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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 hypoxiainducible 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)

Määttä, Jenni, Hypoksiavasteen vaikutukset metaboliaan ateroskleroosissa ja
raskaudessa.
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Tiivistelmä
Happi on ihmiselle elintärkeää. Tämän vuoksi meille on kehittynyt pitkälle jalostunut verenkierto-, hengitys- ja neuroendokriininen järjestelmä sekä sellaisten geenien ilmentymisen muutoksia, jotka joko lisäävät hapen kuljetusta tai auttavat selviytymään hypoksisissa oloissa, jotta taataan riittävä hapen saanti. Hapen puutteessa hypoksiavaste, jonka tärkein säätelijä on hypoksiassa indusoituva transkriptiotekijä (HIF), aktivoituu. HIF:lla on yli 1000 kohdegeeniä joiden kautta sen vaikutukset välittyvät. HIF-prolyyli-4-hydroksylaasit (HIF-P4H:t) säätelevät HIF:n stabiilisuutta 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 rasvakudoksessa sekä plakeissa. Lisäksi hiirillä, joilta puuttui HIF-P4H-2, oli lisääntynyt määrä ateroskleroosilta suojaavia muokattua LDL:ää sitovia autovasta-aineita seerumissa. P4H-TM-poistogeenisillä hiirillä todettiin vastaavasti vähemmän ateroskleroottisia plakkeja ja lisääntynyt määrä ateroskleroosilta suojaavia autovasta-aineita seerumissa. Poiketen HIF-P4H-2-puutteisista hiiristä, 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 seurausta alentuneesta insuliiniresistenssistä sekä lisääntyneestä sokerin sisäänotosta äidin kudoksiin.
Hypoksiassa eivät raskaana olevien hiirten paino eivätkä rasvavarastot lisääntyneet samassa suhteessa normoksiassa raskaana olevien hiirten kanssa.
Nämä tulokset tarjoavat uusia mahdollisuuksia HIF-P4H-inhibition käyttämiseen terapeuttisena vaihtoehtona ateroskleroosin hoidossa ja ehkäisemisessä. Kliinisissä kokeissa munuaisperäisen 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)
19

In the state of hypoxia, the hypoxia response pathway is activated. Hypoxiainducible factor (HIF) consists of an α-and a β-subunit, of which the latter is
constitutively expressed (Semenza, 2001). Under normoxic conditions, the αsubunit 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.

20

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
21

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 αsubunit 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).
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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 HIFαsubunit 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).

24

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 mitogenactivated 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 coregulators 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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TGF-α, IGF-2, IGFBP1-3,
NIP3, IL-10
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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, hypoxiainducible 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 2oxoglutarate 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 ODDDdomain, 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. HIFP4H-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 substratebinding domain characteristic of the C-P4Hs. (Koivunen, Tiainen et al., 2007;
Myllyharju, 2008)
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HIF-P4H-2
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HIF-P4H-3
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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 4hydroxyproline residue in HIFα and the other for oxidative decarboxylation of 2OG, yielding succinate and CO2. (Kaelin & Ratcliffe, 2008)
All HIF-P4Hs are expressed throughout the tissues at diverse levels. HIF-P4H2, 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). R2-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 Nmyc 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
30

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 Hifp4h-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 HIFP4H 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 Hifp4h-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 EPOinduced 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 HIFP4Hs 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 (MCSF). 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+ Tcells. 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 majorhistocompatibilty-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, Tcells 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
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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 3hydroxy-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.
Acetyl-CoA
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HMG-CoA

Mevalonate
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Lanosterol
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Desmosterol

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 ratecontrolling 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

4. Invasive treatment

pharmacological

options

treatment
-Blood pressure

-ASA/Clopidogrel

-Beta-blockers

-PCI = percutaneous

target < 140-130/< 90- Antiplatelet therapy, reduces Reduce heart rate,

coronary intervention

80 mmHg

thrombocyte aggregation and blood pressure, chest

a metal or drug-eluting

acute coronary syndrome.

stent placed in the

pain

narrowed coronary artery
via catheter
-Hyperlipidemia

-ACE-inhibitor

Target LDL < 1.8

For all patients with history of blockers

bypass graft

mmol/l, Kol < 4.0–4.5

cardiac infarction or CAD +

Reduces chest pain

Bypassing the narrowed

mmol/l, HDL > 1.0

diabetes/ hypertension

when beta-blockers

artery surgically with

contraindicated
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-Calcium channel

-CABG = coronary artery
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-Obesity

-Statin
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Target BMI ≤ 25 and

Reduce hepatic cholesterol

Sublingually/spray for

waist circumference of synthesis, serum LDL-

immediate relief of

≤ 94 cm in men and ≤

cholesterol levels, vascular

angina and long-acting

80 cm in women

build-up, inflammation

nitrates for reccurring
chest pain

-Disrupted glucose
metabolism
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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.
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Table 2. Metabolic changes typically seen during the early and late stages of pregnancy.
↑ = increases, ↔ = unchanged, ↓ = decreases.
Maternal metabolic changes

Early pregnancy

Late pregnancy

Insulin production

↔

↑

Insulin resistance

↓/↔

↑

Gluconeogenesis

↔

↑

Fasting serum glucose levels

↔

↓

Anabolic fat storage

↑

↓

Lipolysis

↔

↑

Serum triglyceride levels

↔

↑

Ketogenesis

↔

↑

Maternal cholesterol usage

↑

↓

Plasma volume

↑

↑↑

Serum Hb levels

↔

↓

Glucose metabolism

Lipid metabolism

Other factors

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).

54

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 HIFP4H 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 Ldlrdeficient 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

Hif-p4H-2gt/gt

Genetrap

Used in
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

Protein
Tissue

In vivo

RNA sequencing (RNA-seq)

III

ELISA (insulin, glucagon)

I,III

SDS-PAGE and Western blotting

I

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

Administration of HFD

I,II

Administration of a HIF-P4H inhibitor (FG4497)

Other

I

Glucose tolerance test

I,III

Deoxyglucose uptake test

III

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 LDLRdeficient mice
Insulin resistance was measured in the experimental animals using the Homeostasis
Model Assessment of Insulin Resistance (HOMA-IR) equation. Since the FG4497-treated mice had lower insulin levels than the vehicle group, but with no
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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).

64

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/Hifp4h-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
66

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, FcγRmediated 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
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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
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(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 HIFtarget 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-p4h2gt/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 (RahtuKorpela 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, FrikkeSchmidt, 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/Hifp4h-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 hypoxiaassociated 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 HIFP4H-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 Hifp4h-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 HIFP4H-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 hypoxiainduced 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 HIFP4H 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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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 HIFP4H 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.
Maternal glucose
metabolism ↑
Hypoxic
conditions during
pregnancy

Activation of the
hypoxia response
through

Anabolism of
adipose tissue ↓
Hepatic cholesterol
synthesis ↓

HIF-P4H-2
inhibition

Maternal insulin
resistance ↓
Maternal weight
gain ↓

Inflammation in WAT and
atherosclerotic plaques ↓

Hepatic LPL ↑

Glucose and energy
for growing fetus ↓

Serum cholesterol ↓

Serum atheroprotective
autoantibodies ↑
P4H-TM
deficiency

Glucose flux into
maternal tissues ↑

Atherosclerotic
plaques ↓

Serum triglycerides ↓

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.
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