., & Jones, P. J. H. (2016). Revisiting human cholesterol synthesis and 

absorption: The reciprocity paradigm and its key regulators. Lipids, 51(5), 519-536. 
doi:10.1007/s11745-015-4096-7 

Ameli, S., Hultgårdh-Nilsson, A., Regnström, J., Calara, F., Yano, J., Cercek, B., . . . Nilsson, 
J. (1996). Effect of immunization with homologous LDL and oxidized LDL on early 
atherosclerosis in hypercholesterolemic rabbits. Arteriosclerosis, Thrombosis, and 
Vascular Biology, 16(8), 1074-1079.  

Appelhoff, R. J., Tian, Y., Raval, R. R., Turley, H., Harris, A. L., Pugh, C. W., . . . Gleadle, 
J. M. (2004). Differential function of the prolyl hydroxylases PHD1, PHD2, and PHD3 
in the regulation of hypoxia-inducible factor. The Journal of Biological Chemistry, 
279(37), 38458-38465.  

Aragonés, J., Schneider, M., Van Geyte, K., Fraisl, P., Dresselaers, T., Mazzone, M., . . . 
Carmeliet, P. (2008). Deficiency or inhibition of oxygen sensor Phd1 induces hypoxia 
tolerance by reprogramming basal metabolism. Nature Genetics, 40(2), 170-180. 
doi:10.1038/ng.2007.62 

Bae, S., Jeong, J., Park, J. A., Kim, S., Bae, M., Choi, S., & Kim, K. (2004). Sumoylation 
increases HIF-1alpha stability and its transcriptional activity. Biochemical and 
Biophysical Research Communications, 324(1), 394-400. doi:10.1016/ 
j.bbrc.2004.09.068 

Bao, W., Qin, P., Needle, S., Erickson-Miller, C. L., Duffy, K. J., Ariazi, J. L., . . . Willette, 
R. N. (2010). Chronic inhibition of hypoxia-inducible factor prolyl 4-hydroxylase 
improves ventricular performance, remodeling, and vascularity after myocardial 
infarction in the rat. Journal of Cardiovascular Pharmacology, 56(2), 147-155.  

Baranova, O., Miranda, L. F., Pichiule, P., Dragatsis, I., Johnson, R. S., & Chavez, J. C. 
(2007). Neuron-specific inactivation of the hypoxia inducible factor 1 alpha increases 
brain injury in a mouse model of transient focal cerebral ischemia. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience, 27(23), 6320-6332.  

Barker, D. J. (1990). The fetal and infant origins of adult disease. BMJ (Clinical Research 
Ed.), 301(6761), 1111.  

Ben-Shoshan, J., Afek, A., Maysel-Auslender, S., Barzelay, A., Rubinstein, A., Keren, G., 
& George, J. (2009). HIF-1alpha overexpression and experimental murine 
atherosclerosis. Arteriosclerosis, Thrombosis, and Vascular Biology, 29(5), 665-670.  

Bento, C., Percy, M. J., Gardie, B., Maia, T. M., van Wijk, R., Perrotta, S., . . . Ugo, V. 
(2014). Genetic basis of congenital erythrocytosis: Mutation update and online 
databases. Human Mutation, 35(1), 15-26. doi:10.1002/humu.22448 

Bentzon, J. F., Otsuka, F., Virmani, R., & Falk, E. (2014). Mechanisms of plaque formation 
and rupture. Circulation Research, 114(12), 1852-1866.  

Berra, E., Benizri, E., Ginouvès, A., Volmat, V., Roux, D., & Pouysségur, J. (2003). HIF 
prolyl-hydroxylase 2 is the key oxygen sensor setting low steady-state levels of HIF-
1alpha in normoxia. The EMBO Journal, 22(16), 4082-4090. doi:10.1093/ 
emboj/cdg392 



84 

Berta, M. A., Mazure, N., Hattab, M., Pouysségur, J., & Brahimi-Horn, M. C. (2007). 
SUMOylation of hypoxia-inducible factor-1alpha reduces its transcriptional activity. 
Biochemical and Biophysical Research Communications, 360(3), 646-652. 
doi:10.1016/j.bbrc.2007.06.103 

Bigham, A. W., Julian, C. G., Wilson, M. J., Vargas, E., Browne, V. A., Shriver, M. D., & 
Moore, L. G. (2014). Maternal PRKAA1 and EDNRA genotypes are associated with 
birth weight, and PRKAA1 with uterine artery diameter and metabolic homeostasis at 
high altitude. Physiological Genomics, 46(18), 687-697. doi:10.1152/ 
physiolgenomics.00063.2014 

Binder, C. J. (2010). Natural IgM antibodies against oxidation-specific epitopes. Journal of 
Clinical Immunology, 30 Suppl 1, 56. doi:10.1007/s10875-010-9396-3 

Binder, C. J., Hörkkö, S., Dewan, A., Chang, M., Kieu, E. P., Goodyear, C. S., . . . Silverman, 
G. J. (2003). Pneumococcal vaccination decreases atherosclerotic lesion formation: 
Molecular mimicry between streptococcus pneumoniae and oxidized LDL. Nature 
Medicine, 9(6), 736-743. doi:10.1038/nm876 

Bishop, T., Gallagher, D., Pascual, A., Lygate, C. A., de Bono, J. P., Nicholls, L. G., . . . 
Ratcliffe, P. J. (2008). Abnormal sympathoadrenal development and systemic 
hypotension in PHD3-/- mice. Molecular and Cellular Biology, 28(10), 3386-3400. 
doi:10.1128/MCB.02041-07 

Boney, C. M., Verma, A., Tucker, R., & Vohr, B. R. (2005). Metabolic syndrome in 
childhood: Association with birth weight, maternal obesity, and gestational diabetes 
mellitus. Pediatrics, 115(3), 290. doi:10.1542/peds.2004-1808 

Boyle, E. C., Sedding, D. G., & Haverich, A. (2017). Targeting vasa vasorum dysfunction 
to prevent atherosclerosis. Vascular Pharmacology, 96-98, 5-10. doi:10.1016/ 
j.vph.2017.08.003 

Braun, A., Trigatti, B. L., Post, M. J., Sato, K., Simons, M., Edelberg, J. M., . . . Krieger, M. 
(2002). Loss of SR-BI expression leads to the early onset of occlusive atherosclerotic 
coronary artery disease, spontaneous myocardial infarctions, severe cardiac dysfunction, 
and premature death in apolipoprotein E-deficient mice. Circulation Research, 90(3), 
270-276.  

Brett, K. E., Ferraro, Z. M., Yockell-Lelievre, J., Gruslin, A., & Adamo, K. B. (2014). 
Maternal-fetal nutrient transport in pregnancy pathologies: The role of the placenta. 
International Journal of Molecular Sciences, 15(9), 16153-16185. doi:10.3390/ 
ijms150916153 

Briggs, K. J., Koivunen, P., Cao, S., Backus, K. M., Olenchock, B. A., Patel, H., . . . Kaelin, 
W. G. (2016). Paracrine induction of HIF by glutamate in breast cancer: EglN1 senses 
cysteine. Cell, 166(1), 126-139. doi:10.1016/j.cell.2016.05.042 

Brown, A. E., & Walker, M. (2016). Genetics of insulin resistance and the metabolic 
syndrome. Current Cardiology Reports, 18(8), 75. doi:10.1007/s11886-016-0755-4 

Brown, J., Alwan, N. A., West, J., Brown, S., McKinlay, C. J., Farrar, D., & Crowther, C. 
A. (2017). Lifestyle interventions for the treatment of women with gestational diabetes. 
The Cochrane Database of Systematic Reviews, 5, CD011970. 
doi:10.1002/14651858.CD011970.pub2 



85 

Brown, M. S., & Goldstein, J. L. (1986). A receptor-mediated pathway for cholesterol 
homeostasis. Science (New York, N.Y.), 232(4746), 34-47.  

Bruick, R. K., & McKnight, S. L. (2001). A conserved family of prolyl-4-hydroxylases that 
modify HIF. Science (New York, N.Y.), 294(5545), 1337-1340.  

Budoff, M. (2016). Triglycerides and triglyceride-rich lipoproteins in the causal pathway of 
cardiovascular disease. The American Journal of Cardiology, 118(1), 138-145. 
doi:10.1016/j.amjcard.2016.04.004 

Butte, N. F. (2000). Carbohydrate and lipid metabolism in pregnancy: Normal compared 
with gestational diabetes mellitus. The American Journal of Clinical Nutrition, 71(5 
Suppl), 61S.  

Cai, Z., Zhong, H., Bosch-Marce, M., Fox-Talbot, K., Wang, L., Wei, C., . . . Semenza, G. 
L. (2008). Complete loss of ischaemic preconditioning-induced cardioprotection in 
mice with partial deficiency of HIF-1 alpha. Cardiovascular Research, 77(3), 463-470.  

Caligiuri, G., Rudling, M., Ollivier, V., Jacob, M., Michel, J., Hansson, G. K., & Nicoletti, 
A. (2003). Interleukin-10 deficiency increases atherosclerosis, thrombosis, and low-
density lipoproteins in apolipoprotein E knockout mice. Molecular Medicine 
(Cambridge, Mass.), 9(1-2), 10-17.  

Cardiovascular diseases (CVDs). (2017). Retrieved from https://www.who.int/news-
room/fact-sheets/detail/cardiovascular-diseases-(cvds) 

Chen, W., Hill, H., Christie, A., Kim, M. S., Holloman, E., Pavia-Jimenez, A., . . . Brugarolas, 
J. (2016). Targeting renal cell carcinoma with a HIF-2 antagonist. Nature, 539(7627), 
112-117. doi:10.1038/nature19796 

Chen, Z., Peto, R., Collins, R., MacMahon, S., Lu, J., & Li, W. (1991). Serum cholesterol 
concentration and coronary heart disease in population with low cholesterol 
concentrations. BMJ (Clinical Research Ed.), 303(6797), 276-282.  

Cho, H., & Kaelin, W. G. (2016). Targeting HIF2 in clear cell renal cell carcinoma. Cold 
Spring Harbor Symposia on Quantitative Biology, 81, 113-121. doi:10.1101/ 
sqb.2016.81.030833 

Cohen, J. C., Boerwinkle, E., Mosley, T. H., & Hobbs, H. H. (2006). Sequence variations in 
PCSK9, low LDL, and protection against coronary heart disease. The New England 
Journal of Medicine, 354(12), 1264-1272.  

