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Abstract
At high altitudes, chronic hypoxia challenges fetal growth leading to decreased birth weight which
increases the perinatal mortality and morbidity and predisposes to cardiovascular and metabolic
diseases later in life. On the other hand, also fetal macrosomia increases the risk for metabolic
dysfunctions. Major causes of fetal macrosomia are gestational diabetes mellitus (GDM) and
maternal overweight. GDM is a global problem affecting up to 30% of pregnancies and increasing
morbidity of mothers and offspring.
In cellular level, hypoxia response is mediated by hypoxia-inducible factor (HIF), a
heterodimeric transcription factor regulating the transcription of over 300 genes targeting e.g.,
energy metabolism and erythropoiesis. In an oxygenated environment, HIF prolyl 4-hydroxylases
(HIF-P4Hs) target the HIF subunit to proteasomal degradation. HIF-P4H inhibitors, recently
approved for treatment of renal anemia, activate the HIF response. Anemic patients treated with
HIF-P4H inhibitors exhibit improved cardiometabolic health. Furthermore, preclinical mouse
models show improved glucose tolerance, reduced insulin resistance (IR) and protection against
metabolic syndrome with HIF-P4H inhibition. Hemoglobin (Hb) is the most important transporter
of oxygen in the body. Low-end normal Hb levels have been shown to act as a surrogate marker
for activation of HIF response and to associate with better metabolic health.
Here we unraveled the effects of environmental hypoxia (15% O2) on pregnant dams’ glucose
and lipid metabolism in mice and found that improved glucose tolerance, decreased IR and a lower
amount of white adipose tissue led to decreased embryo weight. Next, we examined whether 15%
O2 could protect obese mice from the development of GDM. We discovered clear improvement
of maternal metabolism by hypoxia but detrimental effects on the feto-placental unit. When
assessing the association of the 1st trimester Hb levels with GDM risk in a Finnish multicenter
case-control study for GDM (FinnGeDi), we found that the low-end normal Hb levels decreased
the risk for GDM without an adverse effect on fetal outcome.
The results of this thesis shed light on maternal gestational metabolism in a hypoxic
environment, identify risk factors for GDM in the Finnish population and provide information for
the development of novel treatment options for GDM.

Keywords: gestational diabetes, glucose tolerance, hemoglobin, hypoxia, pregnancy
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Tiivistelmä
Kudosten hapenpuute eli hypoksia vaikeuttaa sikiönkehitystä erityisesti vuoristoalueilla, joissa
hapen määrä on alentunut, johtaen alentuneeseen syntymäpainoon. Tämä lisää akuutisti kuolleisuutta ja sairastavuutta sekä altistaa metabolisille ongelmille ja sydän- ja verisuonisairauksille.
Toisaalta myös sikiön liikakasvu lisää aineenvaihdunnan ongelmien riskiä. Merkittäviä syitä
sikiön liikakasvun taustalla ovat raskausdiabetes (GDM) sekä äidin ylipaino. GDM on globaali
ongelma, vaikuttaen jopa 30 %:in raskauksista lisäten äitien ja lasten sairastuvuutta.
Hapenpuute johtaa hypoksiavasteen aktivaatioon. Tätä välittää hypoksiassa indusoituva tekijä (HIF), joka säätelee esimerkiksi energia-aineenvaihduntaa ja punasolujen kypsymistä yli 300
geenin välityksellä. HIF on transkriptiotekijä, joka koostuu kahdesta alayksiköstä: HIFβ:sta sekä
happipitoisessa ympäristössä HIF prolyyli-4-hydroksylaasien (HIF-P4H) avulla hajotukseen
ohjattavasta HIFα:sta. HIF-P4H estäjät aktivoivat HIF-vasteen ja niitä käytetään munuaisperäisen anemian hoitoon. HIF-P4H estäjillä hoidetuilla anemiapotilailla on havaittu parantunut kardiometabolinen terveys ja hiirikokeissa vastaavasti parantunut sokerinsieto, vähentynyt insuliiniresistenssi (IR) sekä suoja metaboliselta oireyhtymältä. Elimistön tärkein hapenkuljettaja on
hemoglobiini (Hb). Väestön normaalivaihtelun sisällä matalan Hb:n on osoitettu välittävän
matala-asteista HIF-vastetta ja liittyvän parantuneeseen metaboliseen terveyteen.
Ensimmäisessä osatyössä selvitettiin ympäristön hypoksian vaikutusta raskaana olevan emon
energia-aineenvaihduntaan hiirillä, ja havaittiin parantuneen sokerinsiedon, vähentyneen IR:n
sekä pienentyneen rasvakudoksen määrän johtavan alentuneeseen syntymäpainoon. Toisessa
osatyössä selvitettiin, voisiko ympäristön hypoksia suojata ylipainoisia hiiriä GDM:lta. Siinä
havaittiin emon sokeriaineenvaihdunnan selkeä paraneminen, mutta poikasten kasvu häiriintyi.
Toisaalta kolmannessa osatyössä äidin alkuraskauden matalampien Hb-tasojen havaittiin pienentävän GDM:n riskiä vaikuttamatta sikiön kasvuun suomalaisessa raskausdiabeteksen tapaus-verrokkitutkimuksessa.
Tämän työn tulokset valottavat raskaudenaikaista aineenvaihduntaa hypoksisissa olosuhteissa
sekä tarjoavat uutta tietoa GDM:lle altistavista tekijöistä suomalaisessa väestössä ja mahdollisista uusista hoitomenetelmistä.

Asiasanat: hemoglobiini, hypoksia, raskaus, raskausdiabetes, sokerinsieto
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1

Introduction

At high altitude, chronic hypoxia challenges fetal growth and decreases it by
100 g/1000 m (G. M. Jensen & Moore, 1997; Moore et al., 2011). Altitude is the
second most important factor determining fetal growth, duration of gestation being
the first one (G. M. Jensen & Moore, 1997; Moore et al., 2011). The decreased birth
weight increases perinatal morbidity and mortality and predisposes to
cardiovascular and metabolic diseases later in life. The mechanisms behind the
decreased birth weight remain mostly unknown, one factor explaining this is
decreased uterine artery blood flow leading to impaired nutrition and oxygen
transmission to growing fetus (G. M. Jensen & Moore, 1997; Moore et al., 2011;
Zamudio et al., 1995).
In addition to decreased birth weight, also increased birth weight predisposes
the offspring to metabolic dysfunctions. Major factors leading to increased birth
weight and large for gestational age (LGA) infants are obesity and gestational
diabetes mellitus (GDM). Obesity is a globally rising problem affecting roughly
23% of women in the European region according to the World Health Organization
(WHO). Already in 2000 WHO stated that obesity is replacing the traditional
problems such as undernutrition and infectious diseases as the most significant
cause of ill-health. The proportion of women with obesity giving birth in Finland
has increased during the last decades, being 17.6% in 2020 (The Finnish Institute
for Health, 2021). Obesity has been shown to affect reproductive function by
altering the uterine environment and oocyte development, e.g., shortening the luteal
phase and decreasing the levels of many hormones, including follicle stimulating
hormone, eventually leading to reproductive dysfunction (Catalano & Shankar,
2017). Apart from problems in conceiving, obesity also increases the risk for
metabolic disturbances such as GDM during pregnancy. The global prevalence of
pregnancies affected by GDM varies from 2-30% depending on the diagnostic
criteria used, with the prevalence in Finland being 20.6% in 2019 (McIntyre et al.,
2019; The Finnish Institute for Health, 2020).
The risk for pregnancy complications increases with GDM and obesity. The
women with these conditions have an increased risk for preterm birth, inductions,
Caesarean sections and thromboembolic and bleeding complications, the risk for
maternal morbidity being twice that of normal weight women (Catalano & Shankar,
2017; McIntyre et al., 2019). Inter-pregnancy weight loss of women with obesity
has been shown to decrease the risk for GDM in the next pregnancy in multiple
different cohorts (Catalano & Shankar, 2017). Obesity and GDM, characterized
21

with fetal overgrowth, increase the risk for neonatal injury fivefold, and LGA
infants have an increased risk for obesity and metabolic dysfunctions later in life
(Catalano & Shankar, 2017; McIntyre et al., 2019).
As both decreased and increased birthweight increase the risk for metabolic
dysfunctions, the adverse exposures occurring at critical points of development
may affect into adulthood and this is called the Developmental Origins of Health
and Disease (DOHaD) hypothesis (Fernandez-Twinn et al., 2019). The options to
avoid the adverse effects caused by decreased or increased birth weight are limited.
A better understanding of the basis of hypoxia-induced fetal growth restriction
could offer mechanisms to target in order to avoid the growth restriction. On the
other hand, hypoxia has been shown to have beneficial effects on metabolic health
in the non-gravid state (Auvinen et al., 2021; Rahtu-Korpela et al., 2014, 2016), but
during pregnancy the effects have been detrimental.
The main function of the hypoxia response activation is to decrease the oxygen
(O2) consumption and increase the O2 transportation capacity. The decreased
consumption is mediated by suppressing oxidative phosphorylation (OXPHOS)
and increasing the activity of glycolysis (Kaelin Jr & Ratcliffe, 2008). The master
regulator of these modifications is the hypoxia-inducible factor (HIF). The stability
of HIF is regulated by O2-dependent HIF prolyl 4-hydroxylases (HIF-P4Hs). The
inhibition of HIF-P4Hs activate the HIF response and pharmacological therapy
with HIF-P4H inhibitors is used in treatment of renal anemia (Dhillon, 2019).
These HIF-P4H inhibitors have shown to mediate beneficial effects on metabolism
in anemic patients but also in preclinical mouse models (Flamme et al., 2014; Olson
et al., 2014; Provenzano et al., 2016; Rahtu-Korpela et al., 2014).
Epidemiological studies at high altitudes have shown decreased prevalence of
obesity, type 2 diabetes (T2D), ischemic heart disease (Ezzati et al., 2012; Woolcott
et al., 2014) and also, there is some evidence showing that exposure to hypoxia or
high-altitude could be a potent therapeutic strategy towards these diseases (van
Hulten et al., 2021). On the other hand, prevalence of chronic lung diseases and
pre-eclampsia are increased at high altitudes (Bailey et al., 2020; Ezzati et al., 2012).
To better understand this delicate balance between the detrimental and beneficial
effects of the activation of the hypoxia response is of importance.
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2

Review of the literature

2.1

Oxygen sensing

The significant appearance of oxygen (O2) in the Earth’s atmosphere started around
2.5 billion years ago when organisms capable of photosynthesis first evolved in the
sea and oxygen started to outgas from the oceans. Prior to photosynthesis, in
anaerobic conditions, the production of adenosine triphosphate (ATP), the energy
molecule of the cell, from glucose was facilitated through glycolysis. In aerobic
conditions a novel way to utilize oxygen for cellular respiration and transforming
the energy of chemical bonds in glucose to ATP via OXPHOS arose in
mitochondria. OXPHOS produces 18 times more ATP compared to glycolysis and
this enabled the evolution of multicellular organisms (Semenza, 2007). Apart from
ATP, the OXPHOS process yields water and reactive oxygen species (ROS) as a
byproduct. Inefficient disposal and accumulation of ROS can lead to oxidative
stress characterized by DNA damage, cellular dysfunction and apoptosis.
O2 is vital for human life and sufficient levels of it are obtained and regulated
through respiratory, circulatory and neuroendocrine systems. O2 is inhaled and
absorbed into the blood in the lung alveoli by an alveolar capillary exchange system.
In blood O2 binds to hemoglobin (Hb), the main carrier molecule for O2, and is
transported to the periphery. A decrease in the systemic O2 levels is sensed by the
carotid bodies and the response to a 20% reduction in arterial partial pressure of
oxygen (pO2) is induced in seconds leading to increased cardiac output, blood
pressure and respiratory rate (Samanta et al., 2017). Carotid bodies, located at the
bifurcation of the common carotid artery, are supplied with the highest blood flow
per tissue weight enabling the elaborate sensory output. Carotid bodies function as
chemoreceptors and similar tissues are also found within the mediastinum and
abdomen (Kumar & Prabhakar, 2012; Prabhakar & Semenza, 2015).
During normal pregnancy, the resting respiratory rate increases and the
ventilation response to hypoxia and hypercapnia is augmented. This is at least
partially due to increased chemosensitivity in the carotid body, which is evident
after 20 weeks of gestation, prior to the increase in metabolic rate (Kumar &
Prabhakar, 2012; Moore et al., 1987). Multiple mechanisms behind the switch have
been proposed, elevated progesterone and estradiol levels being one of them
(Regensteiner et al., 1989).
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On the cellular level the master regulators of oxygen sensing are hypoxiainducible factor prolyl 4-hydroxylases (HIF-P4Hs), enzymes whose catalytic
activity is highly dependent on oxygen levels (Kaelin Jr & Ratcliffe, 2008). In a
normoxic environment, HIF-P4Hs target the transcription factor hypoxia-inducible
factor  (HIF to proteasomal degradation, while in hypoxia, HIF becomes
stabilized and is able to upregulate transcription of the hypoxia responsive target
genes.
In hypoxia the O2 levels are insufficient to support the normal cellular function.
The physiological O2 levels vary from tissue to tissue, pO2 being ~21 kPa in the
mouth and 0.5-1 kPa in mitochondria, the average physiological level being 5 kPa,
which also switches the hypoxic threshold of pO2 from tissue to tissue (Keeley &
Mann, 2019). During gestation the umbilical vein pO2 decreases from ~6 kPa to
~4 kPa while placental pO2 rises from 2-3 kPa to 7-8 kPa when adequate perfusion
is established (Jauniaux et al., 2001; Keeley & Mann, 2019; Soothill et al., 1986).
In addition to the HIF mediated hypoxia response there are other local
mechanisms to adapt to decreased O2 levels, such as release of vascular endothelial
growth factor (VEGF) and nitric oxide (NO) from endothelial cells to induce blood
vessel formation and vasodilation, respectively. In carotid bodies, the interplay
between carbon monoxide (CO) and hydrogen sulfide (H2S) is a potent mechanism
of O2 sensing. CO is produced by heme oxygenases in an O2 dependent manner,
and in hypoxia the decrease in CO increases the production of H2S stimulating the
carotid body neural activity (Yuan et al., 2015). Also, mitochondria have been
suggested to work as intracellular O2 sensors based on the O2 level induced changes
in energy and/or redox states, but the findings have been controversial (Keeley &
Mann, 2019). Hypoxia has also been found to directly inhibit certain histone
demethylases, such as KDM6A/UTX, blocking cellular differentiation
(Chakraborty et al., 2019; Ivan & Kaelin, 2017). More mechanisms for oxygen
sensing are expected to be found in the coming years. The 2-oxoglutaratedependent-dioxygenase (2-OGDD) family consisting of approximately 60
members, including the HIF-P4Hs, is of special interest (Ivan & Kaelin, 2017).
2.2

Hypoxia-inducible factor (HIF)

HIF is a heterodimeric transcription factor that consists of two subunits, HIFα and
HIFβ (also known as aryl nuclear translocator (ARNT)) (Kaelin Jr & Ratcliffe,
2008). There are three known isoforms of HIFα in humans: HIF1α, HIF2α (also
known as EPAS1) and a less studied HIF3α, but only one functional isoform of
24

HIFβ. HIFβ is constantly expressed, while under normoxia HIFα is targeted to
proteasomal degradation.
Prior to identification of HIF1α, the first hypoxia induced transcription factor,
a hypoxia-response element (HRE) was recognized from the enhancer zone of the
human erythropoietin (EPO) gene (Semenza et al., 1991). HRE consists of a
distinctive core sequence 5’-RCGTG-3’(R=purine). Subsequent studies recognized
HIF1 as a heterodimeric complex containing the hypoxia-inducible subunit HIF1α
and the constantly expressed HIF1β, which is able to bind to HRE and increase the
transcription of EPO in hypoxic conditions (Semenza & Wang, 1992; G. L. Wang
et al., 1995). Shortly after the cloning of HIF1α, HIF2α and HIF3α were discovered
based on homology searches and identification of HIF1β interaction partners (Ema
et al., 1997; Flamme et al., 1997; Gu et al., 1998; Hogenesch et al., 1997; Tian et
al., 1997).
2.2.1 Structure
In addition to HIF1α, at least HIF2α also forms a transcriptionally active
hetorodimeric complex with HIFβ. Structurally all three HIFα isoforms, encoded
by three distinct genes, and HIFβ, belong to the basic helix-loop-helix-Per-ARNTSim (bHLH-PAS) protein family (Fig.1), containing the bHLH motif required for
dimerization and DNA binding followed by a PAS domain for transcriptional
activation or inhibition (Crews, 1998; G. L. Wang et al., 1995). The size of HIF1α
is 120 kDa (826 amino acids (aa)) while HIF2α is 97 kDa (870 aa) (Semenza, 2001).
The size of HIF1β varies from 91 to 94 kDa (774 to 789 aa) and HIF3α has multiple
different isoforms based on alternative splicing. HIF1α and HIF2α share 48%
amino acid sequence homology and similar structural motifs, including the shared
bHLH-PAS domain, a PAS-associated C-terminal domain, an oxygen dependent
degradation domain (ODDD) and an N-terminal (N-TAD) and a C-terminal
transactivation domain (C-TAD) (Fig.1) (Tian et al., 1997).
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Fig. 1. Structure of HIF1 and HIF2 subunits. All subunits have an N-terminal basic-helixloop-helix (bHLH) and Per-ARNT-Sim (PAS) domain responsible for dimerization and
DNA binding. The oxygen-dependent degradation domain (ODDD) containing the Nterminal transactivation domain (N-TAD) and two proline residues hydroxylated by HIFP4Hs is needed for von Hippel Lindau protein (pVHL) binding. The C-terminal
transactivation domain (C-TAD) contains an asparagine residue for factor inhibiting HIF
hydroxylation involved in co-activator binding. HIF3α is not presented here due to its
multiple splice variants.

HIF3α is more distinct from the two other isoforms in that it lacks a C-TAD domain
and has multiple splice variants (Pasanen et al., 2010). Interestingly, one of the
splice variants, inhibitory PAS (IPAS), acts as a negative regulator of HIF1 by
interacting with the N-terminal region of HIF1α and preventing its DNA binding
(Makino et al., 2001). The purpose of the alternative structures is unclear and
HIF3α will not be extensively discussed in this thesis.
2.2.2 Expression and regulation of HIF
HIF1α is ubiquitously expressed in nearly all tissues while the expression of HIF2α
is more restricted and is predominantly found in the lung, endothelium, kidney
fibroblasts, hepatocytes, glial cells, interstitial cells of pancreas, neural crest cell
derivates and carotid bodies (Ema et al., 1997; Hu et al., 2006; Tian et al., 1997).
The HIF pathway has a substantial effect on homeostasis of the human body, and
this leads to precise regulation at transcriptional, translational and post-translational
levels.
Transcriptional levels of the HIFα and HIFβ subunits are not greatly affected
by different O2 concentrations (Kallio et al., 1997; G. L. Wang et al., 1995).
However, protein levels of HIFα are highly regulated by oxygen, HIFα having a
half-life of less than 5 minutes in normoxia while its levels rapidly increase in
hypoxia (L. E. Huang et al., 1996; G. L. Wang et al., 1995). In normoxia, post26

translational modifications lead to rapid proteasomal degradation of HIFα while
protein levels of HIFβ stay unaltered (Fig.2).

