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Abstract

Background: Preeclampsia continues to be a prevalent pregnancy complication and
underlying mechanisms remain controversial. A common feature of preeclampsia is
utero-placenta hypoxia. In contrast to the impact of hypoxia on the placenta and fetus,
comparatively little is known on the maternal physiology.

Methods: We adopted an integrative approach to investigate the inter-relationship
between chronic hypoxia during pregnancy with maternal, placental and fetal
outcomes, common in preeclampsia. We exploited a novel technique using isobaric
hypoxic chambers and in vivo continuous cardiovascular recording technology for
measurement of blood pressure in sheep and studied the placental stress in response
to hypoxia at cellular and sub-cellular levels.

Results: Chronic hypoxia in ovine pregnancy promoted fetal growth restriction with
evidence of fetal brain-sparing, increased placental hypoxia-mediated oxidative
damage and activated placental stress response pathways. These changes were
linked with dilation of the placental endoplasmic reticulum cisternae and increased
placental expression of the antiangiogenic factors sFlt-1 and sEng, combined with a
shift towards an angiogenic imbalance in the maternal circulation. Chronic hypoxia
further led to an increase in uteroplacental vascular resistance, and the fall in maternal
blood pressure with advancing gestation measured in normoxic pregnancy did not
occur in hypoxic pregnancy.

Conclusions: Therefore, we show in an ovine model of sea level adverse pregnancy
that chronic hypoxia recapitulates physiological and molecular features of

preeclampsia in the mother, placenta and offspring.
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Background

Preeclampsia remains a leading cause of perinatal morbidity and mortality, affecting
2-8% of pregnancies worldwide'. Therefore, there is ongoing interest in improving our
understanding of the disease. Historically, preeclampsia was thought to develop
exclusively in early pregnancy due to failure of spiral artery conversion and reduced
uteroplacental perfusion?. However, knowledge has expanded and it is now accepted
that preeclampsia encompasses a broader spectrum of disorders, including early- and

late-onset preeclampsia3.

Irrespective of aetiology, all forms of preeclampsia resolve after delivery of the
placenta, confirming central involvement of the organ. In addition, most forms of
preeclampsia present with evidence of impaired uteroplacental perfusion and
placental hypoxia?. However, whether placental hypoxia is merely a consequence of
the disease or whether it causes the adverse maternal and fetal outcomes is uncertain.
In contrast to the impact of hypoxia on the placenta and fetus, comparatively little is
known on the maternal physiology. When investigating interactions among mother,
placenta and offspring, maternal metabolism, the temporal profile of fetal development,
and access to longitudinal physiological measures are three important considerations.
Sheep and humans share a similar precocial profile of organ development, and sheep
give birth primarily to singleton or twin lambs of similar weight to humans after a
relatively long gestation period*. Therefore, the maternal and placental metabolic
investment in pregnancy is similar between sheep and humans. In addition, sheep
permit longitudinal assessment of uterine blood flow via surgically implanted flow
probes as well as serial long-term blood sampling for endocrinology®. In this study, we

have tested the hypothesis that placental hypoxia drives phenotypes of preeclampsia
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by investigating the effects on mother, placenta and fetus of chronic hypoxia during
late pregnancy. To achieve this, we developed a preclinical model of improved human
translational potential to investigate the symptoms of preeclampsia in late gestation in

sheep, independent of maladaptive placental changes in early pregnancy.
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Materials & methods
The authors declare that all supporting data are available within the article [and its

online supplementary files].

For the purpose of the current study, we exploited recently available novel technology
to maintain pregnant sheep under highly controlled isobaric hypoxic conditions, while
undergoing wireless recording of maternal cardiovascular function (Figure 1)¢-8. Then,
we combined measurements in vivo with functional and molecular analyses to
determine the inter-relationship between chronic hypoxia and maternal, placental and
fetal outcomes. The experimental design was conducted in accordance with the
ARRIVE guidelines®.

An expanded version of the Materials & Methods is available in the Online

Supplement.