Colgan, S. P., & Taylor, C. T. (2010). Hypoxia: An alarm signal during intestinal 
inflammation. Nature Reviews. Gastroenterology & Hepatology, 7(5), 281-287. 
doi:10.1038/nrgastro.2010.39 

Crosby, J., Peloso, G. M., Auer, P. L., Crosslin, D. R., Stitziel, N. O., Lange, L. A., . . . 
Kathiresan, S. (2014). Loss-of-function mutations in APOC3, triglycerides, and 
coronary disease. The New England Journal of Medicine, 371(1), 22-31. 
doi:10.1056/NEJMoa1307095 

Daugherty, A., Tall, A. R., Daemen, Mat J. A. P., Falk, E., Fisher, E. A., García-Cardeña, 
G., . . . Virmani, R. (2017). Recommendation on design, execution, and reporting of 
animal atherosclerosis studies: A scientific statement from the american heart 
association. Arteriosclerosis, Thrombosis, and Vascular Biology, 37(9), e157. 
doi:10.1161/ATV.0000000000000062 



86 

de Grauw, T. J., Myers, R. E., & Scott, W. J. (1986). Fetal growth retardation in rats from 
different levels of hypoxia. Biology of the Neonate, 49(2), 85-89. 
doi:10.1159/000242515 

Di Cianni, G., Miccoli, R., Volpe, L., Lencioni, C., & Del Prato, S. (2003). Intermediate 
metabolism in normal pregnancy and in gestational diabetes. Diabetes/Metabolism 
Research and Reviews, 19(4), 259-270.  

Dimova, E. Y., & Kietzmann, T. (2010). Hypoxia-inducible factors: Post-translational 
crosstalk of signaling pathways. Methods in Molecular Biology (Clifton, N.J.), 647, 
215-236. doi:10.1007/978-1-60761-738-9_13 

Dino A Giussani, Emily J Camm, Youguo Niu, Hans G Richter, Carlos E Blanco, Rachel 
Gottschalk, . . . Emilio A Herrera. (2012). Developmental programming of 
cardiovascular dysfunction by prenatal hypoxia and oxidative stress. PLoS One, 7(2), 
e31017. doi:10.1371/journal.pone.0031017 

Downes, N. L., Laham-Karam, N., Kaikkonen, M. U., & Ylä-Herttuala, S. (2018). 
Differential but complementary HIF1α and HIF2α transcriptional regulation. Molecular 
Therapy: The Journal of the American Society of Gene Therapy, 26(7), 1735-1745. 
doi:10.1016/j.ymthe.2018.05.004 

Eades, C. E., Cameron, D. M., & Evans, J. M. M. (2017). Prevalence of gestational diabetes 
mellitus in europe: A meta-analysis. Diabetes Research and Clinical Practice, 129, 
173-181. doi:10.1016/j.diabres.2017.03.030 

Eckle, T., Köhler, D., Lehmann, R., El Kasmi, K., & Eltzschig, H. K. (2008). Hypoxia-
inducible factor-1 is central to cardioprotection: A new paradigm for ischemic 
preconditioning. Circulation, 118(2), 166-175. doi:10.1161 
/CIRCULATIONAHA.107.758516 

Elena Albiero, Marco Ruggeri, Stefania Fortuna, Silvia Finotto, Martina Bernardi, 
Domenico Madeo, & Francesco Rodeghiero. (2012). Isolated erythrocytosis: Study of 
67 patients and identification of three novel germ-line mutations in the prolyl 
hydroxylase domain protein 2 (PHD2) gene. Haematologica, 97(1), 123-127. 
doi:10.3324/haematol.2010.039545 

Eltzschig, H. K., Bratton, D. L., & Colgan, S. P. (2014). Targeting hypoxia signalling for 
the treatment of ischaemic and inflammatory diseases. Nature Reviews. Drug Discovery, 
13(11), 852-869. doi:10.1038/nrd4422 

Emini Veseli, B., Perrotta, P., De Meyer, Gregory R. A., Roth, L., Van der Donckt, C., 
Martinet, W., & De Meyer, Guido R. Y. (2017). Animal models of atherosclerosis. 
European Journal of Pharmacology, 816, 3-13. doi:10.1016/j.ejphar.2017.05.010 

Euser, A. G., Hammes, A., Ahrendsen, J. T., Neshek, B., Weitzenkamp, D. A., Gutierrez, 
J., . . . Moore, L. G. (2018). Gestational diabetes prevalence at moderate and high 
altitude. High Altitude Medicine & Biology, 19(4), 367-372. doi:10.1089/ 
ham.2018.0012 

Faeh, D., Gutzwiller, F., & Bopp, M. (2009). Lower mortality from coronary heart disease 
and stroke at higher altitudes in switzerland. Circulation, 120(6), 495-501. 
doi:10.1161/CIRCULATIONAHA.108.819250 



87 

Fiskesund, R., Stegmayr, B., Hallmans, G., Vikström, M., Weinehall, L., de Faire, U., & 
Frostegård, J. (2010). Low levels of antibodies against phosphorylcholine predict 
development of stroke in a population-based study from northern sweden. Stroke, 41(4), 
607-612. doi:10.1161/STROKEAHA.109.558742 

Fitzpatrick, S. F., Fábián, Z., Schaible, B., Lenihan, C. R., Schwarzl, T., Rodriguez, J., . . . 
Taylor, C. T. (2016). Prolyl hydroxylase-1 regulates hepatocyte apoptosis in an NF-κB-
dependent manner. Biochemical and Biophysical Research Communications, 474(3), 
579-586. doi:10.1016/j.bbrc.2016.04.085 

Flashman, E., Davies, S. L., Yeoh, K. K., & Schofield, C. J. (2010). Investigating the 
dependence of the hypoxia-inducible factor hydroxylases (factor inhibiting HIF and 
prolyl hydroxylase domain 2) on ascorbate and other reducing agents. The Biochemical 
Journal, 427(1), 135-142. doi:10.1042/BJ20091609 

Fogelstrand, P., & Borén, J. (2012). Retention of atherogenic lipoproteins in the artery wall 
and its role in atherogenesis. Nutrition, Metabolism and Cardiovascular Diseases, 22(1), 
1-7. Retrieved from http://gup.ub.gu.se/publication/152677-retention-of-atherogenic-
lipoproteins-in-the-artery-wall-and-its-role-in-atherogenesis 

Forsén, T., Eriksson, J. G., Tuomilehto, J., Teramo, K., Osmond, C., & Barker, D. J. (1997). 
Mother's weight in pregnancy and coronary heart disease in a cohort of finnish men: 
Follow up study. BMJ (Clinical Research Ed.), 315(7112), 837-840.  

Freigang, S., Hörkkö, S., Miller, E., Witztum, J. L., & Palinski, W. (1998). Immunization of 
LDL receptor-deficient mice with homologous malondialdehyde-modified and native 
LDL reduces progression of atherosclerosis by mechanisms other than induction of high 
titers of antibodies to oxidative neoepitopes. Arteriosclerosis, Thrombosis, and 
Vascular Biology, 18(12), 1972-1982.  

Ganz, T. (2003). Hepcidin, a key regulator of iron metabolism and mediator of anemia of 
inflammation. Blood, 102(3), 783-788. doi:10.1182/blood-2003-03-0672 

Gao, L., Chen, Q., Zhou, X., & Fan, L. (2012). The role of hypoxia-inducible factor 1 in 
atherosclerosis. Journal of Clinical Pathology, 65(10), 872-876.  

George, J., Afek, A., Gilburd, B., Levkovitz, H., Shaish, A., Goldberg, I., . . . Harats, D. 
(1998). Hyperimmunization of apo-E-deficient mice with homologous 
malondialdehyde low-density lipoprotein suppresses early atherogenesis. 
Atherosclerosis, 138(1), 147-152.  

German, N. J., Yoon, H., Yusuf, R. Z., Murphy, J. P., Finley, L. W. S., Laurent, G., . . . 
Haigis, M. C. (2016). PHD3 loss in cancer enables metabolic reliance on fatty acid 
oxidation via deactivation of ACC2. Molecular Cell, 63(6), 1006-1020. 
doi:10.1016/j.molcel.2016.08.014 

Geronimo, F. R. B., Barter, P. J., Rye, K. A., Heather, A. K., Shearston, K. D., & Rodgers, 
K. J. (2016). Plaque stabilizing effects of apolipoprotein A-IV. Atherosclerosis, 251, 
39-46. doi:10.1016/j.atherosclerosis.2016.04.019 

Getz, G., & Reardon, C. (2012). Animal models of atherosclerosis. Arteriosclerosis, 
Thrombosis, and Vascular Biology, 32(5), 1104-1115. doi:10.1161/ 
ATVBAHA.111.237693 



88 

Gisterå, A., & Hansson, G. K. (2017). The immunology of atherosclerosis. Nature Reviews. 
Nephrology, 13(6), 368-380. doi:10.1038/nrneph.2017.51 

Goldstein, J., & Brown, M. (2015). A century of cholesterol and coronaries: From plaques 
to genes to statins. Cell, 161(1), 161-172. doi:10.1016/j.cell.2015.01.036 

Gonçalves, I., Gronholdt, M. M., Söderberg, I., Ares, M. P. S., Nordestgaard, B. G., Bentzon, 
J. F., . . . Nilsson, J. (2005). Humoral immune response against defined oxidized low-
density lipoprotein antigens reflects structure and disease activity of carotid plaques. 
Arteriosclerosis, Thrombosis, and Vascular Biology, 25(6), 1250-1255.  