Fig. 2. Schematic representation of HIFα regulation in normoxia and hypoxia. In
normoxia, the HIF-P4Hs hydroxylate HIFα and target it for pVHL mediated
polyubiquitination and proteasomal degradation. The HIF-P4Hs require sufficient
amounts of O2, Fe2+, 2-oxoglutarate and ascorbate to function. In hypoxia HIFα escapes
the proteasomal degradation and is translocated to the nucleus where it forms a dimer
with HIFβ. Transcriptional co-activator CBP/p300 binds to HIFα activating the complex
which then binds to a hypoxia-response element (HRE) initiating the transcription of
HIF target genes.

Rapid proteasomal degradation is facilitated by hydroxylation of either one or two
specific proline (Pro) residues in the ODDD of HIFα by HIF-P4Hs. This enables
the binding of the von Hippel Lindau (pVHL) protein to the ODDD (Ivan et al.,
2001; P. Jaakkola et al., 2001; Maxwell et al., 1999). pVHL is part of a E3 ubiquitin
-ligase complex mediating proteasomal degradation by the 26S proteasome
pathway (Maxwell et al., 1999). The enzymatic reaction of HIF-P4Hs requires
oxygen, 2-oxoglutarate (2-OG), iron (Fe2+) and ascorbate. In hypoxic conditions
HIF-P4Hs lose their ability to hydroxylate proline residues of HIFα and it escapes
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from proteasomal degradation and is translocated to the nucleus where it dimerizes
with HIFβ.
The C-TAD of HIFα has been shown to interact with co-activators, such as
CBP/p300, and participate in the formation of a transcription initiation complex
(TIC) required for transcription of HIF target genes (Lando et al., 2002). Factor
inhibiting HIF (FIH) hydroxylates a specific asparagine residue in the C-TAD
inhibiting the transcriptional activity of HIF. FIH belongs to same Fe2+ and 2-OGdependent-dioxygenase family as the HIF-P4Hs but has a lower sensitivity to O2
and can lead to inhibition of HIFs that have escaped from HIF-P4H mediated
proteasomal degradation (Kaelin Jr & Ratcliffe, 2008; P. Koivunen et al., 2004).
When hypoxia persists, a new baseline for HIF expression rises (Keeley &
Mann, 2019). The HIF mediated hypoxia response forms a negative feedback loop
by increasing the expression of the regulatory HIF-P4H-2 and HIF-P4H-3 and
HIF3 which, at least in some forms, function as a negative regulator of HIF1 and
HIF2. Also, interactions with ROS and miRNA 210 and the induction of target
genes increasing the intracellular O2 levels affect this adaptation (Horak et al., 2010;
H. Wang et al., 2014). According to current knowledge, HIF2 and HIF3 are the
major isoforms in chronic hypoxia while HIF1 plays a part in acute hypoxia.
The 2019 Nobel Prize in Physiology or Medicine was awarded to William G.
Kaelin Jr, Sir Peter J. Ratcliffe and Gregg L. Semenza for identification of the HIFmediated hypoxia response pathway.
2.2.3 HIF1 and HIF2 target genes
Under hypoxic conditions HIFα is stabilized and transported to the nucleus where
it binds to the HIFβ subunit and increases target gene expression. HIF target genes
involve over 300 genes regulating glucose and lipid metabolism, inflammation,
tumorigenesis and metastasis, extracellular matrix (ECM) homeostasis,
angiogenesis, iron metabolism and erythropoiesis and many other functions (Fig. 3)
(P. Koivunen et al., 2016). The suggested number of HIF target genes is even
greater based on RNA-seq, reaching 701 for HIF1 and 1454 for HIF2 (Downes et
al., 2018).
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Fig. 3. HIF target genes. The estimated number of HIF target genes exceeds 1000. Here
are presented the most important functional categories and examples of HIF target
genes. HIF1 and HIF2 target genes are not separated. EPO, erythropoietin; EPOR,
erythropoietin receptor; VEGF, vascular endothelial growth factor; PGF; placental
growth factor; TIE2 Tyrosine kinase with immunoglobulin-like and EGF-like domains 2;
MMP2, matrix metalloproteinase 2; PAI, plasminogen activator inhibitor; P4HA1;
collagen prolyl-4-hydroxylase alpha 1; IGF2, insulin-like growth factor 2; TGFA,
transforming growth factor alpha; BNIP3, BCL2/adenovirus E1B 19 kDa proteininteracting protein 3; IL-10, interleukin-10; HIF-P4H-2/3, hypoxia-inducible factor prolyl4-hydroxylase 2/3; HIF3A, hypoxia-inducible factor 3 alpha; FOX, forkhead box; eNOS,
endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; ET1, endothelin
1; GLUT1, glucose transporter 1; GLUT3, glucose transporter 3; PDK1, pyruvate
dehydrogenase kinase 1; PFKL, phosphofructokinase; LDHA, lactate dehydrogenase
alpha; PGK1, Phosphoglycerate kinase 1; ENO1, enolase 1; GAPDH, glyceraldehyde-3phosphate dehydrogenase; VLDLR, very-low density lipoprotein receptor; PPARA,
peroxisome proliferator-activated receptor alpha; PPARG peroxisome proliferatoractivated receptor gamma.
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The main purpose of the hypoxia response is to act as a rescue mechanism to
adjust and cope with O2 deficiency. Therefore, it reduces oxygen consumption and
increases cellular oxygen delivery. Despite the high structural homology of HIF1α
and HIF2α they differ in their transactivation domains indicative of different target
genes (Hu et al., 2003). Many of the target genes are shared, but HIF1 is mainly
responsible for metabolic reprogramming and HIF2 has a greater role in
angiogenesis, ECM remodelling and regulation of transcription factors (Downes et
al., 2018). Some of the effects are opposite, such as in renal cell carcinoma where
HIF2 promotes tumor growth while HIF1 hinders it (Raval et al., 2005). HIF1 and
HIF2 share target genes involved in tumor metastasis and invasion, such as MMP2.
Even though EPO and VEGF were at first recognized as HIF1 target genes, HIF2
primarily affects erythropoiesis (Ema et al., 1997; Flamme et al., 1997; Hogenesch
et al., 1997; Tian et al., 1997).
HIF1 and HIF2 in metabolism
OXPHOS is the predominant metabolic pathway in aerobic conditions. Activation
of the hypoxia response drives the energy metabolism towards anaerobic glycolysis.
This happens through increased expression of glucose transporters and glycolytic
enzymes (Iyer et al., 1998; Semenza et al., 1996). Pyruvate dehydrogenase (PDH)
is responsible for converting pyruvate to acetyl coenzyme A (acetyl-CoA), which
in turn can enter the Krebs cycle. The catalytic subunit of PDH is inactivated by
PDH kinase, which is encoded by the HIF1 target gene Pdk1, thus preventing the
conversion to acetyl-CoA. LDHA, encoding lactate dehydrogenase A, is also
upregulated, leading to increased conversion from pyruvate to lactate.
This metabolic shift leads to an increased requirement for glucose to
compensate for the reduced metabolic efficiency. HIF1 activates the transcription
of SLC2A1 and SLC2A3 encoding glucose transporters GLUT1 and GLUT3,
respectively, to increase glucose availability (Ebert et al., 1995). Also, the flux
through glycolysis is increased by upregulating the transcription of the glycolytic
enzymes such as phosphofructokinase L (PFKL).
In chronic hypoxia the constitution of the electron transport chain is changed
in response to the decreased oxygen concentration to optimize respiration and
decrease the production of ROS (Fukuda et al., 2007). HIF1α induces expression
of the electron transport complex I protein NADH dehydrogenase [ubiquinone] 1
alpha subcomplex, 4-like 2 (NDUFA4L2) and promotes a switch from the
cytochrome c oxidase COX4-1 subunit to COX4-2 in electron transport complex
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IV. Consequently, these inhibit complex I activity and increase the efficiency of
complex IV leading to reduced oxygen consumption and decreased production of
detrimental ROS.
The effects of HIF on lipid metabolism are less studied and more debatable.
Fatty acids (FAs) are retrieved either from the diet or by de novo synthesis. Citric
acid is one of the products of the Krebs cycle and a major precursor for de novo FA
synthesis. In hypoxia the activity of the Krebs cycle is decreased, precursors for de
novo synthesis are limited and the β-oxidation is reduced (W. Y. Kim et al., 2006;
Y. Liu et al., 2014; Mylonis et al., 2019).
Chronic hypoxia decreases the weight gain or leads to weight loss. This weight
loss is due to a decreased amount of white adipose tissue. The HIF1 target gene
DEC1/Stra13 mediates adipogenic inhibition by repressing PPARG2 induction.
(Yun et al., 2002). Hypoxia also decreases expression of C/EBPβ, these being two
critical events during adipogenesis. On the other hand, hypoxia increases the
expression of VLDLR, which leads to detrimental lipid accumulation in the
ischemic heart (Sundelin et al., 2013).
2.3

HIF prolyl 4-hydroxylases (HIF-P4Hs)

Prolyl 4-hydroxylases were first identified to catalyze co- and post-translational
hydroxylation in collagen and collagen like molecules (Myllyharju & Kivirikko,
2004). In these molecules the 4-hydroxyproline (4Hyp) residues are required for
thermal stability. Shortly after characterization of HIFa novel function for 4Hyp
and a new family of prolyl 4-hydroxylases, the HIF prolyl 4-hydroxylases, was
discovered (Epstein et al., 2001; Ivan et al., 2001; P. Jaakkola et al., 2001).
Three HIF-P4H isoenzymes, HIF-P4H-1-3 (also known as PHD1-3 or EGLN2,
1 and 3, respectively), post-translationally modulate the stability and therefore the
activity of HIFin an oxygen-dependent manner (Bruick & McKnight, 2001;
Epstein et al., 2001; Ivan et al., 2001). In addition to these, there is a fourth
isoenzyme, transmembrane P4H (P4H-TM), identified and characterized to
regulate HIF (P. Koivunen et al., 2007). All these enzymes belong to the family
of 2-OGDDs requiring 2-OG, Fe2+, O2 and ascorbate or another reducing agent to
function.
The HIF-P4Hs are expressed at diverse levels in different tissues. Their cellular
localization also differs; HIF-P4H-1 localizes to the nucleus, HIF-P4H-2 is found
to cycle between the nucleus and cytoplasm with its primary activity in the
cytoplasm and HIF-P4H-3 is distributed evenly between the nucleus and cytoplasm
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(Metzen et al., 2003; Pientka et al., 2012). HIF-P4H-2 is the most abundant isoform,
being present in most of the tissues, HIF-P4H-1 is estrogen-inducible and the only
isoenzyme found in testis, and HIF-P4H-3 has a major role in heart and placenta
(Kennel et al., 2018; Metzen & Ratcliffe, 2004). Altogether, the HIF-P4Hs and HIF
pathway is present in most if not all human tissues and in almost all animals,
including the evolutionally lowest animal species Trichoplax adhaerens having
genes for HIF1, HIF-P4H-2 and VHL (Chowdhury et al., 2016; Loenarz et al.,
2011).
2.3.1 Function of HIF-P4Hs
HIF-P4Hs hydroxylate two specific proline residues in the ODDD domains of
HIFshown in Figure 1Different isoenzymes have distinct selectivity towards the
N-terminal (Pro402 in HIF1) or the C-terminal proline residues (Pro564 in HIF1)
of ODDD. HIF-P4H-3 is the most selective for the more conserved C-terminal
proline while HIF-P4H-1 and HIF-P4H-2 hydroxylate both proline residues
(Chowdhury et al., 2016). HIF-P4H isoenzymes also have different priorities
towards the HIF isoforms, HIF-P4H-1 and HIF-P4H-3 prefer HIF2 and HIFP4H-2 prefers HIF1 (Ivan & Kaelin, 2017).
The Km for O2 in the reaction catalyzed by the HIF-P4Hs varies between 140
and 250 µM, which equals ~10-20 kPa, and the mean O2 level in tissues is 5 kPa.
However, no consistent stabilization of HIF is present due to negative feedback
mechanisms, thus it has been proposed that apart from O2, alternative signals
further modulating the activity of HIF-P4Hs in a physiological environment exist.
These alternative signals such as ROS, intracellular Fe2+ and competing
hydroxylase substrates further influence the activity of HIF-P4Hs (Keeley & Mann,
2019).
HIF-P4Hs are prone to self-inactivation by auto-oxidation. To avoid excessive
oxidation, ascorbate or another antioxidant is needed for the proper function of
HIF-P4Hs, although it is not a direct cofactor of the reaction (Losman et al., 2020).
In addition to ascorbate, cysteine and glutathione protect HIF-P4H-2 from
oxidative damage (Briggs et al., 2016).
The reaction of HIF-P4Hs and other 2-OGDDs oxidizes the target substrate, in
the case of HIF-P4Hs, a proline residue of HIF. Fe2+ is required to coordinate the
2-OG binding to the active site. The binding of substrate releases a water molecule
ligated to Fe2+ and enables the binding of O2 to the active site. Next the oxidative
decarboxylation of 2-OG forms succinate, CO2 and a Fe4+ intermediate, which in
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turn reacts with the C-H bond of the substrate resulting in hydroxylation and
reduction of Fe4+ to Fe2+. the reaction is finalized by release of the hydroxylated
substrate and succinate from the active site. (Losman et al., 2020).
2.3.2 HIF-P4Hs in metabolism and metabolic diseases
To investigate the role of HIFs and HIF-P4Hs in vivo several mouse lines have been
generated. Systemic loss of HIF1, HIF1 and HIF2 or HIF1 leads to
embryonic lethality before E10.5 (Dunwoodie, 2009) further discussed in 2.6.2.
Global deletion of HIF-P4H-1 and HIF-P4H-3 produce seemingly normal embryos,
while HIF-P4H-2 knockdown is embryonically lethal and its broad-spectrum
conditional inactivation leads to severe erythrocytosis, hyperactive angiogenesis,
angiectasia and premature death, targeted mutations have showed its effects on
metabolism (P. Koivunen & Kietzmann, 2018; Minamishima et al., 2008; Takeda
et al., 2006, 2007, 2008).
HIF-P4H-2 hypomorph mice having different levels of downregulation of HIFP4H-2 mRNA in their tissues, varying from in ~90% in heart to ~40% in liver and
resulting in normoxic stabilization of HIF1 and HIF2in several tissues, avoid
the negative effects on vasculature and erythrocytosis and have a normal lifespan
(Laitakari, Huttunen, et al., 2020). They have faster muscle tissue regeneration after
trauma, are protected from acute ischemia-reperfusion injury in skeletal muscle and
heart and have less age-induced cardiac hypertrophy and anemia (Hyvärinen et al.,
2010; Karsikas et al., 2016; Kerkelä et al., 2013; Myllymäki et al., 2017; Röning et
al., 2021; Settelmeier et al., 2020). HIF-induced metabolic changes in these mice
lead to decreased weight gain, adiposity, and white adipose tissue (WAT)
inflammation, an improved HDL/LDL ratio, better glucose tolerance and insulin
sensitivity and protection from hepatic steatosis and alcohol and non-alcohol
induced fatty liver disease (Laitakari et al., 2019; Laitakari, Huttunen, et al., 2020;
Rahtu-Korpela et al., 2014, 2016). When crossed with LDL receptor mutant mice
the improved lipid profile, reduced inflammation and lower body weight associated
with protective effects against development of atherosclerosis (Rahtu-Korpela et
al., 2016).
The reported effects of Hif-p4h-1-/- mice on metabolism contradict each other,
one study reporting improved glucose tolerance, lower LDL levels and fewer
circulating immune cells with no effect on body weight, while another study
reported glucose intolerance, insulin resistance, hepatic steatosis and increased
body weight (Aragonés et al., 2008; Thomas et al., 2016). The Hif-p4h-1-/- mice
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have decreased oxygen consumption in skeletal muscle with impaired performance
in a normoxic environment but protection against ischemia, and their metabolism
is protected from the effects of a high fat diet (Aragonés et al., 2008; Thomas et al.,
2016). When crossed with LDL receptor deficient mice, after 8 weeks of Western
diet, Hif-p4h-1-/- Ldlr-/- had less atherosclerosis plaques due to reduced VLDL and
LDL cholesterol levels in plasma and increased cholesterol excretion in feces
(Marsch et al., 2016)
The global deletion of HIF-P4H-3 leads to systemic hypotension with no effect
on body weight (Bishop et al., 2008; R. L. Chen et al., 2012). Overexpression of
HIF-P4H-3 led to increased atherosclerosis in ApoE-/- mice (H. Liu et al., 2016). In
contrast to HIF-P4H-1 and HIF-P4H-2 deficient mice, when HIF-P4H-3 mice are
crossed with LDL receptor deficient mice, no improved metabolic function is seen.
Small elevations in body weight, plasma cholesterol and triglyceride levels were
observed but had no effect on atherosclerosis (Demandt et al., 2021).
2.3.3 HIF-P4Hs in other diseases
HIF-P4H-2 has been found indispensable in mouse studies, further discussed in
2.3.2. and 2.6.2, while heterozygous mutations in HIF-P4H-2, which stabilize HIF
in humans, have been shown to be causative to familial erythrocytosis (F. S. Lee &
Percy, 2011). In agreement with its role in regulation of erythropoiesis, mutation in
HIF-P4H-2, leading to increased degradation of HIF, has been shown to protect
genetically adapted Tibetan highlanders from erythrocytosis (Lorenzo et al., 2014).
In cellular studies, HIF-P4H-2 mutations have been linked to endometrial cancer
suggesting it is a tumor suppressor (Kato et al., 2006).
HIF-P4H-1 transcript and protein level increases have been found in
inflammatory bowel diseases, while its inhibition has shown promising results in
treating colitis. High expression of HIF-P4H-1 has been found in many cancers,
such as colorectal, breast, renal, pancreto-biliary and lung cancer, in the last two
also having a negative effect on survival (Kennel et al., 2018). High expression of
HIF-P4H-1 in colorectal cancer and gliomas has been shown to decrease tumor
growth, so its effect in oncogenesis remains incompletely understood and seems to
be tumor type dependent (Kennel et al., 2018).
HIF-P4H-3 upregulation has been found in well-differentiated pancreatic
cancers while its downregulation has been linked to metastatic tumors (P. M.
Jaakkola & Rantanen, 2013; Zacharias et al., 2021). All in all, HIF-P4H-3 seems
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to promote cell survival under hypoxia and activate cell death in normoxia (P. M.
Jaakkola & Rantanen, 2013).
P4H-TM mutations have been identified in patients with HIDEA syndrome.
Biallelic loss-of-function of P4H-TM leads to hypotonia, intellectual disability, eye
abnormalities, hypoventilation, obstructive and central sleep apnea and
dysautonomia (Rahikkala et al., 2019).
2.4