61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Results

Chronic hypoxia causes asymmetric fetal growth restriction

Exposure of pregnant ewes to chronic isobaric hypoxia of 10% inspired oxygen for a
month from 105 to 138 days gestational age (dGA; term at 145 dGA) was associated
with a 28% reduction in fetal growth, decreasing fetal weight from 3.67+0.17kg in
normoxic (N) fetuses to 2.65+0.22kg in hypoxic (H) fetuses at 138 dGA (Figure 2A).
There was no change in fetal brain weight in H relative to N pregnancies (N: 47.7+0.9
vs. H: 47.841.3g). However, when fetal brain weight was expressed relative to fetal
body weight, this ratio was significantly increased in H relative to N fetuses (Figure
2B). In contrast, there was no effect of chronic hypoxia on placental weight (Figure
2C) or on the number or weight distribution of different placentome types (Figure S1).
These effects of chronic hypoxia on fetal growth occurred in the absence of changes

to maternal food intake (Figure S2).

Chronic hypoxia leads to activation of the placental unfolded protein response
The levels of hypoxia-inducible factor 1a (HIF1a) were greater in H relative to N
placentomes at 138 dGA (Figure 3A). The levels of protein carbonylation were greater
in H relative to N placentae (Figure 3B), indicative of oxidative stress. This was
associated with an increase in the ratio of the phosphorylated forms of the mitogen
activated protein kinases C-jun N-terminal kinase (JNK) and the cell survival
extracellular signal-regulated kinase (ERK) compared to total levels of these kinases
in H relative to N placentae (Figure 3C and 3D). Oxidative protein damage can trigger
activation of unfolded protein response (UPR) pathways in different cellular
compartments, including the cytosol and endoplasmic reticulum (ER). The UPR signal

activator activating transcription factor 6 (ATF6) was increased in H relative to N



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

placentae (Figure 4A). As part of the endoplasmic reticulum UPR (UPRER), levels of
the protein chaperone glucose-related protein 78 (GRP78) and of the protein folding
enzyme protein disulfide isomerase (PDI) were higher in H relative to N placentae
(Figure 4B). The expression of the cytosolic protein chaperones heat shock protein 27
(HSP27) and heat shock protein 70 (HSP70), part of the cytosolic UPR (UPR®YY), was
also greater in H relative to N placentae (Figure 4C). Immunohistochemical analysis
showed that ATFG6 localised to the nucleus, indicating potential transcriptional activity
of ATF6 (Figure 4D). Nuclear staining was more prominent in H compared to N
placentae (Figure 4D). Transmission electron microscopy further revealed distended
ER morphology in H compared with the ER in N placentae, which displayed a highly

defined membrane structure (Figure 4E).

Chronic hypoxia promotes an angiogenic imbalance in the maternal circulation
Placental transcripts encoding the anti-angiogenic factors soluble fms-like tyrosine
kinase 1 (sFlt-1) and soluble endoglin (sEng), as well as the ratio of the placental
transcripts of sFlt-1 compared to the angiogenic factor vascular endothelial growth
factor (VEGF), were increased in H relative to N placentae at 138 dGA, as measured
by quantitative reverse transcription PCR (Figure 5A-5C). There were no differences
in VEGF and PIGF transcripts, and no differences in the ratio of sFlt-1 compared to
PIGF transcripts (Figure S3A-S3C). In N ewes, the concentration of sFilt-1 and the
ratios of sFlt-1 to VEGF and to PIGF in plasma did not change in samples taken at
baseline and at 138 dGA (Figure 5D-5F). In contrast, in H ewes the concentrations of
sFlt-1 and the ratios of sFlt-1 to VEGF and to PIGF were significantly higher at 138
dGA relative to baseline and when compared to values in N ewes at 138 dGA (Figure

5D-5F). Neither N nor H ewes showed changes in sEng, VEGF or PIGF plasma
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concentrations with increasing gestation and there were no differences between the

groups at baseline or 138 dGA (Figure S3D-S3F).