Gong, H., Rehman, J., Tang, H., Wary, K., Mittal, M., Chaturvedi, P., . . . Malik, A. B. 
(2015). HIF2α signaling inhibits adherens junctional disruption in acute lung injury. 
The Journal of Clinical Investigation, 125(2), 652-664. doi:10.1172/JCI77701 

Grönlund, H., Hallmans, G., Jansson, J. H., Boman, K., Wikström, M., de Faire, U., & 
Frostegård, J. (2009). Low levels of IgM antibodies against phosphorylcholine predict 
development of acute myocardial infarction in a population-based cohort from northern 
sweden. European Journal of Cardiovascular Prevention and Rehabilitation: Official 
Journal of the European Society of Cardiology, Working Groups on Epidemiology & 
Prevention and Cardiac Rehabilitation and Exercise Physiology, 16(3), 382-386. 
doi:10.1097/HJR.0b013e32832a05df 

Guo, J., Chakraborty, A. A., Liu, P., Gan, W., Zheng, X., Inuzuka, H., . . . Wei, W. (2016). 
pVHL suppresses kinase activity of akt in a proline-hydroxylation-dependent manner. 
Science (New York, N.Y.), 353(6302), 929-932. doi:10.1126/science.aad5755 

Gupta, S., Pablo, A. M., Jiang, X. c., Wang, N., Tall, A. R., & Schindler, C. (1997). IFN-
gamma potentiates atherosclerosis in ApoE knock-out mice. The Journal of Clinical 
Investigation, 99(11), 2752-2761. doi:10.1172/JCI119465 

Haase, V. H. (2013). Regulation of erythropoiesis by hypoxia-inducible factors. Blood 
Reviews, 27(1), 41-53. doi:10.1016/j.blre.2012.12.003 

Hansson, G. K. (2005). Inflammation, atherosclerosis, and coronary artery disease. The New 
England Journal of Medicine, 352(16), 1685-1695. doi:10.1056/NEJMra043430 

Hansson, G. K., & Libby, P. (2006). The immune response in atherosclerosis: A double-
edged sword. Nature Reviews. Immunology, 6(7), 508-519. doi:10.1038/nri1882 

Harder, T., Rodekamp, E., Schellong, K., Dudenhausen, J. W., & Plagemann, A. (2007). 
Birth weight and subsequent risk of type 2 diabetes: A meta-analysis. American Journal 
of Epidemiology, 165(8), 849-857. doi:10.1093/aje/kwk071 

Hay, W. W. (2006). Placental-fetal glucose exchange and fetal glucose metabolism 
American Clinical and Climatological Association. Retrieved from 
https://www.openaire.eu/search/publication?articleId=od_______267::5942a276820d
402517f4c595f58ee58c  

Herrera, E., & Ortega-Senovilla, H. (2014). Lipid metabolism during pregnancy and its 
implications for fetal growth. Current Pharmaceutical Biotechnology, 15(1), 24-31.  

Herrington, W., Lacey, B., Sherliker, P., Armitage, J., & Lewington, S. (2016). 
Epidemiology of atherosclerosis and the potential to reduce the global burden of 
atherothrombotic disease. Circulation Research, 118(4), 535-546. doi:10.1161/ 
CIRCRESAHA.115.307611 



89 

Hirsilä, M., Koivunen, P., Günzler, V., Kivirikko, K. I., & Myllyharju, J. (2003). 
Characterization of the human prolyl 4-hydroxylases that modify the hypoxia-inducible 
factor. The Journal of Biological Chemistry, 278(33), 30772-30780.  

Hirsilä, M., Koivunen, P., Xu, L., Seeley, T., Kivirikko, K. I., & Myllyharju, J. (2005). Effect 
of desferrioxamine and metals on the hydroxylases in the oxygen sensing pathway. 
FASEB Journal: Official Publication of the Federation of American Societies for 
Experimental Biology, 19(10), 1308-1310. doi:10.1096/fj.04-3399fje 

Hokanson, J. E., & Austin, M. A. (1996). Plasma triglyceride level is a risk factor for 
cardiovascular disease independent of high-density lipoprotein cholesterol level: A 
meta-analysis of population-based prospective studies. Journal of Cardiovascular Risk, 
3(2), 213-219.  

Hölscher, M., Silter, M., Krull, S., von Ahlen, M., Hesse, A., Schwartz, P., . . . Zieseniss, A. 
(2011). Cardiomyocyte-specific prolyl-4-hydroxylase domain 2 knock out protects 
from acute myocardial ischemic injury. The Journal of Biological Chemistry, 286(13), 
11185-11194. doi:10.1074/jbc.M110.186809 

Horton, J. D., Goldstein, J. L., & Brown, M. S. (2002). SREBPs: Activators of the complete 
program of cholesterol and fatty acid synthesis in the liver. The Journal of Clinical 
Investigation, 109(9), 1125-1131. doi:10.1172/JCI15593 

Hulthe, J., Bokemark, L., & Fagerberg, B. (2001). Antibodies to oxidized LDL in relation 
to intima-media thickness in carotid and femoral arteries in 58-year-old subjectively 
clinically healthy men. Arteriosclerosis, Thrombosis, and Vascular Biology, 21(1), 101-
107.  

Hyvärinen, J., Hassinen, I. E., Sormunen, R., Mäki, J. M., Kivirikko, K. I., Koivunen, P., & 
Myllyharju, J. (2010). Hearts of hypoxia-inducible factor prolyl 4-hydroxylase-2 
hypomorphic mice show protection against acute ischemia-reperfusion injury. The 
Journal of Biological Chemistry, 285(18), 13646-13657.  

Hyvärinen, J., Parikka, M., Sormunen, R., Rämet, M., Tryggvason, K., Kivirikko, K. I., . . . 
Koivunen, P. (2010). Deficiency of a transmembrane prolyl 4-hydroxylase in the 
zebrafish leads to basement membrane defects and compromised kidney function. The 
Journal of Biological Chemistry, 285(53), 42023-42032. doi:10.1074/ 
jbc.M110.145904 

Iriyama, T., Wang, W., Parchim, N. F., Song, A., Blackwell, S. C., Sibai, B. M., . . . Xia, Y. 
(2015). Hypoxia-independent upregulation of placental hypoxia inducible factor-1α 
gene expression contributes to the pathogenesis of preeclampsia. Hypertension (Dallas, 
Tex.: 1979), 65(6), 1307-1315. doi:10.1161/HYPERTENSIONAHA.115.05314 

Isaacs, J. S., Jung, Y. J., Mole, D. R., Lee, S., Torres-Cabala, C., Chung, Y., . . . Neckers, L. 
(2005). HIF overexpression correlates with biallelic loss of fumarate hydratase in renal 
cancer: Novel role of fumarate in regulation of HIF stability. Cancer Cell, 8(2), 143-
153. doi:10.1016/j.ccr.2005.06.017 

Ivan, M., Kondo, K., Yang, H., Kim, W., Valiando, J., Ohh, M., . . . Kaelin, W. G. (2001). 
HIFalpha targeted for VHL-mediated destruction by proline hydroxylation: 
Implications for O2 sensing. Science (New York, N.Y.), 292(5516), 464-468.  



90 

Jaakkola, P., Mole, D. R., Tian, Y. M., Wilson, M. I., Gielbert, J., Gaskell, S. J., . . . Ratcliffe, 
P. J. (2001). Targeting of HIF-alpha to the von hippel-lindau ubiquitylation complex by 
O2-regulated prolyl hydroxylation. Science (New York, N.Y.), 292(5516), 468-472.  

Jacobs, R., Robinson, J. S., Owens, J. A., Falconer, J., & Webster, M. E. (1988). The effect 
of prolonged hypobaric hypoxia on growth of fetal sheep. Journal of Developmental 
Physiology, 10(2), 97-112.  

Jensen, G. M., & Moore, L. G. (1997). The effect of high altitude and other risk factors on 
birthweight: Independent or interactive effects? American Journal of Public Health, 
87(6), 1003-1007.  

Jeong, J. W., Bae, M. K., Ahn, M. Y., Kim, S. H., Sohn, T. K., Bae, M. H., . . . Kim, K. W. 
(2002). Regulation and destabilization of HIF-1alpha by ARD1-mediated acetylation. 
Cell, 111(5), 709-720.  

Jiménez-Moleón, J. J., Bueno-Cavanillas, A., Luna-del-Castillo, J. d. D., García-Martín, M., 
Lardelli-Claret, P., & Gálvez-Vargas, R. (2002). Impact of different levels of 
carbohydrate intolerance on neonatal outcomes classically associated with gestational 
diabetes mellitus. European Journal of Obstetrics, Gynecology, and Reproductive 
Biology, 102(1), 36-41.  

Joharapurkar, A. A., Pandya, V. B., Patel, V. J., Desai, R. C., & Jain, M. R. (2018). Prolyl 
hydroxylase inhibitors: A breakthrough in the therapy of anemia associated with 
chronic diseases. Journal of Medicinal Chemistry, 61(16), 6964-6982. doi:10.1021/ 
acs.jmedchem.7b01686 

Jørgensen, A. B., Frikke-Schmidt, R., Nordestgaard, B. G., & Tybjærg-Hansen, A. (2014). 
Loss-of-function mutations in APOC3 and risk of ischemic vascular disease. The New 
England Journal of Medicine, 371(1), 32-41. doi:10.1056/NEJMoa1308027 

Juhani, Airaksinen, Katriina Aalto-Setälä, Juha Hartikainen, Heikki Huikuri, Mika Laine, 
Jyri Lommi, Pekka Raatikainen ja Antti Saraste. (2016). Kardiologia Kustannus 
Duodecim Oy. 

Julian, C. G., Vargas, E., Armaza, J. F., Wilson, M. J., Niermeyer, S., & Moore, L. G. (2007). 
High-altitude ancestry protects against hypoxia-associated reductions in fetal growth. 
Archives of Disease in Childhood. Fetal and Neonatal Edition, 92(5), 372. 
doi:10.1136/adc.2006.109579 

Jun, J., Reinke, C., Bedja, D., Berkowitz, D., Bevans-Fonti, S., Li, J., . . . Polotsky, V. Y. 
(2010). Effect of intermittent hypoxia on atherosclerosis in apolipoprotein E-deficient 
mice. Atherosclerosis, 209(2), 381-386. doi:10.1016/j.atherosclerosis.2009.10.017 

Kaasinen, E., Rahikkala, E., Koivunen, P., Miettinen, S., Wamelink, M. M. C., Aavikko, 
M., . . . Aaltonen, L. A. (2014). Clinical characterization, genetic mapping and whole-
genome sequence analysis of a novel autosomal recessive intellectual disability 
syndrome. European Journal of Medical Genetics, 57(10), 543-551. 
doi:10.1016/j.ejmg.2014.07.002 

Kaelin, W. G. (2008). The von hippel-lindau tumour suppressor protein: O2 sensing and 
cancer. Nature Reviews. Cancer, 8(11), 865-873. doi:10.1038/nrc2502 

Kaelin, W. G., & Ratcliffe, P. J. (2008). Oxygen sensing by metazoans: The central role of 
the HIF hydroxylase pathway. Molecular Cell, 30(4), 393-402.  



91 

Kalhan, S., & Parimi, P. (2000). Gluconeogenesis in the fetus and neonate. Seminars in 
Perinatology, 24(2), 94-106.  

Kang, J., Sung, H. J., Amar, M. J., Pryor, M., Remaley, A. T., Allen, M. D., . . . Hwang, P. 
M. (2016). Low ambient oxygen prevents atherosclerosis. Journal of Molecular 
Medicine (Berlin, Germany), 94(3), 277-286. doi:10.1007/s00109-016-1386-3 

Kang, Y., Dang, S., Zeng, L., Wang, D., Li, Q., Wang, J., . . . Yan, H. (2017). Multi-
micronutrient supplementation during pregnancy for prevention of maternal anaemia 
and adverse birth outcomes in a high-altitude area: A prospective cohort study in rural 
tibet of china. The British Journal of Nutrition, 118(6), 431-440. doi:10.1017/ 
S000711451700229X 

Kankaanpää, J., Sämpi, M., Bloigu, R., Wang, C., Akhi, R., Kesäniemi, Y. A., . . . Hörkkö, 
S. (2018). IgA antibodies to phosphocholine associate with long-term cardiovascular 
disease risk. Atherosclerosis, 269, 294-300.  