HIFs and HIF-P4Hs as therapeutic targets

Epidemiological studies have shown decreased prevalence of obesity, T2D,
ischemic heart disease and stroke in people living at high altitude but more chronic
lung diseases such as COPD (Ezzati et al., 2012; Faeh et al., 2016; Voss et al., 2013;
Woolcott et al., 2014). On top of the epidemiological data, there is evidence
showing that exposure to hypoxia or high-altitude could be a potent therapeutic
strategy towards obesity mediated metabolic dysfunctions in humans (Ae et al.,
2003; Gutwenger et al., 2015; Lippl et al., 2010; van Hulten et al., 2021). The
beneficial effect of altitude can be partly explained by increased physical activity
in moderate altitude residents (Burtscher et al., 2021).
In mouse studies, heterozygous HIF2mice seem to be protected from
hypoxia induced pulmonary hypertension and right ventricular hypertrophy (S. A.
Patel & Simon, 2008).
HIF and HIF-P4H inhibitors are novel groups of pharmaceuticals, the first HIF
inhibitor already approved for treatment of selected VHL disease associated
cancers in the U.S and multiple HIF-P4H inhibitors entering the market for
treatment of anemia of chronic kidney disease in Asia and Europe.
2.4.1 HIF inhibitors
HIF inhibitors are a novel cancer therapy option. Current cancer treatments are
ineffective for hypoxic tumors, which has facilitated studies on HIF inhibitors.
Hypoxic regions of tumors have altered metabolism (Warburg effect) with
increased resistance to radiation and chemotherapy. HIF target genes include genes
associated with tumorigenesis and metastasis, ECM matrix homeostasis and
angiogenesis, so there is no surprise that increased HIF activity has been linked to
many cancer types. Increased HIF1 levels in brain, bladder, breast, cervical, colon,
esophagus, larynx, liver, lung, pancreas, prostate, stomach oropharynx, ovarian and
endometrial cancer and melanoma and acute leukemias are associated with
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increased mortality, while in head and neck cancers and in non-small-cell lung
cancer, HIF1 induction showed decreased mortality in some studies (Schito &
Semenza, 2016; Semenza, 2003).
Multiple different molecules targeting HIF1have been presented, but none
has gained clinical approval. Phase I trials of antisense oligonucleotide inhibitors
of HIF1, EZN-2968 and RO707019, have shown promising results in reduction
of HIF target gene levels (Jeong et al., 2014; Wu et al., 2019). Almost 90
compounds, including digoxin, have shown indirect inhibition of the HIF pathway,
while others like acriflavine show direct binding to the PAS-B domain of HIF1
and HIF2 (Semenza, 2019).
The most common form of kidney cancer, clear cell renal cell carcinoma
(ccRCC), has recently been an important target for drug development. Inactivation
of the pVHL tumor suppressor protein is present in many ccRCCs. pVHL plays an
important part in HIF regulation by targeting HIFto proteasomal degradation,
pVHL inactivation leading to the accumulation ofHIFin renal cells. Using
structural knowledge, specific HIFantagonists have been developed as precision
drugs in ccRCCs to prevent the binding of HIF2 to HIF. Small molecules such
as PT2399 have shown promising results in preclinical mouse models of primary
and metastatic ccRCC, leading to tumor regression (Cho et al., 2016). A major leap
forward in drug development occurred in August of 2021 when the first in class
oral HIF2inhibitor belzutifan (PT2977) received approval in the U.S. for VHL
disease associated renal cell carcinoma, central nervous system
hemangioblastomas and pancreatic neuroendocrine tumors (pNET) not requiring
immediate surgery (Deeks, 2021). Clinical trials are on-going for multiple HIF2
inhibitors for paragangliomas, ccRCC, pNET and solid tumors (Deeks, 2021).
Treatments antagonizing the HIF function could improve the effect of current
cancer treatments. Cytotoxic chemotherapy and the use of antiangiogenic agents
increases the HIF activation in tumor cells, leading to more invasive and metastatic
cancer types (Schito & Semenza, 2016). Simultaneous administration of a HIF
inhibitor could block these effects and lead to improved survival.
In addition to cancers, HIF inhibitors are in clinical trials for burn injuries,
esophagitis, diabetic foot ulcers, ischemic stroke, inflammatory bowel disease
(IBD), myocardial infarction and atherosclerosis. In murine models, HIF inhibitors
have showed beneficial effects in pulmonary hypertension and ischemic
retinopathy and potentially aortic stenosis, heterogenous vascular accidents,
heterotrophic ossification, iron overload disorder and IBD (Ban et al., 2021;
Semenza, 2019).
36

2.4.2 HIF-P4H inhibitors
HIF-P4H inhibitors have recently been approved for treatment of anemia of chronic
kidney disease. Roxadustat was the first orally administered HIF-P4H inhibitor
approved for treatment of dialysis-dependent and non-dialysis-dependent chronic
kidney disease in Asia and Europe, followed by approval of daprodustat and
vadadustat in Japan (Dhillon, 2019, 2020; Markham, 2020). All HIF-P4H inhibitors
in clinical trials are presented in Table 1. Roxadustat has also shown promising
results in treatment of myelodysplastic syndrome and daprodustat seems to be
beneficial in renal anemia accompanied with heart failure (Hara et al., 2021;
Imamura, Hori, et al., 2021; Imamura, Ueno, et al., 2021). All HIF-P4H isoenzymes
convey isoform specific effects, whereas the current inhibitors are pan-inhibitors
targeting all the isoenzymes and possibly other 2-OGDDs. Development of even
more selective HIF-P4H inhibitors is thus on-going.
FIH has a preference for HIF1 over HIF2 offering a potential mechanism
for differential influences on HIF-P4H inhibition. In anemia this is seen with
inhibitors targeting only HIF-P4H not FIH so that EPO production induced by HIF2
increases, but there is no effect on VEGF levels induced by HIF1 (Ivan & Kaelin,
2017).
HIF-P4H-1 inhibition has been shown to be a promising target in colitis and
ischemic diseases (Kennel et al., 2018). In preclinical mouse studies,
pharmacological HIF-P4H inhibition has shown beneficial effects in metabolism,
ischemic and inflammatory diseases, cardiovascular diseases, diabetic wound
healing and brain functions (Adamcio et al., 2010; P. Koivunen et al., 2016; P.
Koivunen & Kietzmann, 2018; Rahtu-Korpela et al., 2014, 2016; Reischl et al.,
2014; Robinson et al., 2008). The effects of pharmacological pan-HIF-P4H
inhibition in mice resemble closely the ones seen in the HIF-P4H-2 hypomorph
mice discussed in 2.3.2. It decreases the weight gain and leads to decreased
adiposity by decreasing the WAT weight and improving the lipid profile (RahtuKorpela et al., 2014). With diet-induced obesity, decreases in liver damage, hepatic
inflammation and weight gain are seen together with improved glucose tolerance
(Rahtu-Korpela et al., 2016). In colitis, pharmacological pan-HIF-P4H inhibition
protects mice from weight loss and decreases inflammation (Robinson et al., 2008).
Apart from the desired effect in treating anemia, HIF-P4H inhibitors have
shown beneficial “side-effects” regarding metabolism. In line with mouse studies,
roxadustat and daprodustat lowered serum cholesterol and triglyceride levels and
improved the HDL/LDL ratio in renal anemia patients, while vadadustat and
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molidustat caused a decrease in blood pressure (Flamme et al., 2014; Olson et al.,
2014; Provenzano et al., 2016). Some indications of improved glucose metabolism
are also seen (Maxwell & Eckardt, 2016).
Even though HIF overexpression has been associated with many cancers
described above, HIF-P4H inhibitors have not shown major side effects and partial
systematic downregulation of HIF-P4H-2 has even shown protective effects against
liver cancer in mice (Laitakari, Huttunen, et al., 2020; Losman et al., 2020). A study
of daprodustat on carcinogenicity showed no evidence for carcinogenetic potential
at clinical doses (Adams et al., 2020). To this date HIF is not considered to be an
oncogene, but the contribution of hypoxia to tumorigenesis is under further
investigation (Kaelin, 2017). Conditions resulting in chronic hypoxemia such as
high-altitude residence and hemoglobinopathies are not associated with an
increased risk of cancer (Losman et al., 2020).
The other concern with HIF-P4H inhibitors in a non-anemic setting is
erythrocytosis and the prevalence of adverse cardiac events. In patients with
vascular retinopathy, no increase in adverse effects, such as retinal hemorrhage or
macular edema, has been detected (Mima, 2021). The lack of long-term follow-up
studies on the outcomes of HIF-P4H inhibitor treatment makes it still too early
define the effect of long-term administration, since most of the studies to date report
the results from median usage of under three years (Parfrey, 2021; Singh et al.,
2021).
HIF-P4H-2 activation could also harbor some therapeutic potential in diabetic
macular edema, but further study is needed (J. Li et al., 2022).
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Table 1. HIF-P4H inhibitors in clinical trialsa.
Substance

Indication

Company

Phase of clinical trial

Roxadustat

Renal anemia, end-stage renal

FibroGen,

III, IV

(FG-4592,

disease, myelodysplastic syndrome,

Astellas Pharma,

ASP1517)

acute myocardial infarction,

Astra Zeneca

coronary artery bypass surgery,
chemotherapy induced anemia,
cardio-renal syndrome, sarcopenia
Daprodustat

Renal anemia, tendon injuries,

(GSK1278863,

surgical procedures, peripheral

GSK1278863A)

vascular disease, wound healing,

GlaxoSmithKline

III, (IV)

III, (IV)

diabetic foot problems
Vadadustat

Renal anemia, hemolysis and non-

Akebia

(AKB-6548,

hemolysis dependent kidney

Therapeutics,

MT6548)

disease, ARDS in COVID-19

Mitsubishi
Tanabe Pharma
Corporation

Molidustat

End-stage renal disease, renal

(BAY85-3934)

anemia

Bayer

III

Desidustat
(ZAYN1)

End-stage renal disease, renal

Cadila

III

anemia, COVID-19, chemotherapy

Healthcare

induced anemia
JTZ-951

Renal anemia

Akros Pharma

III

FG-2216
DS-1093a

Renal anemia

FibroGen

II

End-stage renal disease, renal

Daiichi Sankyo

I

Shenyang

I

anemia
SSS17

Renal anemia

Sunshine
Pharmaceuticals
a

Clinicaltrials.gov

2.5

Hemoglobin (Hb)

Delicate mechanisms for oxygen storage and transportation have evolved to
achieve full tissue oxygenations since the solubility of O2 in water is insufficient.
Hb is the main oxygen carrier in the body. The amount of O2 transported and
delivered to tissue per a given unit of blood at a certain partial pressure of oxygen
in the blood depends on the number of red blood cells, the amount of functional Hb
within them and the Hb-oxygen affinity. Human erythrocyte Hb is part of a large
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Hb family distributed across all domains of life (Gell, 2018). In here we focus only
on human erythrocyte Hb.
Hb levels are regulated genetically and environmentally - sex, age, ethnicity
and altitude being the most important determinants (K. v. Patel, 2008). However,
an individual’s Hb levels are fairly stable during adult life, creating, e.g., the basis
for an athlete’s biological passport for detecting blood doping.
2.5.1 Structure
Erythrocyte Hb is a tetramer formed from two Hb α subunits and two Hb β subunits
(Perutz et al., 1960). Each of these globin units binds to iron-protoporphyrin-IX
known as heme (Gell, 2018). Heme has a central iron atom and four pyrrole rings
of porphyrin which are synthesized in reticulocytes. The amphipathic nature of
heme enables the function of Hb, with charged propionate groups of heme binding
to the polar surface of globin and its large hydrophobic areas binging to the interior
of globin. The central iron has the capacity to bind with diatomic gaseous ligands
such as O2, and the globin fold provides the environment for reversible and
selective ligand binding. Although highly studied, the complete structural
explanation for oxygen affinity of Hb is yet to be revealed.
2.5.2 Function
Since Hb has four heme molecules it has four binding sites for O2. Blood O2
saturation determines the proportion of these binding sites occupied by O2. The
oxygen-Hb dissociation curve shows a sigmoidal association between Hb
saturation and partial oxygen pressure (Bohr et al., 1904) (Fig. 4). At rest the
equilibrium of the venous point lies on top of the curve giving the possibility to
quickly proceed to the steep part of the curve (F. B. Jensen, 2004).
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Fig. 4. O2 equilibrium curve for hemoglobin. The increase in CO2 decreases the pH,
shifting the equilibrium curve to right. A similar effect is seen with increases in 2,3diphosphoglycerate (DBG) and body temperature. The shift to the right decreases the
O2 affinity to Hb. Opposite changes shift the curve to left. The equilibrium curves were
drawn using data from dog blood listed in Table IV of the paper Bohr et al., 1904.

Hb has two different quaternary structures, tense and relaxed, which are distinct in
their affinities for O2 (Monod et al., 1965). The tense form is more stable in hypoxic
conditions while the relaxed form has a higher affinity for O2. The affinity is further
modulated by pH, salt, organic phosphate concentration and temperature (Gell,
2018). The tense and relaxed forms are in equilibrium, and to optimize the O2
affinity in an environment rich in O2, the equilibrium shifts towards the relaxed
state according to the Le Châtelier principle. This shift is evident in lungs where
the higher affinity of O2 to Hb is the basis for oxygen transportation.
In peripheral blood, the pH is decreased based on the CO2 released from
cellular metabolism. The CO2 is converted by carbonic anhydrase in erythrocytes
to carbonic acid which then dissociates to bicarbonate and H+. Bicarbonate is
transported back to the plasma in exchange for Cl- while H+ accumulates in
erythrocytes binding to Hb in accord to the Haldane effect (Gell, 2018). In response
to a more acidic pH, the affinity of O2 to Hb is decreased, known as the Bohr effect
(Bohr et al., 1904). With decreased affinity, the O2 is released from Hb in peripheral
tissues. Most of the CO2 is transported to the lungs as bicarbonate while 15-20% of
the CO2 is carried as carbamino Hb and a small proportion is dissolved in plasma.
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Carbamino Hb forms when terminal amine groups of the α and β chains react with
CO2 (Gell, 2018; Kilmartin & Rossi-Bernardi, 1969). All these reactions are then
reversed in the lungs.
Organic phosphates, mainly 2,3-diphosphoglycerate (2,3-DPG) in humans,
lower the affinity of Hb to O2 by working as an allosteric inhibitor (Benesch &
Benesch, 1967, 1969; Gell, 2018). In the absence of 2,3-DBG, the affinity of Hb to
O2 remains too high for the release of O2 to the tissues. 2,3-DBG is a secondary
metabolite of erythrocyte glycolysis. In anemia and high-altitude (HA) adaptation,
the concentration of 2,3-DBG rises and improves the release of O2 to the tissues (F.
B. Jensen, 2004). Pregnancy increases the concentration of 2,3-DBG up to ~30%
facilitating O2 transportation to the fetus (Gell, 2018).
2.5.3 Effect of high altitude
There is a tight relationship between oxygen tension and red blood cell count. In
HA conditions, the oxygen tension decreases leading to a fall in arterial oxygen
saturation, and this initiates activation of the hypoxia response. The HIF mediated
increase in EPO levels is seen almost immediately in an altitude dependent manner,
but interestingly, the individual response can vary from +400% to -40% in 3000 m
of altitude (Windsor & Rodway, 2007). Before an EPO driven increase in red blood
cell count occurs, a decrease in plasma volume is seen to improve the capacity for
tissue oxygenation together with hyperventilation.
In the long term, low oxygen saturation driven erythrocytosis and high
hematocrit lead to increased blood viscosity which can impair tissue oxygenation,
cause thrombi or lead to chronic mountain sickness. After multigenerational
residence in high altitudes many adaptations are seen to obviate the detrimental
effects of a high red blood cell count. The residents of the Tibetan Plateau and
Simien plateau of Ethiopia have Hb levels and, in the case of Ethiopians, arterial
oxygen saturation comparable to those at sea level. EPO levels matched for
hematocrit are lower in Tibetans compared to residents from a third highland area,
the Andean Altiplano (Beall et al., 2002; Beall & Reichsman, 1984; Winslow et al.,
1989). Many of the adaptations are traced back to single-nucleotide polymorphisms
(SNPs) in several key HIF-target and regulatory genes (A. Bigham et al., 2010).
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2.5.4 Significance during pregnancy
Hb is an easily measurable parameter and has a u-shaped influence on pregnancy
associated disorders and gestational outcome (Table 1) (Murphy et al., 1986). In
Finland, Hb levels are measured in the first antenatal visit to a maternity clinic and
iron supplementation is provided to mothers if Hb levels are below 110 g/l before
the 12th gestational week or if Hb levels decline to <105 g/l after the 28th gestational
week (Klemetti & Hakulinen-Viitanen, 2013). During pregnancy, hemodilution is
a physiological phenomenon to improve blood flow to the uterus and developing
fetus. The hemodilution starts already during the first trimester and Hb reaches its
lowest levels around the 20th gestational week after which Hb levels start to rise
reaching the pre-pregnancy levels by the 30th gestational week if nutritional status
allows (PRITCHARD, 1965). Hemodilution during pregnancy is due to increased
plasma volume, and the reactive rise of Hb in mid-pregnancy comes from amplified
erythropoiesis (Koller, 1982).
Table 2. Association of maternal Hb levels with different pregnancy associated
disorders and gestational outcome.
Outcome

1st trimester

Preconception
anemic high

Preterm birth

↑1

↑1

2nd trimester

3rd trimester
anemic

anemic

high

anemic

↑(↔)2-6,

↑(↔)9,13

↑(↔)2,6,10,14

high

high

↑(↔)6,10,14

↑7,10-

8-10

3

IUGR

↑
24

GDM

↑9

8

↑

↑

↑11,14

12,14

↑7

Stillbirth

Mean*
anemic high

↔(↑)

↑7,11,14 ↑7,11
8,13

5,15,17,18

↑

↔

15,18,19

23

↑11,14

↑11

14,16

↑3

↓
20

GH

↑

↑

PE

↑13,5,17

↔22

14

↔
↑21

↑17

↑3

IUGR=intrauterine growth restriction, GDM=gestational diabetes, GH=gestational hypertension, PE=preeclampsia,
1

Zhang et al. 2018, 2Ardic et al. 2019, 3Young et al. 2019, 4Zhang et al. 2018, 5Wang et al.2018, 6Ahankari

et al. 2017, 7Ali et al. 2020, 8 Ren et al. 2007, 9 Randall et al. 2019, 10 Vural et al. 2016, 11Gonzales et al.
2012, 12Rahman et al. 2016, 13Phaloprakarn et al. 2008, 14Jung et al. 2019, 15Murphy et al. 1986, 16Lao et
al. 2004,