Karhausen, J., Furuta, G. T., Tomaszewski, J. E., Johnson, R. S., Colgan, S. P., & Haase, V. 
H. (2004). Epithelial hypoxia-inducible factor-1 is protective in murine experimental 
colitis. The Journal of Clinical Investigation, 114(8), 1098-1106. doi:10.1172/ 
JCI21086 

Karsikas, S., Myllymäki, M., Heikkilä, M., Sormunen, R., Kivirikko, K. I., Myllyharju, J., . . . 
Koivunen, P. (2016). HIF-P4H-2 deficiency protects against skeletal muscle ischemia-
reperfusion injury. Journal of Molecular Medicine (Berlin, Germany), 94(3), 301-310.  

Karvonen, J., Päivänsalo, M., Kesäniemi, Y. A., & Hörkkö, S. (2003). Immunoglobulin M 
type of autoantibodies to oxidized low-density lipoprotein has an inverse relation to 
carotid artery atherosclerosis. Circulation, 108(17), 2107-2112.  

Kasivisvanathan, V., Shalhoub, J., Lim, C. S., Shepherd, A. C., Thapar, A., & Davies, A. H. 
(2011). Hypoxia-inducible factor-1 in arterial disease: A putative therapeutic target. 
Current Vascular Pharmacology, 9(3), 333-349.  

Ke, Q., & Costa, M. (2006). Hypoxia-inducible factor-1 (HIF-1). Molecular Pharmacology, 
70(5), 1469-1480. doi:10.1124/mol.106.027029 

Keith, B., Johnson, R. S., & Simon, M. C. (2011). HIF1α and HIF2α: Sibling rivalry in 
hypoxic tumour growth and progression. Nature Reviews. Cancer, 12(1), 9-22. 
doi:10.1038/nrc3183 

Kensara, O. A., Wootton, S. A., Phillips, D. I., Patel, M., Jackson, A. A., & Elia, M. (2005). 
Fetal programming of body composition: Relation between birth weight and body 
composition measured with dual-energy X-ray absorptiometry and anthropometric 
methods in older englishmen. The American Journal of Clinical Nutrition, 82(5), 980-
987. doi:10.1093/ajcn/82.5.980 

Kerkelä, R., Karsikas, S., Szabo, Z., Serpi, R., Magga, J., Gao, E., . . . Koivunen, P. (2013). 
Activation of hypoxia response in endothelial cells contributes to ischemic 
cardioprotection. Molecular and Cellular Biology, 33(16), 3321-3329. 
doi:10.1128/MCB.00432-13 



92 

Keyes, L. E., Armaza, J. F., Niermeyer, S., Vargas, E., Young, D. A., & Moore, L. G. (2003). 
Intrauterine growth restriction, preeclampsia, and intrauterine mortality at high altitude 
in bolivia. Pediatric Research, 54(1), 20-25. doi:10.1203/ 
01.PDR.0000069846.64389.DC 

Khan, R., Spagnoli, V., Tardif, J., & L'Allier, P. L. (2015). Novel anti-inflammatory 
therapies for the treatment of atherosclerosis. Atherosclerosis, 240(2), 497-509. 
doi:10.1016/j.atherosclerosis.2015.04.783 

Kietzmann, T., Mennerich, D., & Dimova, E. Y. (2016). Hypoxia-inducible factors (HIFs) 
and phosphorylation: Impact on stability, localization, and transactivity. Frontiers in 
Cell and Developmental Biology, 4, 11. doi:10.3389/fcell.2016.00011 

Kingdom, J. C., & Kaufmann, P. (1997). Oxygen and placental villous development: Origins 
of fetal hypoxia. Placenta, 18(8), 626.  

Knouff, C., Hinsdale, M. E., Mezdour, H., Altenburg, M. K., Watanabe, M., Quarfordt, S. 
H., . . . Maeda, N. (1999). Apo E structure determines VLDL clearance and 
atherosclerosis risk in mice. The Journal of Clinical Investigation, 103(11), 1579-1586. 
doi:10.1172/JCI6172 

Koivunen, P., Hirsilä, M., Günzler, V., Kivirikko, K. I., & Myllyharju, J. (2004). Catalytic 
properties of the asparaginyl hydroxylase (FIH) in the oxygen sensing pathway are 
distinct from those of its prolyl 4-hydroxylases. The Journal of Biological Chemistry, 
279(11), 9899-9904.  

Koivunen, P., Hirsilä, M., Remes, A. M., Hassinen, I. E., Kivirikko, K. I., & Myllyharju, J. 
(2007). Inhibition of hypoxia-inducible factor (HIF) hydroxylases by citric acid cycle 
intermediates: Possible links between cell metabolism and stabilization of HIF. The 
Journal of Biological Chemistry, 282(7), 4524-4532.  

Koivunen, P., & Kietzmann, T. (2018). Hypoxia-inducible factor prolyl 4-hydroxylases and 
metabolism. Trends in Molecular Medicine, doi:10.1016/j.molmed.2018.10.004 

Koivunen, P., Lee, S., Duncan, C. G., Lopez, G., Lu, G., Ramkissoon, S., . . . Kaelin, W. G. 
(2012). Transformation by the (R)-enantiomer of 2-hydroxyglutarate linked to EGLN 
activation. Nature, 483(7390), 484-488. doi:10.1038/nature10898 

Koivunen, P., Serpi, R., & Dimova, E. Y. (2016). Hypoxia-inducible factor prolyl 4-
hydroxylase inhibition in cardiometabolic diseases. Pharmacological Research, 114, 
265-273. doi:10.1016/j.phrs.2016.11.003 

Koivunen, P., Tiainen, P., Hyvärinen, J., Williams, K. E., Sormunen, R., Klaus, S. J., . . . 
Myllyharju, J. (2007). An endoplasmic reticulum transmembrane prolyl 4-hydroxylase 
is induced by hypoxia and acts on hypoxia-inducible factor alpha. The Journal of 
Biological Chemistry, 282(42), 30544-30552.  

Kojima, Y., Weissman, I. L., & Leeper, N. J. (2017). The role of efferocytosis in 
atherosclerosis. Circulation, 135(5), 476-489. doi:10.1161/ 
CIRCULATIONAHA.116.025684 

Krampl, E. (2002). Pregnancy at high altitude. Ultrasound in Obstetrics & Gynecology: The 
Official Journal of the International Society of Ultrasound in Obstetrics and 
Gynecology, 19(6), 535-539. doi:10.1046/j.1469-0705.2002.00738.x 



93 

Krampl, E., Kametas, N. A., Cacho Zegarra, A. M., Roden, M., & Nicolaides, K. H. (2001). 
Maternal plasma glucose at high altitude. BJOG: An International Journal of Obstetrics 
and Gynaecology, 108(3), 254-257.  

Kyaw, T., Tay, C., Krishnamurthi, S., Kanellakis, P., Agrotis, A., Tipping, P., . . . Toh, B. 
(2011). B1a B lymphocytes are atheroprotective by secreting natural IgM that increases 
IgM deposits and reduces necrotic cores in atherosclerotic lesions. Circulation 
Research, 109(8), 830-840. doi:10.1161/CIRCRESAHA.111.248542 

Lain, K. Y., & Catalano, P. M. (2007). Metabolic changes in pregnancy. Clinical Obstetrics 
and Gynecology, 50(4), 938-948.  

Laitala, A., Aro, E., Walkinshaw, G., Mäki, J. M., Rossi, M., Heikkilä, M., . . . Myllyharju, 
J. (2012). Transmembrane prolyl 4-hydroxylase is a fourth prolyl 4-hydroxylase 
regulating EPO production and erythropoiesis. Blood, 120(16), 3336-3344.  

Larqué, E., Ruiz-Palacios, M., & Koletzko, B. (2013). Placental regulation of fetal nutrient 
supply. Current Opinion in Clinical Nutrition and Metabolic Care, 16(3), 292-297. 
doi:10.1097/MCO.0b013e32835e3674 

Laurat, E., Poirier, B., Tupin, E., Caligiuri, G., Hansson, G. K., Bariéty, J., & Nicoletti, A. 
(2001). In vivo downregulation of T helper cell 1 immune responses reduces 
atherogenesis in apolipoprotein E-knockout mice. Circulation, 104(2), 197-202.  

Leavens, K. F., & Birnbaum, M. J. (2011). Insulin signaling to hepatic lipid metabolism in 
health and disease. Critical Reviews in Biochemistry and Molecular Biology, 46(3), 
200-215. doi:10.3109/10409238.2011.562481 

Lee, D. C., Sohn, H. A., Park, Z., Oh, S., Kang, Y. K., Lee, K., . . . Yeom, Y. I. (2015). A 
lactate-induced response to hypoxia. Cell, 161(3), 595-609. doi:10.1016/ 
j.cell.2015.03.011 

Legein, B., Temmerman, L., Biessen, E. A. L., & Lutgens, E. (2013). Inflammation and 
immune system interactions in atherosclerosis. Cellular and Molecular Life Sciences: 
CMLS, 70(20), 3847-3869.  

Leinonen, H., Rossi, M., Salo, A. M., Tiainen, P., Hyvärinen, J., Pitkänen, M., . . . Koivunen, 
P. (2016). Lack of P4H-TM in mice results in age-related retinal and renal alterations. 
Human Molecular Genetics, 25(17), 3810-3823. doi:10.1093/hmg/ddw228 

Levine, L. D., Gonzales, G. F., Tapia, V. L., Gasco, M., Sammel, M. D., Srinivas, S. K., & 
Ludmir, J. (2015). Preterm birth risk at high altitude in peru. American Journal of 
Obstetrics and Gynecology, 212(2), 8. doi:10.1016/j.ajog.2014.08.024 

Libby, P., Ridker, P. M., & Hansson, G. K. (2011). Progress and challenges in translating 
the biology of atherosclerosis. Nature, 473(7347), 317-325.  

Liu, H., Xia, Y., Li, B., Pan, J., Lv, M., Wang, X., & An, F. (2016). Prolyl hydroxylase 3 
overexpression accelerates the progression of atherosclerosis in ApoE-/- mice. 
Biochemical and Biophysical Research Communications, 473(1), 99-106. 
doi:10.1016/j.bbrc.2016.03.058 

Liu, L. X., & Arany, Z. (2014). Maternal cardiac metabolism in pregnancy. Cardiovascular 
Research, 101(4), 545-553. doi:10.1093/cvr/cvu009 



94 

Loenarz, C., Coleman, M. L., Boleininger, A., Schierwater, B., Holland, P. W. H., Ratcliffe, 
P. J., & Schofield, C. J. (2011). The hypoxia-inducible transcription factor pathway 
regulates oxygen sensing in the simplest animal, trichoplax adhaerens. EMBO Reports, 
12(1), 63-70. doi:10.1038/embor.2010.170 

Lorenzo, F. R., Huff, C., Myllymäki, M., Olenchock, B., Swierczek, S., Tashi, T., . . . Prchal, 
J. T. (2014). A genetic mechanism for tibetan high-altitude adaptation. Nature Genetics, 
46(9), 951-956. doi:10.1038/ng.3067 

Lu, H., Dalgard, C. L., Mohyeldin, A., McFate, T., Tait, A. S., & Verma, A. (2005). 
Reversible inactivation of HIF-1 prolyl hydroxylases allows cell metabolism to control 
basal HIF-1. The Journal of Biological Chemistry, 280(51), 41928-41939. 
doi:10.1074/jbc.M508718200 

Luo, W., Hu, H., Chang, R., Zhong, J., Knabel, M., O'Meally, R., . . . Semenza, G. L. (2011). 
Pyruvate kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible factor 1. 
Cell, 145(5), 732-744. doi:10.1016/j.cell.2011.03.054 

Lusis, A. J. (2000). Atherosclerosis. Nature, 407(6801), 233-241. doi:10.1038/35025203 
Macklin, P. S., McAuliffe, J., Pugh, C. W., & Yamamoto, A. (2017). Hypoxia and HIF 

pathway in cancer and the placenta. Placenta, 56, 8-13. doi:10.1016/ 
j.placenta.2017.03.010 

Mahley, R. W. (1988). Apolipoprotein E: Cholesterol transport protein with expanding role 
in cell biology. Science (New York, N.Y.), 240(4852), 622-630.  

Major, A. S., Fazio, S., & Linton, M. F. (2002). B-lymphocyte deficiency increases 
atherosclerosis in LDL receptor-null mice. Arteriosclerosis, Thrombosis, and Vascular 
Biology, 22(11), 1892-1898.  

Makino, Y., Kanopka, A., Wilson, W. J., Tanaka, H., & Poellinger, L. (2002). Inhibitory 
PAS domain protein (IPAS) is a hypoxia-inducible splicing variant of the hypoxia-
inducible factor-3alpha locus. The Journal of Biological Chemistry, 277(36), 32405-
32408.  

Mallat, Z., Besnard, S., Duriez, M., Deleuze, V., Emmanuel, F., Bureau, M. F., . . . Tedgui, 
A. (1999). Protective role of interleukin-10 in atherosclerosis. Circulation Research, 
85(8), 17.  

Mallat, Z., Corbaz, A., Scoazec, A., Graber, P., Alouani, S., Esposito, B., . . . Tedgui, A. 
(2001). Interleukin-18/interleukin-18 binding protein signaling modulates 
atherosclerotic lesion development and stability. Circulation Research, 89(7), 41.  

Marchiq, I., & Pouysségur, J. (2016). Hypoxia, cancer metabolism and the therapeutic 
benefit of targeting lactate/H(+) symporters. Journal of Molecular Medicine (Berlin, 
Germany), 94(2), 155-171. doi:10.1007/s00109-015-1307-x 

Marsch, E., Demandt, J. A. F., Theelen, T. L., Tullemans, B. M. E., Wouters, K., Boon, M. 
R., . . . Sluimer, J. C. (2016). Deficiency of the oxygen sensor prolyl hydroxylase 1 
attenuates hypercholesterolaemia, atherosclerosis, and hyperglycaemia. European 
Heart Journal, 37(39), 2993-2997. doi:10.1093/eurheartj/ehw156 

Marsch, E., Sluimer, J. C., & Daemen, Mat J. A. P. (2013). Hypoxia in atherosclerosis and 
inflammation. Current Opinion in Lipidology, 24(5), 393-400. doi:10.1097/ 
MOL.0b013e32836484a4 



95 

Martineau, M. G., Raker, C., Dixon, P. H., Chambers, J., Machirori, M., King, N. M., . . . 
Williamson, C. (2015). The metabolic profile of intrahepatic cholestasis of pregnancy 
is associated with impaired glucose tolerance, dyslipidemia, and increased fetal growth. 
Diabetes Care, 38(2), 243-248. doi:10.2337/dc14-2143 

Matsuura, H., Ichiki, T., Inoue, E., Nomura, M., Miyazaki, R., Hashimoto, T., . . . Sunagawa, 
K. (2013). Prolyl hydroxylase domain protein 2 plays a critical role in diet-induced 
obesity and glucose intolerance. Circulation, 127(21), 2078-2087. 
doi:10.1161/CIRCULATIONAHA.113.001742 

Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C., Cockman, M. 
E., . . . Ratcliffe, P. J. (1999). The tumour suppressor protein VHL targets hypoxia-
inducible factors for oxygen-dependent proteolysis. Nature, 399(6733), 271-275.  

Maxwell, P. H., & Eckardt, K. (2016). HIF prolyl hydroxylase inhibitors for the treatment 
of renal anaemia and beyond. Nature Reviews. Nephrology, 12(3), 157-168. 
doi:10.1038/nrneph.2015.193 

Mayer, C., & Joseph, K. S. (2013). Fetal growth: A review of terms, concepts and issues 
relevant to obstetrics. Ultrasound in Obstetrics & Gynecology: The Official Journal of 
the International Society of Ultrasound in Obstetrics and Gynecology, 41(2), 136-145. 
doi:10.1002/uog.11204 

Mazzone, M., Dettori, D., de Oliveira, R. L., Loges, S., Schmidt, T., Jonckx, B., . . . 
Carmeliet, P. (2009). Heterozygous deficiency of PHD2 restores tumor oxygenation 
and inhibits metastasis via endothelial normalization. Cell, 136(5), 839-851. 
doi:10.1016/j.cell.2009.01.020 

McAuliffe, F., Kametas, N., Krampl, E., Ernsting, J., & Nicolaides, K. (2001). Blood gases 
in pregnancy at sea level and at high altitude. BJOG: An International Journal of 
Obstetrics and Gynaecology, 108(9), 980-985.  

McDonough, M. A., Loenarz, C., Chowdhury, R., Clifton, I. J., & Schofield, C. J. (2010). 
Structural studies on human 2-oxoglutarate dependent oxygenases. Current Opinion in 
Structural Biology, 20(6), 659-672. doi:10.1016/j.sbi.2010.08.006 

Meir, K. S., & Leitersdorf, E. (2004). Atherosclerosis in the apolipoprotein E-deficient 
mouse: A decade of progress. Arteriosclerosis, Thrombosis, and Vascular Biology, 
24(6), 1006-1014. doi:10.1161/01.ATV.0000128849.12617.f4 

Metzen, E., Berchner-Pfannschmidt, U., Stengel, P., Marxsen, J. H., Stolze, I., Klinger, 
M., . . . Fandrey, J. (2003). Intracellular localisation of human HIF-1 alpha hydroxylases: 
Implications for oxygen sensing. Journal of Cell Science, 116(Pt 7), 1319-1326.  

Michailidou, Z., Morton, N. M., Moreno Navarrete, J. M., West, C. C., Stewart, K. J., 
Fernández-Real, J. M., . . . Ratcliffe, P. J. (2015). Adipocyte pseudohypoxia suppresses 
lipolysis and facilitates benign adipose tissue expansion. Diabetes, 64(3), 733-745. 
doi:10.2337/db14-0233 

Minamishima, Y. A., & Kaelin, W. G. (2010). Reactivation of hepatic EPO synthesis in mice 
after PHD loss. Science (New York, N.Y.), 329(5990), 407. doi:10.1126/ 
science.1192811 



96 

Minamishima, Y. A., Moslehi, J., Bardeesy, N., Cullen, D., Bronson, R. T., & Kaelin, W. G. 
(2008). Somatic inactivation of the PHD2 prolyl hydroxylase causes polycythemia and 
congestive heart failure. Blood, 111(6), 3236-3244. doi:10.1182/blood-2007-10-
117812 

Minamishima, Y. A., Moslehi, J., Padera, R. F., Bronson, R. T., Liao, R., & Kaelin, W. G. 
(2009). A feedback loop involving the Phd3 prolyl hydroxylase tunes the mammalian 
hypoxic response in vivo. Molecular and Cellular Biology, 29(21), 5729-5741. 
doi:10.1128/MCB.00331-09 

Montalescot, G., Sechtem, U., Achenbach, S., Andreotti, F., Arden, C., Budaj, A., . . . 
Zamorano, J. L. (2013). 2013 ESC guidelines on the management of stable coronary 
artery disease: The task force on the management of stable coronary artery disease of 
the european society of cardiology. European Heart Journal, 34(38), 2949-3003. 
doi:10.1093/eurheartj/eht296 

Moore, L. G. (2017). Measuring high-altitude adaptation. Journal of Applied Physiology 
(Bethesda, Md.: 1985), 123(5), 1371-1385. doi:10.1152/japplphysiol.00321.2017 

Moore, L. G., Charles, S. M., & Julian, C. G. (2011). Humans at high altitude: Hypoxia and 
fetal growth. Respiratory Physiology & Neurobiology, 178(1), 181-190. 
doi:10.1016/j.resp.2011.04.017 

Moreno, P. R., Purushothaman, K. -., Sirol, M., Levy, A. P., & Fuster, V. (2006). 
Neovascularization in human atherosclerosis. Circulation, 113(18), 2245-2252.  

Mortola, J. P., Frappell, P. B., Aguero, L., & Armstrong, K. (2000). Birth weight and altitude: 
A study in peruvian communities. The Journal of Pediatrics, 136(3), 324-329. 
doi:10.1067/mpd.2000.103507 

Moslehi, J., Minamishima, Y. A., Shi, J., Neuberg, D., Charytan, D. M., Padera, R. F., . . . 
Kaelin, W. G. (2010). Loss of hypoxia-inducible factor prolyl hydroxylase activity in 
cardiomyocytes phenocopies ischemic cardiomyopathy. Circulation, 122(10), 1004-
1016. doi:10.1161/CIRCULATIONAHA.109.922427 

MRC/BHF heart protection study of cholesterol lowering with simvastatin in 20,536 high-
risk individuals: A randomised placebo-controlled trial. (2002). Lancet (London, 
England), 360(9326), 7-22.  