17

Mehrabian et al. 2013, 18Abumohsen et al. 2021, 19Aghamohammadi et al. 2011, 20Huisman et

21

al. 1986, Sagen et al. 1982, 22Cordina et al. 2015, 23Chen et al. 2006, 24Kim et al. 2021, *see detailed
descriptions from specific references

WHO defines Hb levels <110 g/l during pregnancy as anemic, ranging from mild
(100-109 g/l) to moderate (70-99 g/l) and severe (<70 g/l) (World Health
Organization, 2011). One of the mechanisms by which anemia can challenge
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gestational outcome is poor nutritional status, leading to iron deficiency anemia.
Maternal anemic Hb values preconception and throughout the pregnancy associate
with preterm birth (Table 2) (Ali et al., 2020; Ardic et al., 2019; Gonzales et al.,
2012; Jung et al., 2019; Murphy et al., 1986; Rahman et al., 2016; Randall et al.,
2019; Ren et al., 2007; Vural et al., 2016; C. Wang et al., 2018; Young et al., 2019;
X. Zhang et al., 2018). In some cohorts, the association between anemia and
preterm birth is lost (Ahankari et al., 2017; X. Zhang et al., 2018). In addition to
preterm birth, anemia also decreases the birthweight of the new-born and leads to
intrauterine growth restriction (IUGR) (Table 2) (Ali et al., 2020; Gonzales et al.,
2012; H. S. Lee et al., 2006; Murphy et al., 1986; Phaloprakarn & Tangjitgamol,
2008; Rahman et al., 2016; Randall et al., 2019; Ren et al., 2007; Tabrizi &
Barjasteh, 2015; Vural et al., 2016; Young et al., 2019). In the most extreme cases,
anemia may lead to stillbirth (Table 2) (Ali et al., 2020; Gonzales et al., 2012; Jung
et al., 2019; Randall et al., 2019).
On the other hand, the prevalence of adverse outcomes, such as pre-eclampsia,
low birth weight and preterm birth, starts to rise already with Hb levels of 120-130
g/l (Murphy et al., 1986). Especially higher Hb levels in late pregnancy associate
with adverse outcomes, most probably due to impaired hemodilution and increased
viscosity in circulating blood straining the placental functions (Table 2) (SAGEN
et al., 1982). One suggested mechanism is that high Hb levels in the 1st trimester
reflect better nutritional status, leading to increased prevalence of obesity and an
abundance of metabolic dysfunctions prior to pregnancy (Abeysena et al., 2010;
Abumohsen et al., 2021; Lao et al., 2002; Phaloprakarn & Tangjitgamol, 2008;
Tarim et al., 2004; C. Wang et al., 2018). The association of higher Hb levels during
pregnancy with gestational hypertension is well-known (Abumohsen et al., 2021;
Huisman & Aarnoudse, 1986; Murphy et al., 1986) and a high 1st trimester Hb is a
risk factor for GDM and pre-eclampsia (PE) in populations of Asian ancestry (Table
2) (Abeysena et al., 2010; Abumohsen et al., 2021; Lao et al., 2002; Phaloprakarn
& Tangjitgamol, 2008; Tarim et al., 2004; C. Wang et al., 2018). On the other hand,
there are studies on mixed ancestry of the 1st trimester Hb levels not influencing
the GDM risk (Behboudi-Gandevani et al., 2013; X. Chen et al., 2006; Soheilykhah
et al., 2017). There is also evidence of anemia leading to increased prevalence of
PE (Table 2) (Mehrabian & Hosseini, 2013).
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2.6

Pregnancy and embryonic development

2.6.1 Pregnancy at high altitude
High altitude challenges fetal growth and lower birthweight predisposes to
cardiovascular diseases and metabolic dysfunctions perinatally and later in life
(Barker, 1990; Krampl, 2002; Moore et al., 2011). At altitudes over 2500 meters,
where over 140 million people live, birth weight reduces by 102 g per 1000 m (G.
M. Jensen & Moore, 1997). This reduction is not due to shortened gestation or
socioeconomic status but to restricted intrauterine growth during the 3rd trimester.
IUGR is defined as birth weight less than the 10th percentile of values for a given
gestational age and sex at sea-level. Altitude is the second most important
determining factor of fetal growth, duration of gestation being the first, altitude
being even more detrimental than maternal smoking (G. M. Jensen & Moore, 1997;
Julian et al., 2007; Krampl, 2002). IUGR associates with a 4-fold increase in
stillbirth and an 8- to 20-fold increase in neonatal mortality (Julian, 2011).
Multigenerational residency at high altitude has created physiologic and
genetic adaptations, which decrease the weight difference in infants born at high
altitude in Tibetan and Andean populations compared to offspring born to nonadapted mothers. Prkaa1, coding the catalytic subunit of AMP-activated protein
kinase (AMPK), is one of the candidate loci associating with compensated birth
weight in these populations (A. W. Bigham, 2016). Prenatal growth and birth
weight are proportional to the availability of both glucose and oxygen to the fetus.
At high altitudes, hypoxia alters the oxygen and glucose metabolism (Krampl et al.,
2001).
Glucose concentrations in venous samples of pregnant women at high altitude
are decreased (Hassan, 2020; Krampl et al., 2001; Zamudio et al., 2010). A decrease
in glucose concentrations is not seen on the arterial side or in non-pregnant subjects,
suggesting increased placental glucose utilization to be a possible explanatory
mechanism. Despite the decreased glucose levels, no difference in the prevalence
of GDM has been reported between high and moderate (1220 m – 2130 m) altitude
(Euser et al., 2018). However, higher BMI and gestational age increased GDM
incidence at moderate altitude but not at high altitude, suggesting subtle differences
in glucose metabolism at high altitude (Euser et al., 2018).
Independent of metabolic changes, the cardiovascular parameters are also
challenged during HA pregnancies. Recent meta-analysis from HA pregnancies
around the globe shows a 4.8 mmHg increase in systolic blood pressure (BP) and
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a 4.0 mmHg increase in diastolic BP (Grant et al., 2021). Increased BP is associated
with increased risk for hypertensive disorders such as gestational hypertension and
PE during pregnancy. HA pregnancy doubles the risk for gestational hypertension,
but in conflict with the previous findings, was protective against PE (Grant et al.,
2021). This might be due to multigenerational residence at high altitude. Many
studies show increased risk for hypertensive disorders of pregnancy in women
living in Colorado (mean altitude of 2073 m) independently from multigenerational
residence (Bailey et al., 2020; Palmer et al., 1999).
High altitude increases the Hb levels during pregnancy and challenges the
physiological hemodilution while increasing the O2 transportation capacity to the
fetus (Gonzales et al., 2009, 2012). Also, the preconception blood volume is lower
in women residing at high altitude, leading to higher blood viscosity (Kametas et
al., 2004; Zamudio et al., 1993). The association between high Hb levels and
gestational hypertension is recognized and this could be one mechanism behind the
increased BP values in HA pregnancies. In the normal course of pregnancy, BP
declines, reaching its lowest values around the 20th gestational week and increasing
again towards late pregnancy. This is due to peripheral vasodilation, which is not
fully compensated by increased plasma volume or cardiac output. In PE, but also
in HA pregnancies, this normal decrease of blood pressure is absent (Bailey et al.,
2020; Palmer et al., 1999; Reiss et al., 1987).
Oxygen delivery to the fetus relies on maternal arterial oxygenation, which
correlates with the birth weight of the infant. Maternal arterial oxygenation depends
on oxygen availability, ventilation sensitivity, respiratory function, diffusion
capacity and oxygen transportation. Pregnancy increases the sensitivity of the
carotid bodies, alveolar ventilation and tidal volume independent from hypoxia.
The diffusion capacity during HA pregnancies is higher than at low altitude due to
greater Hb levels, ventilation, and pulmonary blood volume. Hypoxia increases the
O2 transportation capacity by increasing Hb levels through the HIF pathway but
fails to increase the cardiac output due to impaired reduction of peripheral vascular
resistance (Julian, 2011). In HA pregnancies, uterine artery blood flow is reduced
by ~30% compared to low altitudes and correlated with lower birth weight
(Zamudio et al., 1995). The reduction is due to impaired vasodilation of the uterine
artery. Also, the pelvic redistribution of blood flow from the common and external
iliac artery to the uterine artery is challenged (Zamudio et al., 1995). Impaired
blood flow to the uterus leads to challenged O2 transportation to the fetus and
reduced utero-placental blood flow also functions as a risk factor for PE (Zamudio,
2007).
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Placental function and composition differ in HA pregnancies compared to low
altitude. High altitude leads to reduced modeling in the maternal-fetal decidual
interface and compensatory increased villous angiogenesis (Tissot van Patot et al.,
2003). A 30% decrease in uterine artery blood flow leads to decreased
transportation of O2 and nutrients through chorionic villi. No differences in the
abundance of amino acid or glucose transporters are seen in HA placentas in the
microvillous membrane, but GLUT1 has been shown to be decreased in the basal
membrane, associating with decreased fetal growth (Vaughan et al., 2020; Zamudio
et al., 2006). Some alterations in GLUT1 expression have also been seen in murine
models of environmental hypoxia and reduced uterine perfusion pressure (Siragher
& Sferruzzi-Perri, 2021).
In addition to the previously mentioned differences, high altitude increases a
variety of maternal pregnancy complications, including increased bleeding,
preterm labor, oligohydramnios or polyhydramnios, placental abruption, premature
rupture of membranes and perinatal morbidity and mortality (Julian, 2011). Taken
together, the mechanisms behind the decreased birth weight at high altitudes remain
poorly understood.
2.6.2 Normal embryonic development and the role of HIF
Hypoxia and HIF have crucial effects during embryonic development. The first
steps of mammalian embryonic development occur in an environment with an O2
range from 1% to 5% and a marked increase in O2 is established only when the
placental vasculature is fully formed (Dunwoodie, 2009). During the early stages
of embryonic development, hypoxia is a physiological condition, but in later stages
pre-placental, placental or post-placental hypoxia leads to adverse outcomes.
Normal placental development and function are required for normal embryonic
development. In mouse, placental development occurs between embryonic day (E)
3.5 and 14.5. Hypoxic cells and expression of HIF1 and HIF2 are found in
mouse placenta and decidua from E6.5 to E14.5 (Dunwoodie, 2009). Loss of
HIF1, HIF1 and HIF2 or HIF1 leads to embryonic lethality before E10.5
(Dunwoodie, 2009). Development of the labyrinthine layer, responsible for gaseous
and nutrition exchange, requires close interaction between fetal allantois and
maternal chorion. Loss of HIF1 disrupts this interaction, leading to reduced
vascularization of the labyrinthine layer potentially by impaired branching
morphogenesis of trophoblasts or defective fetal vascular endothelial cell
angiogenesis (Cowden Dahl et al., 2005; Dunwoodie, 2009). Also, changes in
47

trophoblast subtypes are seen; the amount of spongiotrophoblasts is reduced with
HIF1 deletion. With double deletion of HIF1 and HIF2 additional reduction
in syncytiotrophoblasts and an increase in trophoblast giant cells are seen (Cowden
Dahl et al., 2005). The same phenotype occurs with HIF1 deletion (Adelman et
al., 2000; Cowden Dahl et al., 2005).
HIF1 and HIF2 have distinct roles in angiogenesis, HIF1 promoting cell
proliferation and migration in early angiogenesis and HIF2 controlling remodeling
and maturation of the microvasculature (Befani & Liakos, 2018). HIF1
inactivation leads to embryonic lethality during mid-gestation with cardiac
malformations, vascular defects and impaired erythropoiesis (Iyer et al., 1998).
Conditional knockdown of HIF1 in the cardiac outflow tract, right ventricle and
atrium, pharynx, peripheral neurons and hindlimbs leads to decreased perinatal
survival and impaired left ventricular function (Bohuslavova et al., 2019). Also,
severe defects in the sympathetic nervous system were seen. HIF1 has a specific
role in chondrogenesis, adipogenesis, B-lymphocyte development, osteogenesis,
hematopoiesis, T-lymphocyte differentiation and innate immunity (Semenza, 2012).
HIF2α has a marked significance during embryonic development, being most
abundantly expressed in the vascular endothelial cells (Ema et al., 1997; Flamme
et al., 1997; Hogenesch et al., 1997; Jain et al., 1998; Tian et al., 1997). HIF2α -/mice are embryonally or perinatally lethal depending on the background
(Compernolle et al., 2002; Peng et al., 2000; Scortegagna et al., 2003; Tian et al.,
1998). The mice can develop a morphologically normal circulatory system, but
exhibit bradycardia and decreased amounts of catecholamines (Tian et al., 1998).
In another study, the vasculature in the yolk sac and embryo were severely
compromised without the ability to form a mature vascular network hierarchy
(Peng et al., 2000). HIF2α has a significant effect on normal lung development;
HIF2α -/- mice have decreased expression of VEGF in lung type II pneumocytes,
which leads to a reduced amount of surfactant and results in respiratory distress
syndrome (Compernolle et al., 2002). One study managed to form viable adult mice
with an HIF2 deletion leading to cardiac hypertrophy, hepatic steatosis,
retinopathy, increased oxidative stress and pancytopenia (Scortegagna et al., 2003).
Pancytopenia is due to decreased expression of EPO in the kidney and can be
rescued by administration of EPO (S. A. Patel & Simon, 2008).
Like loss of HIFs, also increased HIF levels have a significant effect on
pregnancy outcome. HIF-P4Hs are responsible for the rapid degradation of HIF in
oxygenated environments. Loss of HIF-P4H-1 or HIF-P4H-3 has no evident effect
on embryonic development, but loss of HIF-P4H-2 is embryonically lethal by
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E14.5 (Takeda et al., 2006). Embryos present with severe placental and heart
defects, but only the placenta shows a global increase in HIF protein levels.
Placental defects include reduced labyrinthine branching morphogenesis,
dysfunctional penetration of spongiotrophoblasts to the labyrinth and abnormal
distribution of trophoblast giant cells, while in the heart, trabeculae formation is
disturbed, the myocardium is thinner and the interventricular septum is
incompletely formed (Takeda et al., 2006).
Pre-placental, placental or post-placental hypoxia
The placenta has adaptive capacity towards maternal environmental cues, such as
oxygen availability, energy intake and stress (Sferruzzi-Perri & Camm, 2016). In
addition to a maternal hypoxic environment, pre-placental hypoxia can be caused
by maternal respiratory and cardiovascular diseases or anemia. In pre-placental
hypoxia, both mother and fetus are hypoxic. The same physiological changes that
are seen in HA pregnancies aim to compensate for the hypoxic burden of maternal
respiratory and cardiovascular diseases (Fajersztajn & Veras, 2017). The effects of
maternal anemia are already reviewed in chapter 2.5.4. Pre-placental hypoxia can
be caused by, e.g., maternal obesity, diabetes, asthma, advanced maternal age,
infections and some lifestyle factors such as smoking.
Placental hypoxia is present in cases of placental insufficiency. IUGR, PE and
gestational hypertension lead to placental hypoxia characterized by reduced fetalmaternal surface area for gaseous and nutrition exchange. But also, pre-placental
hypoxia in high altitude increases the risk for IUGR and PE (Colson et al., 2021).
In post-placental hypoxia the fetal O2 supply isn’t sufficient for the growing
needs of the fetus with functioning maternal and placental O2 transportation. This
is the case with congenital heart malformations and diseases, obstructed umbilical
vessels and other cardiovascular anomalies.
In pre-placental hypoxia placentas may be enlarged to compensate for the
decreased O2 supply while placental hypoxia leads to smaller placentas. The fetus
has adaptation mechanisms that secure the supply of O2 to vital organs in acute
hypoxia. These include ceasing the breathing movements and decreasing the heart
rate. The decrease in heart rate is compensated with increased end-diastolic volume
to maintain the cardiac output. Also, the blood flow is re-distributed from the
peripheral circulation to essential organs, such as brain – the so-called brain sparing
effect. Hypoxia in peripheral tissues increases the production of lactate, making the
blood more acidic and increasing the release of O2 from Hb. (Giussani, 2016).
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The timing and severity of the placental hypoxia affects the response; since
early stages of placental development occur in a hypoxic environment and later
acute exposure to hypoxia leads to more adverse outcomes (Higgins et al., 2016).
The exposure to hypoxia at end-gestation leads to changes in syncytialization,
mitochondrial functions, endoplasmic reticulum stress, hormone production,
nutrient handling and angiogenesis (Colson et al., 2021).
2.6.3 Maternal metabolic changes during pregnancy
During pregnancy the recommended maternal weight gain is dependent on prepregnancy body mass index (BMI). For normal weight women (BMI 18.5-24.9
kg/m2) the recommendation is 12-16 kg, while for women with obesity (BMI >30
kg/m2) only a 5-9 kg weight gain is recommended (Goldstein et al., 2017). Despite
the recommendations, 47% of pregnant women have a greater and 23% a lower
gestational weight gain than recommended, both associating with higher risk of
adverse maternal and infant outcomes. Gestational weight gain includes fetal,
uterus and placental weight, amniotic fluid, increase in maternal extracellular fluid
and enlargement of breast and adipose tissues. For a successful pregnancy, multiple
metabolic changes occur to support fetal growth (Fig. 5).

Fig. 5. Maternal metabolic changes during pregnancy. In early pregnancy the
importance of anabolic metabolism is evident. Towards late pregnancy, the importance
of physiologic insulin-resistance is highlighted.