Murphy, S. P., & Abrams, B. F. (1993). Changes in energy intakes during pregnancy and 
lactation in a national sample of US women. American Journal of Public Health, 83(8), 
1161-1163.  

Myllyharju, J. (2008). Prolyl 4-hydroxylases, key enzymes in the synthesis of collagens and 
regulation of the response to hypoxia, and their roles as treatment targets. Annals of 
Medicine, 40(6), 402-417.  

Myllymäki, M. N. M., Määttä, J., Dimova, E. Y., Izzi, V., Väisänen, T., Myllyharju, J., . . . 
Serpi, R. (2017). Notch downregulation and extramedullary erythrocytosis in hypoxia-
inducible factor prolyl 4-hydroxylase 2-deficient mice. Molecular and Cellular Biology, 
37(2) 

Nair, M. K. C., Nair, L., Chacko, D. S., Zulfikar, A. M., George, B., & Sarma, P. S. (2009). 
Markers of fetal onset adult diseases: A comparison among low birthweight and normal 
birthweight adolescents. Indian Pediatrics, 46 Suppl, 43.  



97 

Nakano, D., Hayashi, T., Tazawa, N., Yamashita, C., Inamoto, S., Okuda, N., . . . Matsumura, 
Y. (2005). Chronic hypoxia accelerates the progression of atherosclerosis in 
apolipoprotein E-knockout mice. Hypertension Research: Official Journal of the 
Japanese Society of Hypertension, 28(10), 837-845. doi:10.1291/hypres.28.837 

Negrato, C. A., & Gomes, M. B. (2013). Low birth weight: Causes and consequences. 
Diabetology & Metabolic Syndrome, 5, 49. doi:10.1186/1758-5996-5-49 

Oehme, F., Ellinghaus, P., Kolkhof, P., Smith, T. J., Ramakrishnan, S., Hütter, J., . . . 
Flamme, I. (2002). Overexpression of PH-4, a novel putative proline 4-hydroxylase, 
modulates activity of hypoxia-inducible transcription factors. Biochemical and 
Biophysical Research Communications, 296(2), 343-349.  

Okumura, C. Y. M., Hollands, A., Tran, D. N., Olson, J., Dahesh, S., von Köckritz-
Blickwede, M., . . . Nizet, V. (2012). A new pharmacological agent (AKB-4924) 
stabilizes hypoxia inducible factor-1 (HIF-1) and increases skin innate defenses against 
bacterial infection. Journal of Molecular Medicine (Berlin, Germany), 90(9), 1079-
1089. doi:10.1007/s00109-012-0882-3 

Palacín, M., Lasunción, M. A., Asunción, M., & Herrera, E. (1991). Circulating metabolite 
utilization by periuterine adipose tissue in situ in the pregnant rat. Metabolism: Clinical 
and Experimental, 40(5), 534-539.  

Palinski, W., Miller, E., & Witztum, J. L. (1995). Immunization of low density lipoprotein 
(LDL) receptor-deficient rabbits with homologous malondialdehyde-modified LDL 
reduces atherogenesis. Proceedings of the National Academy of Sciences of the United 
States of America, 92(3), 821-825.  

Palinski, W., Tangirala, R. K., Miller, E., Young, S. G., & Witztum, J. L. (1995). Increased 
autoantibody titers against epitopes of oxidized LDL in LDL receptor-deficient mice 
with increased atherosclerosis. Arteriosclerosis, Thrombosis, and Vascular Biology, 
15(10), 1569-1576.  

Pasanen, A., Heikkilä, M., Rautavuoma, K., Hirsilä, M., Kivirikko, K. I., & Myllyharju, J. 
(2010). Hypoxia-inducible factor (HIF)-3alpha is subject to extensive alternative 
splicing in human tissues and cancer cells and is regulated by HIF-1 but not HIF-2. The 
International Journal of Biochemistry & Cell Biology, 42(7), 1189-1200. 
doi:10.1016/j.biocel.2010.04.008 

Pedersen, T. R., Kjekshus, J., Berg, K., Haghfelt, T., Faergeman, O., Faergeman, G., . . . 
Wedel, H. (2004). Randomised trial of cholesterol lowering in 4444 patients with 
coronary heart disease: The scandinavian simvastatin survival study (4S). 1994. 
Atherosclerosis. Supplements, 5(3), 81-87.  

Percy, M. J., Zhao, Q., Flores, A., Harrison, C., Lappin, T. R. J., Maxwell, P. H., . . . Lee, F. 
S. (2006). A family with erythrocytosis establishes a role for prolyl hydroxylase domain 
protein 2 in oxygen homeostasis. Proceedings of the National Academy of Sciences of 
the United States of America, 103(3), 654-659. doi:10.1073/pnas.0508423103 

Pitkin, R. M., Connor, W. E., & Lin, D. S. (1972). Cholesterol metabolism and placental 
transfer in the pregnant rhesus monkey. The Journal of Clinical Investigation, 51(10), 
2584-2592. doi:10.1172/JCI107075 



98 

Powell-Braxton, L., Véniant, M., Latvala, R. D., Hirano, K., Won, W. B., Ross, J., . . . 
Davidson, N. O. (1998). A mouse model of human familial hypercholesterolemia: 
Markedly elevated low density lipoprotein cholesterol levels and severe atherosclerosis 
on a low-fat chow diet. Nature Medicine, 4(8), 934-938. doi:10.1038/nm0898-934 

Provenzano, R., Besarab, A., Wright, S., Dua, S., Zeig, S., Nguyen, P., . . . Neff, T. B. (2016). 
Roxadustat (FG-4592) versus epoetin alfa for anemia in patients receiving maintenance 
hemodialysis: A phase 2, randomized, 6- to 19-week, open-label, active-comparator, 
dose-ranging, safety and exploratory efficacy study. American Journal of Kidney 
Diseases: The Official Journal of the National Kidney Foundation, 67(6), 912-924. 
doi:10.1053/j.ajkd.2015.12.020 

Pugh, C. W., & Ratcliffe, P. J. (2003). Regulation of angiogenesis by hypoxia: Role of the 
HIF system. Nature Medicine, 9(6), 677-684.  

Pujol, E., Proenza, A., Lladó, I., & Roca, P. (2005). Pregnancy effects on rat adipose tissue 
lipolytic capacity are dependent on anatomical location. Cellular Physiology and 
Biochemistry: International Journal of Experimental Cellular Physiology, 
Biochemistry, and Pharmacology, 16(4-6), 229-236. doi:10.1159/000089848 

Rahtu-Korpela, L., Karsikas, S., Hörkkö, S., Blanco Sequeiros, R., Lammentausta, E., 
Mäkelä, K. A., . . . Koivunen, P. (2014). HIF prolyl 4-hydroxylase-2 inhibition 
improves glucose and lipid metabolism and protects against obesity and metabolic 
dysfunction. Diabetes, 63(10), 3324-3333.  

Ramadhani, M. K., Grobbee, D. E., Bots, M. L., Castro Cabezas, M., Vos, L. E., Oren, A., 
& Uiterwaal, Cuno S. P. M. (2006). Lower birth weight predicts metabolic syndrome 
in young adults: The atherosclerosis risk in young adults (ARYA)-study. 
Atherosclerosis, 184(1), 21-27. doi:10.1016/j.atherosclerosis.2005.03.022 

Rathmell, K., & Chen, S. (2008). VHL inactivation in renal cell carcinoma: Implications for 
diagnosis, prognosis, and treatment. Expert Review of Anticancer Therapy, 8, 73.  

Raval, R. R., Lau, K. W., Tran, M. G. B., Sowter, H. M., Mandriota, S. J., Li, J., . . . Ratcliffe, 
P. J. (2005). Contrasting properties of hypoxia-inducible factor 1 (HIF-1) and HIF-2 in 
von hippel-lindau-associated renal cell carcinoma. Molecular and Cellular Biology, 
25(13), 5675-5686. doi:10.1128/MCB.25.13.5675-5686.2005 

Ream, M., Ray, A. M., Chandra, R., & Chikaraishi, D. M. (2008). Early fetal hypoxia leads 
to growth restriction and myocardial thinning. American Journal of Physiology. 
Regulatory, Integrative and Comparative Physiology, 295(2), 583. doi:10.1152/ 
ajpregu.00771.2007 

Recalde, D., Ostos, M. A., Badell, E., Garcia-Otin, A., Pidoux, J., Castro, G., . . . Scott-
Algara, D. (2004). Human apolipoprotein A-IV reduces secretion of proinflammatory 
cytokines and atherosclerotic effects of a chronic infection mimicked by 
lipopolysaccharide. Arteriosclerosis, Thrombosis, and Vascular Biology, 24(4), 756-
761. doi:10.1161/01.ATV.0000119353.03690.22 

Reischl, S., Li, L., Walkinshaw, G., Flippin, L. A., Marti, H. H., & Kunze, R. (2014). 
Inhibition of HIF prolyl-4-hydroxylases by FG-4497 reduces brain tissue injury and 
edema formation during ischemic stroke. PloS One, 9(1), e84767. doi:10.1371/ 
journal.pone.0084767 



99 

Ritchie, H. E., Oakes, D. J., Kennedy, D., & Polson, J. W. (2017). Early gestational hypoxia 
and adverse developmental outcomes. Birth Defects Research, 109(17), 1358-1376. 
doi:10.1002/bdr2.1136 

Robertson, A. L., Rudling, M., Zhou, X., Gorelik, L., Flavell, R. A., & Hansson, G. K. (2003). 
Disruption of TGF-beta signaling in T cells accelerates atherosclerosis. The Journal of 
Clinical Investigation, 112(9), 1342-1350. doi:10.1172/JCI18607 

Rye, K., Bursill, C. A., Lambert, G., Tabet, F., & Barter, P. J. (2009). The metabolism and 
anti-atherogenic properties of HDL. Journal of Lipid Research, 50 Suppl, 195.  

Salonen, J. T., Ylä-Herttuala, S., Yamamoto, R., Butler, S., Korpela, H., Salonen, R., . . . 
Witztum, J. L. (1992). Autoantibody against oxidised LDL and progression of carotid 
atherosclerosis. Lancet (London, England), 339(8798), 883-887.  

Sameshima, H., Kamitomo, M., Kajiya, S., Kai, M., Furukawa, S., & Ikenoue, S. (2000). 
Early glycemic control reduces large-for-gestational-age infants in 250 japanese 
gestational diabetes pregnancies. American Journal of Perinatology, 17(7), 371-376. 
doi:10.1055/s-2000-13450 

Sarwar, N., Danesh, J., Eiriksdottir, G., Sigurdsson, G., Wareham, N., Bingham, S., . . . 
Gudnason, V. (2007). Triglycerides and the risk of coronary heart disease: 10,158 
incident cases among 262,525 participants in 29 western prospective studies. 
Circulation, 115(4), 450-458. doi:10.1161/CIRCULATIONAHA.106.637793 

Schaefer, E. J., Gregg, R. E., Ghiselli, G., Forte, T. M., Ordovas, J. M., Zech, L. A., & 
Brewer, H. B. (1986). Familial apolipoprotein E deficiency. The Journal of Clinical 
Investigation, 78(5), 1206-1219. doi:10.1172/JCI112704 

Schofield, C. J., & Ratcliffe, P. J. (2004). Oxygen sensing by HIF hydroxylases. Nature 
Reviews. Molecular Cell Biology, 5(5), 343-354.  

Selak, M. A., Armour, S. M., MacKenzie, E. D., Boulahbel, H., Watson, D. G., Mansfield, 
K. D., . . . Gottlieb, E. (2005). Succinate links TCA cycle dysfunction to oncogenesis 
by inhibiting HIF-alpha prolyl hydroxylase. Cancer Cell, 7(1), 77-85. 
doi:10.1016/j.ccr.2004.11.022 

Semenza, G. L. (2001). HIF-1 and mechanisms of hypoxia sensing. Current Opinion in Cell 
Biology, 13(2), 167-171.  

Semenza, G. L. (2003). Targeting HIF-1 for cancer therapy. Nature Reviews. Cancer, 3(10), 
721-732.  

Semenza, G. L. (2007). Life with oxygen. Science, 318(5847), 62-64. 
doi:10.1126/science.1147949 

Semenza, G. L. (2009). Regulation of oxygen homeostasis by hypoxia-inducible factor 1. 
Physiology (Bethesda, Md.), 24, 97-106. doi:10.1152/physiol.00045.2008 

Semenza, G. L. (2012). Hypoxia-inducible factors in physiology and medicine. Cell, 148(3), 
399-408.  

Sharpe, L. J., & Brown, A. J. (2013). Controlling cholesterol synthesis beyond 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR). The Journal of Biological Chemistry, 
288(26), 18707-18715. doi:10.1074/jbc.R113.479808 

Shoenfeld, Y., Wu, R., Dearing, L. D., & Matsuura, E. (2004). Are anti-oxidized low-density 
lipoprotein antibodies pathogenic or protective? Circulation, 110(17), 2552-2558.  



100 

Sluimer, J. C., Gasc, J., van Wanroij, J. L., Kisters, N., Groeneweg, M., Sollewijn Gelpke, 
M. D., . . . Bijnens, A. J. (2008). Hypoxia, hypoxia-inducible transcription factor, and 
macrophages in human atherosclerotic plaques are correlated with intraplaque 
angiogenesis. Journal of the American College of Cardiology, 51(13), 1258-1265.  

Smythies, J. A., Sun, M., Masson, N., Salama, R., Simpson, P. D., Murray, E., . . . Mole, D. 
R. (2018). Inherent DNA-binding specificities of the HIF-1α and HIF-2α transcription 
factors in chromatin. EMBO Reports, doi:10.15252/embr.201846401 

Soria, R., Julian, C. G., Vargas, E., Moore, L. G., & Giussani, D. A. (2013). Graduated 
effects of high-altitude hypoxia and highland ancestry on birth size. Pediatric Research, 
74(6), 633-638. doi:10.1038/pr.2013.150 

Staat, B. C., Galan, H. L., Harwood, J. E. F., Lee, G., Marconi, A. M., Paolini, C. L., . . . 
Battaglia, F. C. (2012). Transplacental supply of mannose and inositol in uncomplicated 
pregnancies using stable isotopes. The Journal of Clinical Endocrinology and 
Metabolism, 97(7), 2497-2502. doi:10.1210/jc.2011-1800 

Svenson, K. L., Ahituv, N., Durgin, R. S., Savage, H., Magnani, P. A., Foreman, O., . . . 
Peters, L. L. (2008). A new mouse mutant for the LDL receptor identified using ENU 
mutagenesis. Journal of Lipid Research, 49(11), 2452-2462. doi:10.1194/jlr.M800303-
JLR200 

Tabas, I., Williams, K. J., & Borén, J. (2007). Subendothelial lipoprotein retention as the 
initiating process in atherosclerosis: Update and therapeutic implications. Circulation, 
116(16), 1832-1844.  

Takeda, K., Ho, V. C., Takeda, H., Duan, L. -., Nagy, A., & Fong, G. -. (2006). Placental 
but not heart defects are associated with elevated hypoxia-inducible factor   levels in 
mice lacking prolyl hydroxylase domain protein 2. Molecular and Cellular Biology, 
26(22), 8336-8346. doi:10.1128/MCB.00425-06 

Takeda, K., Aguila, H. L., Parikh, N. S., Li, X., Lamothe, K., Duan, L., . . . Fong, G. (2008). 
Regulation of adult erythropoiesis by prolyl hydroxylase domain proteins. Blood, 
111(6), 3229-3235.  

Takeda, K., Cowan, A., & Fong, G. (2007). Essential role for prolyl hydroxylase domain 
protein 2 in oxygen homeostasis of the adult vascular system. Circulation, 116(7), 774-
781. doi:10.1161/CIRCULATIONAHA.107.701516 

Takeda, Y., Costa, S., Delamarre, E., Roncal, C., Leite de Oliveira, R., Squadrito, M. L., . . . 
Mazzone, M. (2011). Macrophage skewing by Phd2 haplodeficiency prevents 
ischaemia by inducing arteriogenesis. Nature, 479(7371), 122-126. 
doi:10.1038/nature10507 

Tambuwala, M. M., Cummins, E. P., Lenihan, C. R., Kiss, J., Stauch, M., Scholz, C. C., . . . 
Taylor, C. T. (2010). Loss of prolyl hydroxylase-1 protects against colitis through 
reduced epithelial cell apoptosis and increased barrier function. Gastroenterology, 
139(6), 2093-2101. doi:10.1053/j.gastro.2010.06.068 

Taylor, C. T., & Colgan, S. P. (2017). Regulation of immunity and inflammation by hypoxia 
in immunological niches. Nature Reviews. Immunology, 17(12), 774-785. 
doi:10.1038/nri.2017.103 



101 

Trollmann, R., Richter, M., Jung, S., Walkinshaw, G., & Brackmann, F. (2014). 
Pharmacologic stabilization of hypoxia-inducible transcription factors protects 
developing mouse brain from hypoxia-induced apoptotic cell death. Neuroscience, 278, 
327-342. doi:10.1016/j.neuroscience.2014.08.019 

Tsiantoulas, D., Diehl, C. J., Witztum, J. L., & Binder, C. J. (2014). B cells and humoral 
immunity in atherosclerosis. Circulation Research, 114(11), 1743-1756. doi:10.1161/ 
CIRCRESAHA.113.301145 

Tsimikas, S., Brilakis, E. S., Lennon, R. J., Miller, E. R., Witztum, J. L., McConnell, J. P., . . . 
Berger, P. B. (2007). Relationship of IgG and IgM autoantibodies to oxidized low 
density lipoprotein with coronary artery disease and cardiovascular events. Journal of 
Lipid Research, 48(2), 425-433.  

Ullah, K., Rosendahl, A., Izzi, V., Bergmann, U., Pihlajaniemi, T., Mäki, J. M., & 
Myllyharju, J. (2017). Hypoxia-inducible factor prolyl-4-hydroxylase-1 is a convergent 
point in the reciprocal negative regulation of NF-κB and p53 signaling pathways. 
Scientific Reports, 7(1), 17220. doi:10.1038/s41598-017-17376-0 

van Leeuwen, M., Damoiseaux, J., Duijvestijn, A., & Tervaert, J. W. C. (2009). The 
therapeutic potential of targeting B cells and anti-oxLDL antibodies in atherosclerosis. 
Autoimmunity Reviews, 9(1), 53-57.  

Véniant, M. M., Withycombe, S., & Young, S. G. (2001). Lipoprotein size and 
atherosclerosis susceptibility in apoe(-/-) and ldlr(-/-) mice. Arteriosclerosis, 
Thrombosis, and Vascular Biology, 21(10), 1567-1570.  

Vink, A., Schoneveld, A. H., Lamers, D., Houben, A. J. S., van der Groep, P., van Diest, P. 
J., & Pasterkamp, G. (2007). HIF-1 alpha expression is associated with an atheromatous 
inflammatory plaque phenotype and upregulated in activated macrophages. 
Atherosclerosis, 195(2), 69. doi:10.1016/j.atherosclerosis.2007.05.026 

Wei, K., Piecewicz, S. M., McGinnis, L. M., Taniguchi, C. M., Wiegand, S. J., Anderson, 
K., . . . Kuo, C. J. (2013). A liver hif-2α-Irs2 pathway sensitizes hepatic insulin signaling 
and is modulated by vegf inhibition. Nature Medicine, 19(10), 1331-1337. doi:10.1038/ 
nm.3295 

Westerterp, M., van der Hoogt, Caroline C., de Haan, W., Offerman, E. H., Dallinga-Thie, 
G. M., Jukema, J. W., . . . Rensen, P. C. N. (2006). Cholesteryl ester transfer protein 
decreases high-density lipoprotein and severely aggravates atherosclerosis in APOE*3-
leiden mice. Arteriosclerosis, Thrombosis, and Vascular Biology, 26(11), 2552-2559. 
doi:10.1161/01.ATV.0000243925.65265.3c 

Witztum, J. L. (2002). Splenic immunity and atherosclerosis: A glimpse into a novel 
paradigm? The Journal of Clinical Investigation, 109(6), 721-724. doi:10.1172/ 
JCI15310 

Woollett, L. A. (2011). Review: Transport of maternal cholesterol to the fetal circulation. 
Placenta, 32(0 2), S221. doi:10.1016/j.placenta.2011.01.011 

Xie, L., Pi, X., Townley-Tilson, W. H. D., Li, N., Wehrens, X. H. T., Entman, M. L., . . . 
Patterson, C. (2015). PHD2/3-dependent hydroxylation tunes cardiac response to β-
adrenergic stress via phospholamban. The Journal of Clinical Investigation, 125(7), 
2759-2771. doi:10.1172/JCI80369 



102 

Xue, X., Ramakrishnan, S., Anderson, E., Taylor, M., Zimmermann, E. M., Spence, J. R., . . . 
Shah, Y. M. (2013). Endothelial PAS domain protein 1 activates the inflammatory 
response in the intestinal epithelium to promote colitis in mice. Gastroenterology, 
145(4), 831-841. doi:10.1053/j.gastro.2013.07.010 

Yang, C., Zhuang, Z., Fliedner, S. M. J., Shankavaram, U., Sun, M. G., Bullova, P., . . . 
Pacak, K. (2015). Germ-line PHD1 and PHD2 mutations detected in patients with 
pheochromocytoma/paraganglioma-polycythemia. Journal of Molecular Medicine 
(Berlin, Germany), 93(1), 93-104. doi:10.1007/s00109-014-1205-7 

Ylä-Herttuala, S., Palinski, W., Butler, S. W., Picard, S., Steinberg, D., & Witztum, J. L. 
(1994). Rabbit and human atherosclerotic lesions contain IgG that recognizes epitopes 
of oxidized LDL. Arteriosclerosis and Thrombosis: A Journal of Vascular Biology, 
14(1), 32-40.  