Pregnancy is divided into trimesters, the first two being anabolic and the last one
catabolic. During the anabolic phase the body is preparing for the high energy need
of the growing fetus and lactation by increasing the fat deposits (Lain & Catalano,
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2007). This is a result of maternal hyperphagia, increased insulin levels leading to
increased FA synthesis and increased adipose tissue lipoprotein lipase activity. In
average, a normal weight woman will gain 3.5 kg of adipose tissue during
pregnancy.
During the 3rd trimester fat stores are utilized, and serum triglyceride level at
least doubles while total cholesterol levels increase by 25% to 50% (Herrera &
Ortega-Senovilla, 2014). The accumulation of fat arrests in the 3rd trimester as a
result of decreased FA synthesis, decreased lipoprotein lipase activity and increased
tissue lipolytic activity, the first two being activated and the last inhibited by insulin
(Herrera & Desoye, 2016). Increased insulin-resistance plays an important role in
the shift seen in lipid metabolism. Placental hormones, cortisol and estrogen
together with adipokines, such as tumor necrosis factor alpha (TNFα), influence
the development of physiological insulin-resistance in late gestation (Herrera &
Desoye, 2016).
Glucose metabolism differs from early pregnancy to late pregnancy. The
fasting glucose level decreases throughout gestation, first due to the 1st trimester
plasma dilution and later via increased glucose utilization by the feto-placental unit
or inadequate hepatic production (Lain & Catalano, 2007). Peripheral insulin
sensitivity decreases by ~50% by late gestation, increasing the hepatic
gluconeogenesis (Catalano et al., 1991). In normal metabolism, hepatic glucose
production is suppressed by insulin, but during gestation the hepatic insulin
sensitivity is decreased and hepatic gluconeogenetic activity increases by ~30%
(Catalano et al., 1992). To battle the peripheral insulin resistance, insulin secretion
increases 2-3-fold during pregnancy (McIntyre et al., 2019). All these changes
maintain the flux of glucose to the growing fetus while maternal tissues shift to
using lipids as a primary source of energy. Similar metabolic effects are also seen
in mouse pregnancy, where IR increases until the very final stages of gestation,
where body is already preparing for the needs of labor and lactation and IR starts
decreasing (Musial et al., 2016).
Placental nutrient transport
The placental transport system is the major contributor to fetal growth. Glucose
transport across the placental unit occurs based on the concentration gradient
between the fetal and maternal circulations and becomes stratified only when the
difference between the circulations is 25 mmol/l (Hauguel et al., 1986). The glucose
transport system is highly efficient and the maternal blood glucose levels are the
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most important determinant for the amount of glucose transported to the fetus,
while the fetal blood glucose levels also play a role in the transfer. Most of the fetal
glucose originates from the maternal circulation (McIntyre et al., 2019). This is
very different in the case with FA, where only 3% of the FAs from the maternal
circulation cross the feto-placental unit and 20% of the FAs in fetal adipose tissues
are of maternal origin (Dancis et al., 1973; Haggarty et al., 1997; Lewis et al., 2018).
The fetus can synthesize the majority of the non-essential FAs using glucose as a
precursor.
2.6.4 Obesity and pregnancy
The obesity epidemic is an increasing problem; according to WHO, the prevalence
of obesity has nearly tripled since 1975, being 15.1% in women globally in 2016
(World Health Organization, 2019). By definition, obesity and overweight present
abnormal or excessive fat accumulation that may impair health. According to
perinatal statistics, the proportion of women with obesity giving birth has risen
from 12.0% to 17.6% during the last decade in Finland (The Finnish Institute for
Health, 2020).
Obesity increases insulin resistance in early pregnancy in normoglycemic
women, leading to net lipolysis already in an earlier stage of pregnancy (Lain &
Catalano, 2007). Also, the adipocytes of women with obesity are already
hypertrophic, increasing the free fatty acid (FFA) flux to the maternal liver and
leading to increased VLDL levels (Trivett et al., 2021). Women with obesity have
increased accumulation of visceral WAT compared to lean women (Trivett et al.,
2021). Obesity is characterized with chronic adipose tissue inflammation which
increases the secretion of adipokines, such as TNFα, increasing the insulin
resistance, and hepcidin, major regulator of iron metabolism, levels have found to
be higher in women with GDM (Derbent et al., 2013; Kirwan et al., 2002).
Higher BMI leads to an increased risk for metabolic disorders such as PE and
GDM (S. Y. Kim et al., 2010; Marchi et al., 2015; Roberts et al., 2011). Many of
the effects of GDM and pre-pregnancy obesity overlap while a high proportion of
large for gestational age (LGA) babies is attributed to obesity even without GDM
(Black et al., 2013). Obesity increases the risk for adverse neonatal outcomes by
increasing the risk for C-sections and inductions, postpartum hemorrhage, preterm
delivery and stillbirth (Scott-Pillai et al., 2013).
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2.7

Gestational diabetes mellitus (GDM)

GDM is a globally rising problem that affects 2-30 % of pregnancies depending on
the population, screening policy and diagnostic cut-off; the current prevalence in
Finland being 20.6% (Szmuilowicz et al., 2019; The Finnish Institute for Health,
2020; Zhu & Zhang, 2016). GDM is defined as any carbohydrate intolerance and/or
hyperglycemia with onset or first diagnosed during pregnancy (Metzger et al.,
2007). GDM is associated with an increase in pregnancy complications, including
antenatal diseases, prematurity, complicated delivery, postnatal complications,
stillbirths, macrosomia, small for gestational age babies, congenital anomalies and
neonatal mortality and morbidity (Trivett et al., 2021). Overt diabetes diagnosed
during pregnancy is not discussed here.
2.7.1 Pathophysiology
GDM is characterized by increased insulin resistance and/or pancreatic β-cell
defects resulting in hyperglycemia. In most cases defects are present already pregestation and detected during gestation mainly based on comprehensive screening,
since these women are generally asymptomatic before the metabolic strain during
gestation (McIntyre et al., 2019). Since insulin secretion is increased by 200%-300%
during normal pregnancy and peripheral insulin sensitivity is decreased by 50%,
already a slight predisposing factor can become significant with changes of this
magnitude.
Women who develop GDM have shown an increased peripheral insulin
resistance already before gestation compared to normoglycemic pregnant women
(Catalano et al., 1999). Non-pregnant and women in the 1st trimester of pregnancy
manage to keep normoglycemia based on the β-cell’s capacity to increase insulin
production. When insulin resistance increases with progressing gestation due to
adipokines and placental hormones, the capacity of the β-cells is exceeded and
hyperglycemia arises (Buchanan, 2001).
Undetected impaired fasting glucose (IFG) before pregnancy is one of the
possible mechanisms behind GDM. IFG can result from increased hepatic
gluconeogenesis in women with GDM. As previously stated, hepatic
gluconeogenesis increases ~30% during gestation in women with normoglycemia,
while a normally functioning hyperinsulinemic-euglycemic clamp suppresses
hepatic gluconeogenesis almost completely in these women. By contrast, in women
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with GDM, this suppression is around 80-85% resulting in hyperglycemia
(Catalano et al., 1999; McIntyre et al., 2019).
Insulin signaling is altered during pregnancy and even more by GDM. In
peripheral tissues, notably in skeletal muscle, the insulin signaling cascade is
activated by the binding of insulin to the insulin receptor at the cell surface and
results in redistribution and translocation of more glucose transporters (GLUT4) to
the cell surface to enable glucose internalization to cells. The binding of insulin
activates autophosphorylation of the insulin receptor subunit β (IRβ), which in turn
allows recruitment and activation of downstream activators such as insulin receptor
substrate 1 (IRS1) and (phosphoinositide 3-kinase) PI3K. In pregnancy, the protein
levels of IRS1 are decreased in skeletal muscle, leading to decreased activation of
the insulin cascade (Friedman et al., 1999). In pregnancies with GDM, the
autophosphorylation of IRβ is also reduced resulting in 25% lower glucose uptake
compared to pregnant women with normal glucose tolerance (Friedman et al.,
1999).
Higher maternal glucose levels lead to higher circulating blood glucose levels
on the fetal side from early pregnancy onwards due to the concentration gradient
dependent feto-placental transfer of glucose. High glucose input increases insulin
secretion from the fetal pancreas leading to fetal hyperinsulinemia. This in turn
increases the peripheral tissue glucose utilization leading to lower fetal blood
glucose and a higher concentration gradient between the maternal and fetal
circulations. The fetus then draws even more glucose from the maternal circulation.
This is known as the fetal glucose steal phenomenon and it contributes to the
formation of fetal macrosomia (Desoye & Nolan, 2016).
2.7.2 GDM screening and diagnosis in Finland
National Finnish Current Care Guidelines (CGG) for GDM introduced in 2008
recommend an oral glucose tolerance test (OGTT) for every pregnant woman,
except those in a very low-risk group (Working Group Established by the Finnish
Medical Society Duodecim, 2008). The low-risk groups include <25-year-old
primiparous women with a BMI <25 kg/m2 without a family history of diabetes
mellitus (DM) and <40-year-old multiparous women with BMI <25 kg/m2 without
a history of GDM or a macrosomic newborn (birth weight >4500g). An OGTT with
75g of glucose is mainly performed between the 24th and 28th gestational week,
except for those in high-risk groups (prior GDM, BMI ≥35 kg/m2, glucosuria,
family history of DM or polycystic ovary syndrome (PCOS)) for whom it is
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recommended to be performed between the 12th and 16th gestational week. In cases
where the first OGTT of a risk group mother is normal, it is repeated between the
24th and 28th gestational weeks. The diagnostic criteria for GDM are plasma glucose
concentration ≥ 5.3 mmol/l after overnight fasting, ≥ 10.0 mmol/l at 1 h of OGTT
or ≥ 8.6 mmol/l at 2 h of OGTT.
The Finnish diagnostic values differ slightly from the glucose concentration
cut-off points recommended by the International Association of the Diabetic
Pregnancy Study Groups (IADPSG), that are 5.1 mmol/l for an overnight fast, 10.0
mmol/l at 1 h of OGTT and 8.5 mmol/l at 2 h of OGTT (Panel*, 2010). Worldwide,
the diagnosis of GDM had a turning point after publication of the Hyperglycemia
and Adverse Pregnancy Outcomes (HAPO) study in 2008 (Metzger et al., 2008)
after which many of the recommendations were updated, such as those of the
IADPGS and adapted by WHO in 2013. In Finland the criteria were unaffected by
the HAPO study but the wider comprehensive screening policy together with
increased obesity and higher maternal age have increased the prevalence of GDM
from 9.1% in 2006 to 20.6% in 2019 (S. Koivunen et al., 2015; The Finnish Institute
for Health, 2020). The effect of different screening policies was shown clearly in
four Norwegian cohorts applying the WHO 1999, WHO 2013 or Norwegian
screening policy, where respective prevalences of GDM were 10.7%, 16.9% and
10.3% (Rai et al., 2021). Since different diagnostic criteria clearly affect the
prevalence of GDM and a variety of different screening policies are adapted around
the globe, this affects the global applicability of the results from GDM studies.
2.7.3 Risk factors for GDM
The etiology of GDM is multifactorial. Maternal overweight and obesity, high
maternal age, previous history of GDM, family history of T2D and ethnicity are
known and widely acknowledged major risk factors for GDM (McIntyre et al.,
2019). Specific ethnicities of high risk include Hispanic, African, Native American,
South or East Asian, Pacific Islands or Indigenous Australians (Yuen et al., 2018).
Also, a short stature, multiple pregnancies, high parity, genetic factors, excessive
weight gain during pregnancy, physical inactivity, thyroid diseases and PCOS have
been associated with increased risk for GDM (Ashwal & Hod, 2015; Chasan-Taber
et al., 2008; Hedderson et al., 2010; G. Li et al., 2020). Although, it has been
suggested that the association of PCOS with GDM is through an underlying risk
factor profile of women with PCOS, rather than PCOS itself being an independent
risk factor (Mustaniemi et al., 2018).
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There is no clear consensus about the effect of dietary factors on GDM risk,
but many studies have presented suggestive evidence on the association. Low
vitamin D and C levels in early pregnancy and high fat intake throughout gestation
as well as high consumption of sugared beverages, fried foods, potatoes and protein
and a Western diet are associated with an increased risk for GDM (McIntyre et al.,
2019; C. Zhang et al., 2004, 2008; Zhao et al., 2022). Increased consumption of
fiber, nuts, fruits, green leafy vegetables, poultry and fish have protective effects
against GDM (McIntyre et al., 2019).
High maternal Hb in the 1st trimester has been associated with increased risk
for GDM in populations of Asian ancestry, one of the supposed mechanisms being
overnutrition and increased iron load. Increased iron and ferritin levels alone have
been associated with an increased risk for GDM (Behboudi-Gandevani et al., 2013;
X. Chen et al., 2006; Helin et al., 2012; Soheilykhah et al., 2017). Iron overload
increases oxidative stress leading to inhibition of insulin internalization and
function, which can result in hyperinsulinemia and insulin resistance (FernándezReal et al., 2002). In line with an increased iron load, iron deficiency anemia
decreases the prevalence of GDM and iron-supplementation for non-anemic
women increases the risk for GDM (Helin et al., 2012; Lao & Ho, 2004; Si et al.,
2021).
The rising prevalence has fuelled an urgent need for accurate predictive models
for GDM. In addition to the above-mentioned risk factors, many other 1st trimester
serum parameters, such as adiponectin, ALT, high 1st trimester triglyceride and LDL
levels, B lymphocyte count and platelet number, have been associated with an
increased GDM risk (Corcoran et al., 2018; Grieger et al., 2021; Y. Huang et al.,
2020; Kang et al., 2021). Many of these predictive nomograms include some of the
serum parameters, but the predictive potential improves only slightly after the
major risk factors such as age, BMI, ethnicity and history of GDM or family history
of T2D, are included (Kang et al., 2021; Y. Wang et al., 2021; Zheng et al., 2019).
Genetic factors behind GDM are a recognized etiology, but studies regarding
those are few and inconsistent. Genetic predisposition at least partially overlaps
with genetic factors behind DM (Huopio et al., 2013). Many of these genes affect
insulin secretion, insulin resistance and glucose metabolism (Dalfrà et al., 2020).
There have been at least 13 genes, for example GCK, MTNR1B and IRS1, with
recognized single nucleotide polymorphisms associating with increased risk for
GDM (Dalfrà et al., 2020; Ding et al., 2018; Kwak et al., 2012; C. Zhang et al.,
2013). Also, maternal and placental epigenetic changes such as methylation,
histone modifications and miRNAs, affect the GDM risk (Dalfrà et al., 2020;
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Lizárraga & García-Gasca, 2021). One possible epigenetic shift is caused by
smoking. Maternal but not paternal smoking increases the risk for GDM for the
offspring, but the increased risk for GDM is not seen in women themselves who
are smoking during pregnancy (Bao et al., 2016; Terry et al., 2003).
2.7.4 Treatment of GDM
The goal of GDM treatment is to optimize glycemic control and improve pregnancy
outcomes. The first line treatment is lifestyle interventions, and if euglycemia isn’t
achieved, pharmacological treatment is offered. Pharmacological treatment is
needed only for a minority of women. Treatment of GDM shows a decreased risk
for macrosomia leading to a decreased risk of LGA, shoulder dystocia and Csection (Horvath et al., 2010). In some cases, treatment is also shown to decrease
the risk for PE among GDM women (Elnour et al., 2008).
The positive effect of treatment with lifestyle interventions, glucose
monitoring and with insulin if needed has been shown in two large, randomized
control trials (RCTs) (Crowther et al., 2005; Landon et al., 2009). Crowther et al.
found that the rate of serious perinatal complications, including mortality, shoulder
dystocia, bone fracture and/or nerve palsy was lower in the treatment group and the
quality of life for mothers improved. Landon et al. found similar effects on perinatal
health with lowered birth weight, neonatal adiposity, LGA, macrosomia, shoulder
dystocia and decreased rates for C-section. Maternal outcome improved with
decreased prevalence of PE and gestational hypertension.
A Cochrane review for lifestyle interventions shows decreased prevalence of
postnatal depression and improved achievement of the postpartum weight goals for
women and decreased risk for LGA and less neonatal adiposity (Brown, Alwan, et
al., 2017).
Lifestyle interventions
Lifestyle interventions, including education, diet, exercise and self-monitoring of
blood glucose, are the primary treatment regimen for GDM and are sufficient for
~70-85% for women with GDM (McIntyre et al., 2019). Dietary intervention
resembles closely that of DM and the general recommendations for women during
pregnancy. The National Finnish CCG recommend equal distribution of
carbohydrates throughout the day, being at least 150 g/day and 40-50% of the need
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for energy expenditure to avoid ketonemia. For fat, the recommended daily intake
is 30-40% of the energy expenditure consisting mainly of polyunsaturated FAs.
The self-monitoring of glucose is important. The goal values for blood glucose
based on CCG are <5.5 mmol/l for the fasted state and <7.8 mmol/l one hour after
lunch. In addition to diet, physical activity is encouraged. Light to moderate
physical activity is safe for pregnant women without pregnancy complications such
as PE or IUGR. Excessive weight gain is to be avoided. If these measures aren’t
sufficient to achieve euglycemia, pharmacological treatment is recommended.
Pharmacological treatment
In many cases, abnormal results in the early pregnancy OGTT increase the risk for
pharmacological treatment for GDM (Wilkie et al., 2021). Insulin has long been
the primary medication for GDM since it does not cross the placenta unlike
metformin, which is found in clinically relevant concentrations in fetal and
placental tissues (McIntyre et al., 2019; Tarry-Adkins et al., 2019). Insulin therapy
is executed as a combination treatment of human insulin and short-acting insulin
analogues for meals; also other long-acting insulin analogues, such as aspart, lispro,
glargine and deteminir, are considered safe during pregnancy (McIntyre et al.,
2019). In insulin treatment, there is always a risk for hypoglycemia, but severe
hypoglycemias are rare events (McIntyre et al., 2019).
In cases where GDM is diagnosed after the 30th gestational week for non-obese
subjects with hyperglycaemia after meals, metformin can be sufficient as a primary
treatment (Ijäs et al., 2011). It can be used as a combinatory therapy together with
insulin in major insulin resistance. Regardless of the placental crossing of
metformin, no teratogenic effects have been reported in the literature. Neonates
from mothers receiving metformin seem to be significantly lighter compared to
offspring of women receiving insulin but appear to be heavier until nine years of
age, presenting catch-up growth associated with long-term adverse cardiometabolic
outcome (Ijäs et al., 2011, 2015; Tarry-Adkins et al., 2019). However, in a recent
study comparing the offspring of metformin- and insulin-treated mothers at 9-years
of age, no difference in the offspring’s growth was detected while lipid profile of
the offspring of metformin-treated mothers was improved (Paavilainen et al., 2022).
In an animal model, metformin administration during gestation resulted in
increased WAT inflammation, adiposity and adipocyte hypertrophy in male
offspring, but only adipocyte hypertrophy was seen in females, highlighting the
importance of sex-specific effects (Schoonejans et al., 2021). Although metformin
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is an easy-to-use oral drug, it has more side effects than insulin, mainly
gastrointestinal symptoms, that may contribute to treatment failure (McIntyre et al.,
2019; Tarry-Adkins et al., 2021). A Cochrane review from 2017 showed an equal
performance in key maternal and perinatal outcomes for insulin therapy and oral
anti-diabetic pharmacological therapies (Brown, Grzeskowiak, et al., 2017).
Furthermore, a 9-year follow-up study compared the insulin-treated and
metformin-treated women regarding the development of disorders of glucose
metabolism during the follow-up period and found no diverging long-term effects
between the treatments (Huhtala et al., 2022).
After delivery, pharmacotherapy can be ended but maternal blood glucose
levels are to be monitored until normalization of glucose levels is verified.
2.7.5 Consequences of GDM
GDM often resolves after birth, but it is associated with multiple adverse outcomes
for both mother and child. For lifestyle treated women OGTT is recommended
around a year after the delivery and for pharmacologically treated women OGTT
is performed 6-12 weeks after delivery. Also, on the next pregnancy OGTT is
performed between the 12th and 16th gestation week due to the high risk for
recurrence (Working Group Established by the Finnish Medical Society Duodecim,
2008).
The HAPO-study was the first study showing a glucose level dependent risk
increase for adverse pregnancy outcomes already at glucose levels lower than the
current cut-off points in 2008 (Metzger et al., 2008). During pregnancy, mothers
have increased risk for gestational hypertension, PE, C-section, induced labor,
premature rupture of membranes, antepartum and postpartum hemorrhage and
mental health problems such as anxiety and depression (Damm et al., 2016; Lin et
al., 2020; Vääräsmäki, 2016; C. Zhang et al., 2016). In the long-term, women with
GDM and their children have an increased risk for developing metabolic
dysfunctions such as DM, metabolic syndrome and cardiovascular diseases and the
offspring’s risk for obesity increases (Damm et al., 2016; Lin et al., 2020; Metzger
et al., 2008; Vääräsmäki, 2016; C. Zhang et al., 2016).
The risk for persisting impaired glucose tolerance after a GDM pregnancy is
increased with pharmacologically treated GDM, family history of GDM and the
number of abnormal values in OGTT. Also, these women tend to have a higher
BMI, waist circumference and blood pressure (Bianchi et al., 2021). The relative
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risk for developing DM is nearly 10-fold higher compared to women with
euglycemic pregnancies (Vounzoulaki et al., 2020).
In the short term, maternal hyperglycemia increases the risk for fetal
macrosomia and increased fat mass. Macrosomia in turn is a major factor behind
many maternal adverse outcomes such as delivery induction, preterm delivery and
birth canal trauma (Catalano et al., 2012). In a Swedish cohort, maternal BMI and
GDM were shown to be independent risk factors for short-term adverse perinatal
outcomes, such as prematurity, fetal distress, low Apgar score, Erb’s palsy and
malformations, while Catalano et al. reported the combinatory effect being greater
than either one alone (Catalano et al., 2012; Hildén et al., 2019).
In a HAPO Follow-up Study, the offspring of women with GDM without
treatment interventions during pregnancy showed increased insulin resistance and
limited β-cell function compared to offspring of non-GDM women (Lowe et al.,
2019). The same is also seen with offspring of mothers receiving treatment, where
offspring with obesity showed an increased risk for abnormal glucose metabolism
compared to normal weight offspring (Lu et al., 2020).
The metabolic programming during gestation has developmental origins for
many metabolic diseases later in life, which is also seen in GDM with maternal
hyperglycemia and fetal hyperinsulinemia resulting in an increased risk for DM
and other metabolic diseases for the offspring (Barker, 1990; Burlina et al., 2019).
Developmental origins have also been shown in different risks for metabolic
dysfunctions in offspring born before and after bariatric surgery as well as in animal
studies with different interventions, such as exercise during gestation normalizing
the hyperinsulinemia of the offspring (Schoonejans & Ozanne, 2021).
2.7.6 Prevention
By lifestyle choices prior to gestation, including a healthy diet, BMI <25 kg/m2,
exercising daily for at least 30 min and avoiding smoking, it has been evaluated
that approximately 45% of the GDM cases could be avoided (McIntyre et al., 2019;
C. Zhang et al., 2014). The underlying mechanisms of how these lifestyle factors
affect the decline in the GDM risk are not well known - whether it is a more chronic
or acute effect remains to be studied.
Lifestyle modifications during pregnancy have shown inconclusive effects for
GDM prevention (McIntyre et al., 2019). This is mainly due to diverse lifestyle
approaches and varying starting times during gestation. In a recent RCT with
women predisposed to GDM, structured lifestyle modifications before the 8th
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gestational week showed prevention from GDM (Lin et al., 2020). In the Finnish
Gestational Diabetes Prevention Study (RADIEL) in women with a high-risk for
GDM, individually structured lifestyle intervention led to modest dietary
improvements and decreased the incidence of GDM by 39% compared to standard
antenatal care (Koivusalo et al., 2016; Valkama et al., 2016). The glycemic control
one year after delivery was improved but surprisingly the metabolic health of the
offspring was worse at five years of age (Grotenfelt et al., 2020; Huvinen et al.,
2018). Combined with another lifestyle intervention study, the structured lifestyle
intervention showed no improved cardiometabolic health six years after the
intervention among women with obesity and overweight, although successful
weight loss during interventions improved the cardiometabolic health (Wekker et
al., 2019). A Cochrane review from 2020 found a potential benefit in a combined
diet and exercise intervention as with myoinositol and vitamin D supplementation
and preventive use of metformin for the risk of GDM, whereas no benefits from
omega-3 FA supplementation or universal thyroid dysfunction screening were
detected (Griffith et al., 2020).

61

62

3

Aims of the present study

Hypoxia during pregnancy has been found to be detrimental for the developing
fetus by asymmetric IUGR affecting the weight gain more than height by
decreasing it by 100 g/1000 m and increasing the perinatal mortality and morbidity
(Krampl, 2002; Moore et al., 2011). The decreased birth weight is a risk factor for
cardiovascular and metabolic diseases later in life (Barker, 1990). The mechanisms
of HA induced IUGR remain unknown.
Our group has previously shown that genetic and pharmacological inhibition
of HIF-P4H-2 activates the hypoxia response and mediates protection against
obesity and cardiovascular and metabolic dysfunctions by reducing weight gain
and inflammation, improving glucose tolerance and lipid profile and increasing
insulin sensitivity in preclinical models (Hyvärinen et al., 2010; Rahtu-Korpela et
al., 2014). However, during pregnancy, insulin resistance is a physiological state
and the growth of the fetus is proportional to the availability of glucose and O2 for
the fetus (Krampl et al., 2001).
In GDM, insulin resistance (IR) is further increased leading to hyperglycemia
during pregnancy. GDM affects up to every fourth pregnancy and predisposes both
the mother and the offspring to metabolic and cardiovascular dysfunctions
(McIntyre et al., 2019). Our group has shown in several human cohorts that lowerend normal Hb levels associate with activation of the HIF pathway and with a
healthier metabolic and cardiovascular outcome (Auvinen et al., 2021).
Therefore, the aims of the present study were:
I

To determine how environmental hypoxia affects maternal glucose and lipid
metabolism and fetal birth weight in mice. (I)
II To decipher whether improved insulin sensitivity induced by environmental
hypoxia could offer a novel treatment option against GDM in mice. (II)
III To investigate the potential association between maternal early pregnancy Hb
levels and metabolic health and fetal birth weight in a multicenter case-control
study of GDM. (III)
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4

Materials and methods

The materials and methods are described in detail in the original articles (I, III) and
the manuscript (II). A brief summary of the materials and methods is presented in
Table 3.
4.1

Animal experiments (I & II)

All animal experiments were performed on young female C57Bl/6NCrl mice in the
University of Oulu Laboratory Animal Centre according to the Finnish Act on
Animal Experimentation (62/2006) and approved by the National Animal
Experimental Board of Finland (license number ESAVI/8179). All mice were fed
ad libitum with their respective diets. In I and in the normal chow (NC) group of II
the mice were fed with Teklad Global Rodent diet T.2018C.12 (Harlan Teklad, USA)
and in II the obesogenic diet (OD) group had a highly palatable obesogenic diet
(20% fat, 28% polysaccharide, 10% simple sugars, 23% protein [w/w] fortified
with AIN-93-VX and AIN-93M-MX, Special Diets Services, Witham, UK)
fortified with sweetened condensed milk to induce IR.
3-6 month old female mice were mated overnight in I and II and the plugs were
read the next morning (E0.5). In II, mice were fed their respective diets for 5 weeks
before overnight mating. After mating the mice were divided into normoxia (N)
and hypoxia (H) groups based on averaged weight in I and averaged weight and
homeostatic model assessment of insulin resistance (HOMA-IR) in II. The hypoxia
groups were placed into a hypoxic chamber (Hypoxic Glove Box, Coy Laboratory
Products, USA) under 15% O2 corresponding to an oxygen tension at 2700 m, for
the duration of gestation, and the normoxic groups were kept in the same room in
the equivalent normoxic (21% O2) conditions.
The glucose tolerance test (GTT) or deoxyglucose uptake test in I was
performed either in mid-gestation at E9.5 or at end-gestation E17.5 and the mice
were sacrificed at E9.5 or E17.5. End-gestation time point was selected based on
our setting where mice enter labor already at E18.5 under hypoxia. Using mice as
an animal model for gestational metabolism is justified since during pregnancy
mice show e.g., increased fat deposits and insulin resistance similarly to humans
(Musial et al., 2016) and they share the same type of hemochorial placenta
(Hemberger et al., 2019). One major criticism regarding mice as a model of human
pregnancy is the short gestation time leading to less developed organs during the
time of birth (Carter, 2020).
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4.2

The Finnish Gestational Diabetes (FinnGeDi) study (III)

The FinnGeDi study is a multicenter study consisting of Finnish women who gave
birth with singleton pregnancies in 2009-2012 (Keikkala et al., 2020). It was
established after the new national Finnish CCGs for GDM were introduced in 2008
to identify potential genetic and epigenetic biomarkers of GDM and to assess
putative risk factors and clinical characteristics of GDM. It has a register-based and
a clinical-genetic arm. This study (III) is based on the clinical-genetic arm.
The clinical-genetic arm of the FinnGeDi is a case-control study including
questionnaires, hospital and antenatal data, medical birth register (MBR) data and
DNA samples from the pregnant woman, her child and the child’s father and a cord
plasma sample from the child. The register-based arm utilizes the data from
comprehensive nationwide registers and includes all 59 057 women with singleton
pregnancies who gave birth in 2009. The study enables a longitudal follow-up of
both women and children combining the data from national registers and
developmental and growth data from child’s welfare clinic records.
Access to clinical data is regulated by ethics approvals and individual consent.
4.2.1 Clinical-genetic arm
Data for the clinical-genetic arm were collected in seven Finnish delivery hospitals
from February 2009 to December 2012 and it consists of data from 1146 pregnant
women with GDM and 1066 women without GDM. Women with GDM were
recruited from delivery units as they came to give birth and the next consenting
woman without GDM was recruited as control.
GDM was diagnosed with OGTT, mainly between the 24th and 28th gestational
week, except for some of those in high-risk groups between 12th and 16th gestational
week. For 24 participants the GDM diagnosis was based on glucose self-monitoring.
There were 319 very low-risk group women in non-GDM group to whom OGTT
was not performed and 75 women with data lacking.
The inclusion criterion for the present study was a 1st trimester Hb level within
the Finnish reference values for women (117-155 g/l). When pregnancy is
considered, the lower limit decreases to 110 g/l, making the range in this study from
110 to 155 g/l. The study population included 1828 participants with the 1st
trimester Hb of whom 958 had GDM and 870 were controls. For the analysis, the
study population was divided into quartiles according to their 1st trimester Hb levels,
quartile 1 having the lowest values and quartile 4 the highest. Also, the Hb quartiles
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were formed separately for the participants with GDM. The different groups are
presented in Figure 6.

Fig. 6. Flowchart for participants in the FinnGeDi study.
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Table 3. Summary of methods.
Method

Used in

RNA
RNA isolation

I, II

Quantitative real time PCR analyses

I, II

Protein
ELISA (insulin, glucagon, EPO)

I, II

SDS-PAGE and Western blotting

II

Tissue
Preparation and staining of paraffin sections

I, II

Histological analyses

I, II

Determination of tissue glycogen content

I, II

Determination of phosphoenolpyruvate carboxykinase activity

I

Determination of hepatic, placental and WAT triglycerides

II

Blood
Determination of glucose

I, II, III

Determination of lactate

I

Determination of Hb

I, II, III

Determination of serum lipids

I, II

Determination of serum ketoacids

I, II

Determination of serum FFA

I, II

In vivo
Glucose tolerance test

I, II, III

Deoxyglucose uptake test

I

Hypoxic intervention (continuous ambient 15% O2 in normobaric hypoxia workstation)

I, II

Administration of obesogenic diet

II

Diet-induced insulin resistance

II

Statistical analysis
Student’s t-test

I, II, III

Chi square test

III

ANOVA

II, III

Pearson correlation

I, II, III

Partial correlation

III

Linear regression

III

Logistic regression

III

Area under curve

I, II, III

Other
Ethical approvals/informed consent
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III

Analyses of histological measurements

I, II

Urine analyses

I, III

Animal experimentation license

I, II

5

Results

5.1

Hypoxia altered maternal glucose and lipid metabolism and
inflammation in mice, being beneficial in diet-induced insulin
resistance (diet-induced IR) (I & II)

5.1.1 Hypoxia reduced maternal weight gain and, adiposity and in
diet-induced IR led to decreased liver weight gain
Exposing mice from E0.5 onwards to a continuous normobaric hypoxic
intervention (15% O2) during pregnancy resulted in decreased weight gain in NCfed and OD-fed C57Bl/6NCrl dams compared to normoxia (I; Fig. 1F, II; Fig. 1B).
The OD-fed dams had significantly more WAT and larger adipocytes compared to
NC-fed dams at end-gestation (E17.5). The hypoxic intervention reduced the
amount of gonadal WAT by ~16% and the adipocyte size by ~14% in the NC-fed
dams and in the OD-fed dams the adipocyte size was decreased by ~40% compared
to normoxia OD-fed dams (I; Fig. 1H, I, II; Fig. 1 D, E). A decrease in maternal
WAT weight was seen in the NC-fed dams but not in the OD-fed dams from midgestation (E9.5) to end-gestation in normoxia but not in hypoxia suggesting
impaired anabolism during the 1st trimester in hypoxia (I; Fig. 2A, II; Fig. 1D). The
NC-dams in normoxia showed increased ketoacid levels in their urine compared to
hypoxia, indicative of decreased lipolytic activity at end-gestation in hypoxia (I;
Table 1)
At end-gestation the fasting serum FFA levels were decreased in hypoxia both
in the NC-fed and OD-fed dams, suggestive of lower lipolytic activity in hypoxia
(I; Fig. 2B, II; Fig. 2D). The OD feeding increased the fasting serum total
cholesterol and HDL cholesterol levels in hypoxia but not in normoxia, while a
decrease in serum triglyceride levels in the OD-fed dams was seen both in hypoxia
and normoxia compared to the NC-fed dams (II; Fig. 2A-C). No difference in serum
lipids between normoxia and hypoxia was seen in the NC-fed dams (I; Fig. 2D, E,
II; Fig. 2A-C). The OD feeding increased fasting ketoacid levels in normoxia and
hypoxia (II; Fig. 2E). The OD feeding increased gonadal WAT and liver triglyceride
levels in end-gestation compared to NC feeding whereas the hypoxic intervention
eliminated this difference (II; Fig. 1G, H).
The combinatory effect of the hypoxic intervention and diet induced-IR (based
on HOMA-IR, II; Fig. 1A) in the OD-fed dams lead to decreased pregnancy69

induced liver weight gain at end-gestation, which also associated with reduced
embryo number (II; Fig. 1F, 3B).
5.1.2 Hypoxia improved maternal glucose tolerance and reduced
insulin resistance
In the NC-fed dams, hypoxia improved glucose tolerance in a GTT at mid-gestation
and at end-gestation (I; Fig. 3, II; Fig. 4D). At mid-gestation there was no difference
in fasting blood glucose levels whereas at end-gestation hypoxia decreased the
glucose levels significantly compared to normoxia (I; Fig. 3, II; Fig. 4A). In
normoxia, the HOMA-IR score increased ~3-fold from mid- to end-gestation,
reflecting a similar rise in fasting serum insulin levels, whereas in hypoxia the
insulin levels only doubled, but no change in the HOMA-IR score was seen. Both
insulin levels and HOMA-IR scores were significantly decreased in hypoxia
compared to normoxia (I; Fig. 3C, D). However, in article II no differences in
HOMA-IR or insulin levels were detected between normoxia and hypoxia in the
NC-fed dams, while compared to pre-pregnancy levels, a doubling of the HOMAIR score and fasting insulin levels was seen (II; Fig. 4B, C, F).
The OD feeding prior to gestation led to diet-induced IR (II; Fig. 1A). At endgestation the OD feeding increased the fasting serum insulin levels relative to NC
feeding, whereas the hypoxic intervention decreased the fasting glucose levels by
30% in the OD-fed dams (II; Fig. 4A, B). These changes contributed to an increased
HOMA-IR score in the OD-fed dams which was counteracted by the hypoxic
intervention (II; Fig. 4C). The OD feeding led to poorer glucose tolerance in a GTT
independent of normoxia or hypoxia compared to NC, whereas the hypoxic
intervention improved the performance of the hypoxia OD-fed dams to the level of
the normoxia NC-fed dams (II; Fig.4D). In normoxia but not in hypoxia, we
detected a ~2-fold increase in HOMA-IR scores during pregnancy in the OD-fed
dams (II; Fig. 4F).
The OD-fed dams had significantly increased WAT mRNA levels of the proinflammatory chemokine (C-C motif) ligand 2 (Ccl2) in normoxia compared to the
NC-fed dams, similar effect was not seen in hypoxia (II; Fig. 5E). The Ccl2 mRNA
levels correlated positively with serum insulin levels (r=0.47, p=0.0007) and
HOMA-IR score (r=0.57, p=0.0007), reflecting the contribution of adipose tissue
inflammation to IR.
Higher fasting glucagon levels in hypoxia inversely associated with the lower
insulin levels on both diets (I; Fig. 4A, II; Fig. 4E). Glucagon, being the key
70