Zeng, Z., Liu, F., & Li, S. (2017). Metabolic adaptations in pregnancy: A review. Annals of 
Nutrition & Metabolism, 70(1), 59-65. doi:10.1159/000459633 

Zhang, P., Zhu, D., Chen, X., Li, Y., Li, N., Gao, Q., . . . Xu, Z. (2016). Prenatal hypoxia 
promotes atherosclerosis via vascular inflammation in the offspring rats. 
Atherosclerosis, 245, 28-34. doi:10.1016/j.atherosclerosis.2015.11.028 

Zhao, J., Du, F., Shen, G., Zheng, F., & Xu, B. (2015). The role of hypoxia-inducible factor-
2 in digestive system cancers. Cell Death & Disease, 6 

Zheng, X., Zhai, B., Koivunen, P., Shin, S. J., Lu, G., Liu, J., . . . Zhang, Q. (2014). Prolyl 
hydroxylation by EglN2 destabilizes FOXO3a by blocking its interaction with the 
USP9x deubiquitinase. Genes & Development, 28(13), 1429-1444. doi:10.1101/ 
gad.242131.114 

Zhou, X., Nicoletti, A., Elhage, R., & Hansson, G. K. (2000). Transfer of CD4(+) T cells 
aggravates atherosclerosis in immunodeficient apolipoprotein E knockout mice. 
Circulation, 102(24), 2919-2922.  

Zhou, X., Robertson, A. L., Hjerpe, C., & Hansson, G. K. (2006). Adoptive transfer of CD4+ 
T cells reactive to modified low-density lipoprotein aggravates atherosclerosis. 
Arteriosclerosis, Thrombosis, and Vascular Biology, 26(4), 864-870. doi:10.1161/ 
01.ATV.0000206122.61591.ff 

  

  



103 

Original publications  
I  Lea Rahtu-Korpela, Jenni Määttä, Elitsa Y. Dimova, Sohvi Hörkkö, Helena Gylling, 

Gail Walkinshaw, Jukka Hakkola, Kari I. Kivirikko, Johanna Myllyharju, Raisa Serpi, 
Peppi Koivunen. (2016). Hypoxia-Inducible Factor Prolyl 4-Hydroxylase-2 Inhibition 
Protects Against Development of Atherosclerosis. Arteriosclerosis, Thrombosis and 
Vascular Biology. 36(4):608-17.  

II  Jenni Määttä, Raisa Serpi, Sohvi Hörkkö, Johanna Myllyharju, Elitsa Y. Dimova*, and 
Peppi Koivunen*. (2019). Genetic ablation of P4H-TM reduces atherosclerotic plaques 
in mice. Manuscript. 

III  Jenni Määttä, Niina Sissala, Elitsa Y. Dimova, Raisa Serpi, Lorna G. Moore, Peppi 
Koivunen. (2018). Hypoxia causes reductions in birth weight by altering maternal 
glucose and lipid metabolism. Scientific Reports; 8: 13583. 

*Equal senior authors 

Reprinted with permission from Wolters Kluwer (I) and Springer Nature (III).  

Original publications are not included in the electronic version of the dissertation.  
  



104 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

S E R I E S  D  M E D I C A

1494. Saukko, Ekaterina (2018) Medical use of radiation in gastroenterology : optimising
patient radiation exposure during endoscopic retrograde cholangiopancreato-
graphy (ERCP)

1495. Pääkkö, Tero (2018) Predictors of left ventricular hypertrophy, diastolic
dysfunction and atrial fibrillation : the roles of adiponectin, ambulatory blood
pressure and dietary sodium intake

1496. Lackman, Jarkko (2018) Glycosylation and dimerization of the human ?-opioid
receptor polymorphic variants

1497. Hoikka, Marko (2018) Prehospital risk assessment and patient outcome : a
population based study in Northern Finland

1498. Wiens, Varpu (2018) Pohjoissuomalaisten nuorten tyttöjen hyvinvointi :
hypoteettinen malli

1499. Piispala, Johanna (2019) Atypical electrical brain activity related to attention and
inhibitory control in children who stutter

1500. Leppänen, Joni (2019) The role of hypoxia, innate immunity receptors and
stromal response in pancreatic cancer

1501. Lahtinen, Sanna (2019) Complications, quality of life and outcome after free flap
surgery for cancer of the head and neck

1502. Rajavaara, Päivi (2019) Children’s dental general anaesthesia : reasons and
associated factors

1503. Varpuluoma, Outi (2019) Drugs, dermatitis herpetiformis and celiac disease as
risk factors for bullous pemphigoid in Finland

1504. Mäkelä-Kaikkonen, Johanna (2019) Robotic-assisted and laparoscopic ventral
rectopexy in the treatment of posterior pelvic floor procidentia

1505. Lahtinen, Antti (2019) Rehabilitation after hip fracture : Comparison of physical,
geriatric and conventional treatment

1506. Alakärppä, Antti (2019) Primary sinonasal surgery and health-related quality of life
in adults

1507. Komulainen-Ebrahim, Jonna (2019) Genetic aetiologies and phenotypic variations
of childhood-onset epileptic encephalopathies and movement disorders

1508. Jussila, Päivi (2019) Prevalence and associated risk factors of temporomandibular
disorders (TMD) in the Northern Finland Birth Cohort (NFBC) 1966



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Senior research fellow Jari Juuti

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-2238-7 (Paperback)
ISBN 978-952-62-2239-4 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1509

A
C

TA
Jenni M

äättä

OULU 2019

D 1509

Jenni Määttä

EFFECTS OF THE HYPOXIA 
RESPONSE ON METABOLISM 
IN ATHEROSCLEROSIS AND 
PREGNANCY

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF BIOCHEMISTRY AND MOLECULAR MEDICINE;
BIOCENTER OULU


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	Original publications
	Contents
	1 Introduction
	2 Review of the literature
	2.1 The hypoxia response pathway
	2.2 Hypoxia-inducible factor (HIF)
	2.2.1 Structure and mechanism of action
	2.2.2 Regulation of HIF
	2.2.3 HIF1 and HIF2 target genes

	2.3 HIF prolyl 4-hydroxylases (HIF-P4Hs)
	2.3.1 Structure of HIF-P4Hs
	2.3.2 Function, inhibitors and additional substrates
	2.3.3 HIF-P4H mouse models
	2.3.4 HIF-P4Hs in human diseases
	2.3.5 HIF-P4Hs as therapeutic targets

	2.4 Atherosclerosis
	2.4.1 Atherosclerosis as a noncommunicable disease
	2.4.2 Formation of atherosclerotic plaques
	2.4.3 Inflammation and atherosclerosis
	2.4.4 Immunoglobulins in atherosclerosis
	2.4.5 Role of cholesterol and circulating lipids
	2.4.6 Mouse models of atherosclerosis
	2.4.7 Role of hypoxia in atherosclerosis

	2.5 Pregnancy
	2.5.1 Maternal glucose, lipid and energy metabolism during pregnancy
	2.5.2 Impact of maternal metabolism on fetal growth
	2.5.3 Pregnancy in high-altitude conditions
	2.5.4 HIF and pregnancy


	3 Aims of the present study
	4 Methods
	5 Results
	5.1 HIF-P4H-2 inhibition protects against development of atherosclerosis
	5.1.1 Pharmacological HIF-P4H inhibition in LDLR–deficient mice reduced weight gain, accumulation of adipose tissue and inflammation in adipose tissue
	5.1.2 Pharmacological HIF-P4H inhibition reduced aortic plaque area in LDLR-deficient mice
	5.1.3 Pharmacological inhibition of HIF-P4H reduced insulin resistance and enhanced glucose metabolism in LDLR-deficient mice
	5.1.4 Pharmacological HIF-P4H inhibition in LDLR-deficient mice reduced serum cholesterol levels and increased levels of circulating atherosclerosis-protective autoantibodies
	5.1.5 Genetic HIF-P4H-2 inhibition reduced aortic plaque area and adipose tissue inflammation and increased levels of circulating atherosclerosis-protective autoantibodies

	5.2 P4H-TM deficiency in mice protects from atherosclerosis
	5.2.1 P4htm-/-/Ldlr-/- mice had reduced serum triglyceride levels
	5.2.2 P4htm-/-/Ldlr-/- mice had fewer atherosclerotic plaques in the whole aorta
	5.2.3 Knockout of P4H-TM induced a trend for higher hepatic levels of triglycerides and alterations to pathways that regulate lipid metabolism and immunological responses in the liver
	5.2.4 Elevated circulating levels of atheroprotective autoantibodies were found in the P4htm-/-/Ldlr-/- mice

	5.3 Hypoxia causes reductions in birth weight by altering maternal glucose and lipid metabolism
	5.3.1 Hypoxia reduced birth weight, maternal weight gain and catabolic reserve of maternal adipose tissue in pregnant mice
	5.3.2 Hypoxia improved glucose sensitivity, reduced insulin resistance and increased glucagon levels in pregnant mice
	5.3.3 Hypoxia promoted glucose uptake in multiple maternal organs
	5.3.4 Hypoxia increased haemoglobin levels and expression of HIF-target genes in both maternal and fetal tissues


	6 Discussion
	6.1 The role of HIF-P4H inhibition in the prevention and treatment of atherosclerosis
	6.1.1 HIF-P4Hs and lipid metabolism in atherosclerosis
	6.1.2 Immunology and its role in atherosclerosis in HIF-P4H-deficient mice

	6.2 Hypoxia alters maternal glucose and lipid metabolism resulting in compromised fetal growth
	6.3 Hypoxia and its therapeutic possibilities in glucose and lipid metabolism

	7 Conclusions and future prospects
	List of references
	Original publications