hormone inducing gluconeogenesis and glycogenolysis, associated with induced
transcription of hepatic phosphoenolpyruvate carboxykinase (Pepck) in the NC-fed
dams in hypoxia (I; Fig. 4B). However, the measured catalytic activity of PEPCK
in liver was lower in hypoxia compared to normoxia (I; Fig. 4C). No difference in
the fasting serum levels of the major substrate of gluconeogenesis, lactate, was seen,
suggesting a possible difference in glycogenic amino acids (I; Fig. 4D).
5.1.3 Hypoxia increased glucose intake to maternal tissues and lead
to upregulation of HIF target genes while diet-induced IR
altered the transcription of lipid metabolism genes
After a 4-hour fast the glucose uptake into maternal and fetal tissues was measured
with deoxyglucose. In the NC-fed dams, hypoxic intervention increased the glucose
uptake up to ~2-fold to most of the maternal tissues and importantly, maternal renal
and hepatic glucose intake correlated negatively with embryo weight (r=-0.52,
p<0.05 and r=-0.55, p<0.05, respectively) (I; Fig. 5A).
Increased glucose uptake did not associate with glycogen levels in the key
gluconeogenetic tissues liver, skeletal muscle or kidney, although some tendency
for decreased glycogen stores in liver were seen on both diets in hypoxia (I; Fig.
1F, II; Fig. 5A). Transcript levels of the hepatic and renal glycogenin (Gyg) were
downregulated in the NC-fed dams in hypoxia, reported in article I, and similar
results (even though not reaching statistical significance) were seen in article II (I;
Fig. 4G, II; Fig. 5B). The OD feeding upregulated Gyg mRNA in liver but
downregulated glycogen branching enzyme 1 (Gbe1) mRNA in normoxia and
hypoxia and glucose 6-phosphatase (G6pc) mRNA in normoxia (II; Fig. 5B). G6pc
mRNA was upregulated in the liver of NC-fed dams as indicated in article I but not
in article II (I; Fig. 4G; II; Fig. 5B). Gbe1 mRNA was downregulated by hypoxia
in skeletal muscle and kidney of the NC-fed dams (I; Fig. 4H, II; Fig. 5B). The
mRNA levels of hepatic G6pc correlated positively with embryonic weight (r=0.54,
p=0.0005) highlighting the importance of nutrient mobilization in end-pregnancy.
Hypoxia led to an upregulation of the glycolysis rate limiting enzyme and HIF
target gene Pfkl mRNA levels in maternal and embryonic liver and skeletal muscle
on NC feeding, while its upregulation in WAT was significant in (I) but no
difference was reported in article II (I; Fig. 5, II; Fig. 5C). The OD feeding led to
increased mRNA levels of Pfkl in liver but not in skeletal muscle, and even a
decrease in WAT was seen in normoxia (II; Fig. 5C). mRNA levels for another HIF
target gene, Irs2, increasing insulin sensitivity, were downregulated by the OD
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feeding in liver in hypoxia but not in normoxia (II; Fig. 5C) and were increased by
hypoxia in the NC-fed dams (I; Fig. 5B). Maternal hepatic Irs2 mRNA levels
correlated negatively with glucose and insulin levels and HOMA-IR scores at endgestation (r=-0.40, p=0.02; r=-0.66, p<0.001, r=-0.66, p<0.001, respectively). The
key down regulator of OXPHOS and a HIF target gene, Pdk1, was downregulated
by the OD feeding in WAT in normoxia (II; Fig. 5C) and upregulated by hypoxia
in the NC-fed dams (I; Fig. 5C). In conclusion, the OD feeding led to decreased
glycolysis in the maternal WAT.
As a response to increased insulin levels, the OD feeding also increased mRNA
levels of sterol regulatory binding protein 1c (Srebp1c) in liver in normoxia and
hypoxia but also by hypoxia in the NC-fed dams (II; Fig. 5D). Also, the effect of
the OD feeding was seen in the transcript levels of acetyl-CoA carboxylase alpha
(Acaca) in liver in normoxia but not in hypoxia and as observed with Srepbp1c
mRNA levels, an induction by hypoxia in the NC-fed dams was seen (II; Fig. 5D).
Fatty acid synthase (Fasn) mRNA levels were downregulated in liver in the
hypoxia OD-fed dams, while hypoxia upregulated the levels of stearoyl-CoA
desaturase-1 (Scd1) independent of the diet and the OD feeding led to
downregulation of Scd1 (II; Fig. 5D).
5.1.4 Hypoxia decreased fetal growth on NC
The hypoxic intervention did not affect embryo number, while in the NC-fed dams
the embryo weight was ~4% lower and the embryo weight to placental weight ratio
was ~7% less following the hypoxic intervention (I; Fig. 1A, D, II; Fig. 3B).
5.2

Combination of maternal diet-induced IR with hypoxic
intervention during pregnancy has detrimental effects on the
feto-placental unit (II)

5.2.1 Diet-induced IR reduced maternal Hb levels and increased
serum EPO levels but hypoxia compensated these changes
Diet-induced IR led to ~13% reduced maternal Hb levels and increased serum EPO
levels in hypoxia and normoxia compared to the NC-fed dams (II; Fig. 2F, G).
Hypoxic intervention increased the Hb levels and decreased the EPO levels in
agreement with activation of the hypoxia response being erythropoietic (II; Fig. 2F,
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G). Diet-induced IR downregulated hepatic hepcidin mRNA levels and the hypoxic
intervention lowered them even further (II; Fig. 2H).
5.2.2 Diet-induced IR reduced fetal growth
In hypoxia the diet-induced IR reduced fetal number by ~20% compared to
normoxia, while in normoxia the diet-induced IR had no effect on fetal number
compared to the NC-fed dams (II; Fig. 3B). The diet-induced IR reduced fetal
growth in normoxia and even more in hypoxia, the fetal weight being 10% less in
the hypoxia OD-fed group, while there was no difference in placental weight (II;
Fig. 3C, D).
5.2.3 Hypoxia increased placental necrosis in diet-induced IR
Placental total area remained unchanged, whereas in the diet-induced IR, hypoxia
reduced the labyrinth area responsible for nutrient and gas exchange between
mother and fetus (II; Fig. 6A, B). No difference in the number of blood vessels in
the junctional zone was detected (II; Fig. 6C). In Western blotting, lower protein
levels of CD31 in the placentas of hypoxia OD-fed dams compared to the placentas
of normoxia OD-fed dams were found, being indicative of decreased overall
placental vasculature (II; Fig. 6D). The protein levels of CD31 correlated positively
with the number of embryos (r=0.65, (95% CI [0.22;0.86]), p=0.007) and embryo
weight (r=0.74, (95% CI [0.38;0.90], p=0.0011). The placentas of the hypoxic ODfed dams presented with large areas of cell death in the junctional zone and
labyrinth, compromising normal functioning (II; Fig. 6E arrows). Moreover, the
protein levels of cleaved caspase 3 were increased in diet-induced IR in normoxia,
but similar effect was not seen in hypoxia (II; Fig. 6F). Altogether, these data
indicate less apoptosis in hypoxic placentas suggesting that cell death areas in the
histological sections were necrotic rather that apoptotic (II; Fig. 6E, F).
5.2.4 Hypoxic intervention compromised the placental energy
metabolism in diet-induced IR
Hypoxic intervention decreased the amount of placental triglycerides while it had
no effect on the amount of glycogen in diet-induced IR (II; Fig. 6H, I). To
understand the molecular basis of the structural and metabolic changes, placental
mRNA levels were examined.
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Diet-induced IR increased the transcript levels of the glucose transporter 1
(Glut1), Pfkl, Gyg, tyrosine kinase with immunoglobulin-like and EGF-like
domains 1 (Tie1) in normoxia compared to NC feeding while hypoxic intervention
downregulated the energy metabolism genes but had no effect on angiogenesisrelated Tie1 (II; Fig. 6G, J). In response to decreased levels of placental
triglycerides in the hypoxia OD-fed dams the transcript levels of Srebp1c were
upregulated, while downregulation on Acaca was seen (II; Fig. 6J).
5.3

Higher Hb levels are an independent risk factor for GDM (III)

5.3.1 Women with GDM had higher Hb levels and higher BMI
In the FinnGeDi study, 958 women with GDM and 870 controls having their 1st
trimester Hb levels within the Finnish reference values for women during
pregnancy (110-155 g/L), were analyzed. The women with GDM were older and
had more comorbidities during pregnancy compared to the non-GDM controls (III;
Table 1). Their pre-pregnancy BMI, blood pressure and the 1st trimester Hb levels
were also higher (III; Table 1). Regarding smoking, the groups were comparable,
but in the GDM group there were fewer women in the highest education category
(III; Table 1). The newborns of women with GDM were heavier and needed more
postnatal support compared to controls (III; Table 1).
5.3.2 Higher maternal Hb levels associated with adverse metabolic
profile
When the 1st trimester Hb levels were assessed as a linear variable with maternal
metabolic and other parameters and perinatal outcome using Pearson’s correlation
there were positive associations between Hb levels and pre-pregnancy BMI, fasting
glucose, 1 h glucose in an OGTT, systolic and diastolic blood pressure throughout
pregnancy and the newborn’s hospital stay, all of which were sustained after
adjusting for BMI (III; Fig. 1). After BMI adjustment, Hb levels associated
negatively with gravidity, parity and maternal age (III; Fig. 1).
When assessed in quartiles, the highest Hb quartile 4 had more GDM,
gestational and chronic hypertension and higher pre-pregnancy BMI, systolic and
diastolic blood pressure as well as fasting glucose and 1h glucose in an OGTT
compared to the lowest Hb quartile 1, while there was no difference in newborn
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characteristics apart from the hospital stay and need for glucose infusion and
supplementary oxygen, which were higher in the Hb quartile 4 (III; Table 2).
In linear regression the women with GDM had higher Hb levels compared to
the non-GDM controls after adjusting for pre-pregnancy BMI, smoking, the
gestational week the Hb was measured, parity, maternal age, education and
hypertensive disorders, the mean difference being 1.764 g/l (III; Table 3). The same
was seen with hypertensive disorders where the mean difference between women
with pre-eclampsia, gestational or chronic hypertension and normotensive women
was 2.107 g/l (III; Table 3).
5.3.3 Higher Hb levels increased the risk for GDM but had no effect
on the need for pharmacological treatment
In a multivariable regression model, the 1st trimester Hb levels remained an
independent risk factor for GDM after adjusting for smoking, the gestational week
the Hb was measured, maternal age, parity, pre-pregnancy BMI, maternal education
and hypertensive disorders with an odds ratio (OR) of 1.019 (95% CI
[1.007;1.031]). When assessed in quartiles the association between Hb levels and
GDM was even more visible, with the Hb quartile 4 having an OR of 1.604 (95%
CI [1.192;2.160]) compared to Hb quartile 1 (III; Fig. 2).
The performance of the models was evaluated by calculating the specificity,
sensitivity, F1-score and area under the receiver operating characteristic (ROC)
curve. The ROC AUC improved from 0.768 to 0.771 by adding the 1st trimester Hb
levels to a model containing maternal smoking, maternal age, pre-pregnancy BMI,
maternal educational attainment and hypertensive disorders.
When participants with GDM were divided into quartiles based on their 1st
trimester Hb values, no differences in the need for pharmacological treatment
between the quartiles were seen (III; Table 4). As with the whole study population,
an increase in the pre-pregnancy BMI, blood pressure and fasting glucose was seen
with the rising Hb quartiles in participants with GDM (III; Table 4).
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6

Discussion

Environmental hypoxia during gestation has previously been considered purely
negative, altering the uterine artery blood flow and placental structure and
ultimately leading to IUGR (Siragher & Sferruzzi-Perri, 2021; Tissot van Patot et
al., 2003; Zamudio et al., 1995). The exact mechanisms behind the IUGR have been
unknown. Our group and others have previously shown that inhibition of HIF-P4H
enzymes, leading to HIF response activation, harbours beneficial effects on
metabolism in non-pregnant mice (Rahtu-Korpela et al., 2014, 2016) and
furthermore, therapeutical use of HIF-P4H inhibitors in renal anemia has improved
lipid profile (Provenzano et al., 2016) and lowered blood pressure levels (Flamme
et al., 2014; Olson et al., 2014) in these patients.
Here, similar effects on metabolism in pregnant mice, that were previously
seen in the non-pregnant state, were reproduced. In our study the environmental
hypoxia during pregnancy hindered the development of physiological IR and led to
increased utilization of glucose in maternal tissues and decreased the WAT storage
during the anabolic 1st trimester. These effects, that could be counted as positive
regarding the energy metabolism in non-pregnant state, influenced to the
development of IUGR in article I.
In GDM the pathological IR can lead to LGA or SGA infants. We wanted to
study whether the hypoxia-induced improved insulin sensitivity could protect dams
from development of GDM. The idea to combine the hypoxic intervention to GDM
treatment was novel. Unfortunately, although we saw improved maternal energy
metabolism with the hypoxic intervention, it had detrimental effects on the fetoplacental unit and could not counteract the growth restriction caused by dietinduced IR in article II.
Hb is the main oxygen transporter in the body and in general high-end normal
Hb levels have been considered beneficial for health (K. v. Patel, 2008). Recently,
lower-end normal Hb levels have been found to act as a surrogate marker for
chronic low-level HIF response activation and associate with improved metabolic
health in several human cohorts (Auvinen et al., 2021; Tapio et al., 2021). It has
been long known that during gestation Hb levels have a U-shaped association to
adverse pregnancy outcomes, both high and low Hb levels having a negative impact
on gestational health (Murphy et al., 1986). Previously, in cohorts of Asian ancestry,
the higher Hb levels have been shown to act as an independent risk factor for GDM
(H. Y. Kim et al., 2021; Lao et al., 2002; M. Li et al., 2021; C. Wang et al., 2018).
But as ethnicity is one major risk factor for GDM (McIntyre et al., 2019),
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replicating the study in a European ancestry cohort was of importance. Here we
showed in the FinnGeDi case-control study that higher Hb levels within the normal
variation act as an independent risk factor for GDM. The underlying mechanism
behind the increased GDM risk has been thought to associate with improved
nutritional status in women with higher Hb levels (Abeysena et al., 2010; Jung et
al., 2019; Lao et al., 2002; Phaloprakarn & Tangjitgamol, 2008; Tarim et al., 2004;
C. Wang et al., 2018). In article III, we offer a novel hypothesis in which the lower
Hb levels via the lowered tissue oxygenation status activate the HIF response
mediating protective effects against GDM.
6.1

Hypoxia alters gestational glucose and lipid metabolism, being
beneficial for mothers but detrimental for offspring (I & II)

At high altitude the chronic hypoxia challenges fetal growth leading to IUGR
during the 3rd trimester which increases the perinatal mortality and morbity and
predisposes to cardiovascular and metabolic diseases later in life (Barker, 1990; G.
M. Jensen & Moore, 1997; Krampl, 2002). Decreased uterine artery blood flow
leading to impaired nutrient and oxygen transmission to the growing fetus is one
major factor explaining this, but the exact mechanisms behind the hypoxia-induced
IUGR are still unknown (G. M. Jensen & Moore, 1997; Moore et al., 2011;
Zamudio et al., 1995).
The HIF-mediated hypoxia response reduces oxygen consumption and
increases cellular oxygen delivery by increasing the transcription of glycolytic and
glucose transporter genes and by suppressing the OXPHOS, while simultaneously
the substrates for de novo lipogenesis are decreased (Kaelin Jr & Ratcliffe, 2008).
These changes were also seen in our animal model.
In the present study, environmental hypoxia increased the Hb levels
independent of the diet in agreement with the erythropoietic effect of HIF activation.
Diet-induced IR led to lower Hb levels both in hypoxia and normoxia. In a response
to lower Hb levels the serum EPO levels were higher in the diet-induced IR dams
compared to the NC-fed dams, while hypoxia compensated for these changes. The
lower Hb levels in diet-induced IR were not due to inflammation, reduced iron
absorption from intestine or impaired recycling from tissue stores suggested by
downregulation of the hepatic hepcidin transcript levels compared to the NC-fed
dams. High EPO levels have other functions apart from erythropoiesis, e.g., in
regulating energy homeostasis and its impaired signaling in non-erythropoietic
tissues leading to obesity and IR (Dey et al., 2020; Reinhardt et al., 2016; Teng et
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al., 2011). During pregnancy increased EPO levels associate with the prevalence of
pre-eclampsia (Gusar et al., 2020).
In our study, environmental hypoxia showed, independent of the diet, a
beneficial effect on maternal metabolism, while having a negative effect on fetal
growth and in diet-induced IR on the whole feto-placental unit. Hypoxia reduced
the gestational weight gain of the dam independent of the diet. The hypoxic
intervention for the NC-fed dams decreased the weight gain mainly during the first
days of the intervention, while in diet-induced IR the decrease was more gradual
throughout the gestation due to decreased adiposity, liver weight and embryo
number compared to the normoxia OD-fed dams.
In article I we showed that inefficient glucose metabolism characterized with
upregulation of the HIF target genes Pdk and Pfkl associated with reduction of the
amount of WAT in the NC-fed dams in hypoxia, associating with decreased
lipolysis and impaired catabolism in the 3rd trimester. Together with the reduced
capability to induce the physiological IR, leading to increased glucose uptake and
utilization in maternal tissues, the glucose needs of the growing embryo were not
met, resulting in IUGR. To support this notion, maternal glucose uptake correlated
negatively, and maternal WAT weight correlated positively with birth weight of the
offspring. During normal gestation, energy metabolism in maternal tissues, such as
the heart, substitutes FAs for glucose, which is needed to support the embryo (L. X.
Liu & Arany, 2014), a shift which was lacking here in hypoxia. The effect of our
environmental 15% O2 hypoxia, equaling an altitude of 2700 m, on birth weight
was only slight and many studies on murine models report intensified effects on
fetal growth when the environmental O2 concentration drops below 12% O2,
corresponding to 4500 m, and acute hypoxia at end-gestation having the biggest
effect (Siragher & Sferruzzi-Perri, 2021).
Feeding the OD to dams prior to and during gestation in article II led to
increased WAT accumulation and induced IR, whereas no increase in birth weight
was seen. The hypoxic intervention improved the maternal glucose metabolism in
diet-induced IR - the results in the GTT being similar to the ones seen in the
normoxia NC-fed dams. The diet-induced IR associated with increased WAT
inflammation, which was counteracted by the hypoxic intervention and reflected in
the decreased HOMA-IR scores and the fasting glucose and fasting insulin levels,
compared to normoxia OD-fed dams.
Unfortunately, the hypoxia-induced positive alterations to the dam’s metabolic
health discussed above did not carry over to the pregnancy outcome. The dietinduced IR alone did not have negative effects on the placental histology but
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combined with the hypoxic intervention placental necrosis occurred. Also, the
labyrinth area was decreased by the hypoxic intervention in the diet-induced IR in
line with previous data on diet-induced IR in normoxia and hypoxic intervention
(Hufnagel et al., 2021; Siragher & Sferruzzi-Perri, 2021). Although hypoxia is
known to induce vascularization, no such effect on the placental vasculature was
seen here, whereas the levels of the endothelial marker, CD31, was decreased in
the hypoxia OD-fed dams compared to the normoxia OD-fed dams and to the
hypoxia NC-fed dams. The placental protein levels of CD31 also correlated
positively with the embryo number and embryo weight. The placentas of the
embryonically lethal Hif-p4h-2-/- mice present a similar placental phenotype with
large areas not lined with endothelial cells, significantly reduced labyrinthine
branching morphogenesis, widespread penetration of spongiotrophoblasts into the
labyrinth and abnormal distribution of trophoblast giant cells (Takeda et al., 2006).
Glycogen trophoblasts are located near the spiral arteries in the placenta, and
lysis of these cells may provide a substantial energy source for the final stages of
fetal growth (Coan et al., 2006). On the other hand, storing glucose as glycogen in
the placenta might protect the fetus from maternal hyperglycemia (Desoye et al.,
2002). Here we saw an increase in placental glycogen caused by the hypoxic
intervention in the NC-fed dams but not in the OD-fed dams, and an increase by
OD feeding in normoxia but not in hypoxia, which could reflect a decreased
utilization of glycogen in the hypoxia NC-fed dams and the higher glucose levels
seen in normoxia OD-fed dams. The energy metabolism in placentas of the hypoxia
OD-fed dams was downregulated compared to normoxia, as seen in decreased
transcript levels of Glut1 and Pfkl.
In article I the HOMA-IR score for the normoxia NC-fed dams was higher than
in article II. All mice in article II were 3-months-old at the time of the analysis,
whereas in article I, although all mice were young, there were also mice 6-months
of age divided equally to the hypoxia and normoxia groups. This could suggest that
the hypoxic intervention shows a stronger effect in advanced age characterized by
a more adverse metabolism to start with. This should be verified with further
experiments.
6.1.1 Strengths and limitations of the animal studies (I & II)
One limitation of our study is that no verification of the comparable food intake
between the groups fed ad libitum was carried out. In OD, the consumption of
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condensed milk was also ad libitum, which could have led to a preference for
condensed milk over the solid food and thus to decreased iron and nutrient intake.
Another limitation is that female and male embryos were not separated from
each other at sacrifice which could have acted as a cofounding factor in the
placental analyses since female and male embryos have different responses to
maternal cues during gestation (Aiken & Ozanne, 2013). As the embryos were
pooled for the analysis, no information about the individual embryo weights was
collected. Also, data from placentas during several time points of the gestation
could have offered more information on the basis of the changes seen at endgestation.
In our setting we had no information on the uterine artery blood flow, one of
the reported key factors behind the hypoxia-induced IUGR. In the Andean
population, the preserved uterine artery blood flow and normal fetal growth at high
altitude are associated with a SNP in Prkaa1, coding for the catalytic subunit of
AMPK. This supports the notion than other pathways besides the HIF pathway can
affect fetal growth at high altitude (A. W. Bigham et al., 2014). Indeed, treating
mice with an AMPK activator at mid-gestation and exposing mice to hypoxia until
term increased the uterine artery flow and only half of the altitude-associated
growth retardation occurred compared to vehicle treated controls (Lane et al., 2020).
In diet-induced obesity, treating the mice with metformin, an AMPK activator,
improved maternal metabolic health and uterine artery flow compared to controls
but did not correct placental structure or fetal growth restriction (Hufnagel et al.,
2021).
The mouse has been shown to be a good animal model for studies on
gestational metabolism since it e.g., develops similar extent of IR during gestation
compared to humans and shows increased fat deposits during 1st trimester (Musial
et al., 2016). Also, placental function can be studied, since both human and mouse
share the same type of hemochorial placenta (Hemberger et al., 2019). The short
gestation and development of most organs occurring postnatally is one of the major
criticisms on using mouse models (Carter, 2020). Mouse is also a polytocous
animal and its uterus can make up to 30% of maternal weight at term, where in
humans the proportion is only around 5-9% (Fowden & Moore, 2012).
Regarding GDM, different dietary, chemical and genetic models to induce
GDM in mice have been developed (He et al., 2020). Chemical models lead to a
sustained destruction of -cell islets, resembling more type I DM, and chemicals
themselves can cause side effects that affect fetal development. Genetic models are
a valuable tool for research of the genetic basis of GDM while dietary induction is
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relatively safe for dams and used to study the dietary aspects of GDM. In our
studies, the mice were fed a high fat and high sugar diet prior to pregnancy inducing
obesity and IR pre-gestation resembling the Western lifestyle. Similar model has
been used previously to study IR during pregnancy in mice (Fernandez-Twinn et
al., 2017).
6.2

Association of Hb levels with GDM risk (III)

GDM is a rising problem both globally and in Finland with an increase in
prevalence from 9.1% to 20.6% between 2006 and 2019 (The Finnish Institute for
Health, 2020). One factor accounting for the increased prevalence in Finland is a
new wider screening strategy introduced in 2008, but that alone is not sufficient to
explain the increase. Major risk factors for GDM are high maternal age, high prepregnancy BMI, previous GDM, family history of DM and ethnicity (McIntyre et
al., 2019). According to perinatal statistics, between 2005 and 2020 the mean age
for women giving birth in Finland has risen from 30 to 31.3 years and the
percentage of women over 35 years giving birth has increased from 19% to 24.8%.
Also, the portion of women with obesity giving birth has increased from 12% to
17.6% between 2010 and 2020. GDM with and without treatment is a strong
predictor for metabolic dysfunctions for both the mother and the child later in life,
while treatment improves the perinatal outcome (Vääräsmäki, 2016). In animal
models, the introduction of physical activity prior to and during gestation has
resulted in improved insulin sensitivity in young adult offspring (Fernandez-Twinn
et al., 2017)
Our group has shown that lower Hb levels within the normal variation can be
used as a surrogate measure for chronic moderate activation of the HIF response in
humans and the lower Hb levels associate with lower body weight, inflammatory
load and blood pressure as well as better glucose tolerance in several human birth
cohorts (n=7175) (Auvinen et al., 2021). Hb levels also associated positively with
key anthropometric and metabolic parameters in mice and manipulation of Hb
levels in mice altered these accordingly (Auvinen et al., 2021). In mouse models,
pharmacological and genetic inhibition of HIF-P4H-2, mediating activation of the
HIF response, shows protection against metabolic dysfunctions, atherosclerosis and
liver diseases (Laitakari et al., 2019; Laitakari, Tapio, et al., 2020; Rahtu-Korpela
et al., 2014, 2016).
Although individual Hb levels are fairly stable throughout the lifespan, during
pregnancy maternal Hb levels start to decrease during the 1st trimester due to
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physiological hemodilution, reaching the lowest levels around mid-gestation and
leveling to the pre-pregnancy levels towards end-gestation due to induced
erythropoiesis if the nutritional status allows. The unique changes in maternal Hb
levels during pregnancy have shown a u-shaped association between the Hb levels
and adverse pregnancy disorders and outcomes (Murphy et al., 1986).
Here we showed that the higher 1st trimester Hb levels within the Finnish
reference values were an independent risk factor for the development of GDM in
the FinnGeDi case-control study. Especially the highest Hb quartile 4 (139-155 g/l)
showed an increased risk (OR 1.604 95% CI [1.192;2.160]) for GDM
independently of maternal age and pre-pregnancy BMI compared to the lowest Hb
quartile 1 (110-126 g/l). These results are in line and in scale with previous large
studies done in East Asian populations (H. Y. Kim et al., 2021; C. Wang et al., 2018),
while some studies with mixed background or Iranian subjects failed to show the
association (Behboudi-Gandevani et al., 2013; X. Chen et al., 2006; Soheilykhah
et al., 2017). As ethnicity is one of the major risk factors behind GDM, and
diagnostic criteria differ between countries, validation of the association between
Hb levels and GDM risk also in a European ancestry cohort adds to the body of
knowledge.
A wide comparison to earlier studies presenting data on the association of the
1st trimester Hb levels with the risk for GDM are presented in Table 5 of article III.
The size of the study population (n=1828) with a high number of participants with
GDM (n=958) exceeds the numbers in most of the previous studies (Lao et al
n=762, GDM n=94; Chen et al. n=1456, GDM n=45; Behboudi-Gandevani et al.
n=1033, GDM n=72; Soheilykhah et al. n=1358, GDM n=300; Li et al. n=1360,
GDM n=343). Only two large Asian population-based studies had larger study
populations than ours, their results being similar to ours (Kim et al. 366,122, GDM
n=14,799; Wang et al. 21,577, GDM n=4337).
While the association of the Hb levels with the GDM risk was clear, there was
no increase in the severity of GDM with the increased Hb levels. Since the study
population was collected after the introduction of the new wider national screening
criteria for GDM in 2008, the proportion of mild GDM cases was high and only
170 participants were pharmacologically treated for GDM; however, they divided
equally between the Hb quartiles. The level of fasting blood glucose increased
dose-dependently along with the Hb quartiles both in the whole study population
(controls and cases) and within the participants with GDM where the increase was
mainly explained by the higher pre-pregnancy BMI.
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Also, the higher 1st trimester Hb levels showed a significant association with
higher blood pressure levels throughout the pregnancy in both GDM cases and their
controls. The association between Hb levels and gestational hypertension has been
long acknowledged and our data support these results (Murphy et al., 1986).
Hypoxia is a known risk factor for IUGR (G. M. Jensen & Moore, 1997), but
surprisingly no association between the Hb levels and birth weight was seen here.
Previously both anemia and high Hb levels have been associated with increased
risk for small for gestational age (SGA) (Huisman & Aarnoudse, 1986). In line with
data on previous studies, no association with Hb levels and adverse neonatal
outcomes were seen (Abeysena et al., 2010), although newborns of mothers in the
highest Hb quartile 4 had more need for any supplementary oxygen or respiratory
support and glucose administration, which reflects the higher number of mothers
with GDM in that group. The hospital stay of the offspring of mothers with GDM
was longer due to the increased need for neonatal intensive care and the duration
of gestation was shorter in mothers with GDM due to the higher proportion of
Caesarean delivery, reported earlier in this study population (Keikkala et al., 2020).
A positive association between Hb levels and BMI has been reported
independent of sex in multiple Finnish cohorts (Auvinen et al., 2021; Tapio et al.,
2021) and it was replicated here in pregnant women. Obesity and maternal
overweight being strong predictors for the development of IR, DM and GDM
(Gregor & Hotamisligil, 2011), the underlying effect of maternal Hb levels to
maternal health and GDM risk through increased BMI might be even greater.
Although, when assessing the quality of the models with and without Hb levels as
a covariable in a multivariable logistic regression, the improved performance of the
model with Hb levels was minor, agreeing with the higher importance of the already
known major risk factors of GDM.
Our results offer a novel explanation for higher Hb levels as a risk factor for
GDM. Prior studies have suggested that the mechanism behind the higher Hb levels
increasing the risk for GDM was an improved nutritional status of the participants
with the higher Hb levels and the protective effects of anemia being mediated
through poor nutritional status. The increased iron load with higher Hb levels can
lead to increased oxidative stress and inhibition of insulin internalization and
function which can result in hyperinsulinemia and insulin resistance (FernándezReal et al., 2002). Together, the recent results from human and animal studies
showing that the moderate chronic HIF activation by the lower-end normal Hb
levels is protective towards metabolic dysfunctions (Auvinen et al., 2021) and our
results from the FinnGeDi study suggest that HIF mediated reprogramming of the
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energy metabolism could be beneficial also in GDM. Further studies are needed to
validate the effect of moderate HIF activation in GDM.
Higher Hb levels act as an independent risk factor for GDM and should be
considered in women planning for pregnancy together with the high maternal age
and overweight. Already, the systematic iron supplementation for all women during
pregnancy is not recommended in Finland and our results support this practice.
6.2.1 Strengths and limitations (III)
Our cohort is unique, accounting only for values within the normal variation of the
Finnish reference values, excluding erythrocytic and anemic individuals, and
assessing Hb levels as a linear variable as well as in 4 quartiles. Another strength
of this study is the high number or participants with GDM (n=958) providing a
unique opportunity to assess different parameters also within the GDM group. On
the other hand, the case-control setting limits the applicability of the results to a
wider population. The participants with GDM were significantly older and had
attained less upper-level tertiary education than controls and their metabolic profile
was more adverse to start with. One of the major risk factors for development of
GDM is previous GDM. This study included 870 primigravida for whom such
information was thus not available.
The recruitment for the study occurred at the delivery units and the data were
collected retrospectively. Information on the Hb levels was collected from the
maternity clinic records and the Hb measurements were obtained by point-of-care
testing in the first visit to a maternity clinic. Information from the iron status of the
participants was lacking, but the set lower-end Hb limit (110 g/l) excluded
participants with pre-existing iron deficiency anemia. Moreover, iron
supplementation is provided in Finland to all mothers with Hb levels <110 g/l
before the 12th gestational week or if Hb levels decline to <105 g/l after the 28th
gestational week. Therefore, the iron status is expected to have no effect on the
results.
6.3

Hypoxia in treatment of pregnancy-associated metabolic
problems (II & III)

HIF-P4H inhibitors, accepted for the treatment of anemia of chronic kidney disease,
activate the HIF response and have been reported to have some positive effects on
cardiometabolic health in anemia patients. Moreover, pharmacological and genetic
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inhibition of HIF-P4Hs in preclinical models has shown protection against
metabolic diseases, inflammation, atherosclerosis and liver diseases (P. Koivunen
et al., 2016; P. Koivunen & Kietzmann, 2018). In our animal model of diet-induced
IR, environmental hypoxia during pregnancy showed improved maternal
metabolism. Unfortunately, these positive effects on maternal metabolism were not
reflected in the fetal outcome. Maternal obesity itself decreased the fetal birth
weight, but combined with the hypoxic intervention, the outcome of the whole fetoplacental unit was compromised. The decrease in embryo weight seen here is in
line with other diet-induced IR models (Hufnagel et al., 2021). However, hypoxiareoxygenation treatment has been shown to improve β-cell function, glucose
tolerance and fetal outcome in a genetic mouse model for GDM (Hou et al., 2021).
Lower-end normal Hb levels associate with moderate chronic activation of the
HIF response and here the higher Hb levels acted as a risk factor for GDM in the
study population. Individual Hb levels are largely affected by genetics. The
potential of achieving beneficial effects on metabolism by lowering Hb levels by
bloodletting should be first carefully assessed in a non-pregnant population.
Bloodletting is an ancient method still being used in alternative and traditional
medicine. High quality research and RCTs of the effects of bloodletting on
metabolic health are currently lacking. One small RCT in healthy young men
showed a decrease in LDL cholesterol levels and improvement in the HDL/LDL
ratio when levels before and three weeks after bloodletting were compared (Niasari
et al., 2007). On the other hand, venesections in mice induced erythropoiesis and
the increased Hb levels associated with increased body weight, total cholesterol,
LDL+VLDL cholesterol and fasting glucose levels two weeks after bloodletting
(Auvinen et al., 2021).
Physiological hemodilution during pregnancy is important to secure the blood
flow to the uterus and growing fetus. Bloodletting during pregnancy could interfere
with this physiological shift. Since the metabolic basis for the development of
GDM is already present prior to pregnancy, utilizing the potentially beneficial
effects of bloodletting should be targeted for primary prevention before pregnancy
but considered with caution.
High altitude increases Hb levels as a response to decreased oxygen tension,
and simultaneously, higher blood pressure values are seen due to increased
viscosity (Grant et al., 2021). Here the similar association between higher Hb levels
and blood pressure was seen at sea level, when women with hypertensive disorders
had 2.107 g/l higher Hb levels compared to normotensive women. Association of
low-end normal Hb levels with mild activation of the HIF response, but not a
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compensating erythropoiesis and improved cardiovascular health were seen here
and in other human cohorts (Auvinen et al., 2021; Tapio et al., 2021). Since the
physiological pO2 varies from 21 kPa to 0.5 kPa, the threshold for the hypoxia
response activation varies from tissue to tissue (Keeley & Mann, 2019). The
adjustments to energy metabolism by HIF activation might be sufficient to
compensate the lower Hb levels without induced erythropoiesis and lead to
improved metabolic and cardiovascular health. Further studies are needed to
understand in detail, how the lower-end normal Hb levels convey the positive
effects to metabolic health.
Although environmental hypoxia during pregnancy has been reported to have
negative effects on fetal outcome by lowering birth weight by 100 g/1000 m in
altitudes above 2500 meters, the lower-end Hb levels within the normal variation
that have been shown to result in moderate chronic HIF activation, are neutral or
even beneficial to fetal outcome due to decreased prevalence of pregnancy
associated metabolic diseases such as GDM and hypertension shown here. In our
setting, the environmental hypoxia equaling an altitude of 2700 m appeared to be
too severe to avoid the negative effects on fetal outcome, suggesting further studies
on titration of the dosage of hypoxia. Regarding pregnancy, utilization of the
positive metabolic effects of the hypoxia response to the mother should be
addressed with caution, since the balance between the positive and negative effects
is delicate.
HIF-P4H inhibitors could improve the metabolic health of women with obesity
by, e.g., improving their glucose tolerance, altering the serum lipid ratio to be more
beneficial and eventually lowering the body weight. To harness the full potential of
the hypoxia response to maternal but also to the offspring’s health by targeting the
high-risk individuals with HIF-P4H inhibitors prior to pregnancy could even alter
the epigenetic modifications by impaired maternal metabolism on the offspring’s
long-term health. However, reaching these women prior to pregnancy could be
difficult. As GDM is a strong predictor for maternal metabolic dysfunctions, the
secondary prevention against T2D and other metabolic dysfunctions by introducing
HIF-P4H inhibitors post-partum could improve the quality of life of these women
and also decrease the burden for public health.
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7

Conclusions and future prospects

Hypoxia, which activates the transcription factor HIF, is generally considered
detrimental for the growing fetus. Chronic hypoxia at high altitude leads to
reprogramming of maternal metabolism and challenges the fetal growth which
predisposes the offspring to metabolic and cardiovascular diseases later in life
(Barker, 1990; Moore et al., 2011). In chronic environmental hypoxia we showed
that increased maternal insulin sensitivity leading to increased glucose utilization
and decreased maternal gonadal WAT stores impair the fetal growth at endgestation.
This trial showed that environmental hypoxia during pregnancy improves
maternal metabolism in diet-induced IR but leads to a detrimental outcome for the
offspring. Even though there are some indications of improved fetal outcome with
hypoxia-reoxygenation treatment in a genetic mouse model of GDM (Hou et al.,
2021), in our setting the moderate hypoxia throughout pregnancy led to placental
dysfunction in diet-induced IR. Further studies are needed to verify whether
targeted and titrated hypoxia treatment could be beneficial for both maternal
metabolism and to improve the fetal outcome in obesity and GDM.
To date the prognosis of offspring of mothers with GDM is worse than
offspring of mothers without metabolic dysfunctions during pregnancy and
treatments to amend the gap are rare. Pharmacological and genetic HIF-P4H-2
inhibition has shown promising results, being safe and protective for metabolic
dysfunctions in mouse models (Rahtu-Korpela et al., 2014, 2016), but their efficacy,
and most importantly safety, should be tested regarding pregnancy associated
metabolic dysfunctions. Our results from environmental hypoxia encourage
caution in the administration of the HIF response inducing agents during pregnancy,
but since GDM is a strong predictor for metabolic problems later in life this highrisk group could benefit from being targeted post-partum.
Forming a clear picture from risk factors associating with the development of
GDM also provides a means for better prevention of GDM. We showed that the
higher 1st trimester Hb levels, within the Finnish reference values, increase the risk
for GDM independently of the known major risk factors. Lower Hb levels within
the normal variation have been shown to associate with upregulation of HIF target
genes and a healthier metabolic profile in separate human cohorts (Auvinen et al.,
2021; Tapio et al., 2021) and these beneficial effect of lower Hb levels on
metabolism were also replicated here with pregnant women. In contrast to our
environmental hypoxia murine model, the lower-end normal Hb values did not
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negatively affect the fetal outcome. The level to which activation of the hypoxia
response could be safe for the offspring is yet to be determined.
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