Chronic hypoxia increases uteroplacental vascular resistance and prevents the
gestational decrease in maternal arterial blood pressure

At 138 dGA, the uterine artery Pl values were greater in H relative to N ewes (Figure
6A). At 138 dGA, independent of treatment, there were significant positive correlations
between maternal uterine Pl and the maternal plasma sFlt-1 concentration, and
between maternal uterine Pl and maternal plasma sFlt-1 to PIGF ratio (Figure S4A
and S4C). However, there was no correlation between maternal uterine Pl and
maternal plasma sFlt-1 to VEGF ratio at 138 dGA (Figure S4B). At 138 dGA, plasma
creatinine concentrations were slightly higher in H relative to N ewes, which may
indicate a reduction in glomerular filtration rate (Figure S5A). However, there was no

difference in the urine ratio of albumin to creatinine at 138 dGA (Figure S5B).

Daily changes in maternal arterial blood gas, acid base and metabolic status during
exposure to chronic normoxia or chronic hypoxia in the second cohort of animals have
been previously reported’. In brief, these data confirm a reduction in maternal arterial
partial pressure of oxygen (P2O2) from 105.7+£3.7 to 42.0£1.2mmHg and in arterial
oxygen saturation 103.5+0.5 to 78.6+5.7% (P<0.05) during exposure to chronic
isobaric hypoxia of 10% inspired oxygen (Table S1). Ewes exposed to chronic hypoxia
had significantly elevated haematocrit and haemoglobin concentration by the end of
exposure relative to baseline and to values in N ewes (Table S1). There was no
significant change between groups in maternal arterial pH, partial pressure of arterial

carbon dioxide, blood glucose or lactate concentrations (Table S1).
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Longitudinal continuous measurement of maternal arterial blood pressure and
calculation of uterine vascular resistance via the wireless CamDAS recording revealed
the expected fall in both variables with advancing gestation in N ewes but not in H
ewes (Figure 6B and 6C). During baseline conditions, prior to hypoxic exposure,
between 122-124 dGA, average values for maternal arterial blood pressure (80.4+1.2
vs. 81.2+3.2mmHg) and for uterine vascular resistance (0.29+0.05 vs.
0.20£0.03mmHg.(ml.min"*)") were not different between N and H ewes. In N
pregnancies, values for maternal arterial blood pressure (80.4+1.2 vs. 73.4+1.1mmHg)
and for uterine vascular resistance (0.29+0.05 vs. 0.20+0.06mmHg.(ml.min"")"") were
significantly lower at 134 dGA compared to earlier in gestation (all P<0.05). In contrast,
following chronic hypoxic exposure, values for maternal arterial blood pressure
(81.243.2 vs. 79.6+4.8mmHg) and for uterine vascular resistance (0.20+0.03 vs.
0.19£0.04mmHg.(ml.min-')") in H pregnancies, were similar at 134 dGA compared to
earlier in gestation (P>0.05). Maternal arterial blood pressure was not significantly

different between N and H pregnancies at 134 dGA.
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Discussion

In the classic two-stage theory of preeclampsia, impaired uteroplacental perfusion
promotes placental hypoxia, oxidative stress and ER stress. The subsequent placental
release of proinflammatory cytokines, syncytiotrophoblast debris and antiangiogenic
factors into the maternal circulation induces the peripheral syndrome'®. For example,
the angiogenic imbalance caused by the release of sFit-1 and sEng, which oppose the
actions of VEGF and PIGF, promotes global maternal endothelial dysfunction and
increased peripheral vascular resistance''. These changes manifest as an increase in
the uterine PI, maternal systemic hypertension and impaired renal glomerular filtration
rate'?. On the fetal side, these changes lead to impaired fetal oxygen and nutrient

delivery, yielding asymmetric fetal growth restriction (FGR)'3.

Data in the present study show that chronic hypoxia during the last third of pregnancy
in sheep stresses the placenta, with upstream adverse effects on the mother and
downstream adverse effects on the fetus, akin to those found in preeclampsia.
Placentae from the hypoxic cohort showed molecular evidence of hypoxia, increased
oxidative stress, activation of the UPR, dilation of ER cisternae, and increased
expression of anti-angiogenic factors. Upstream adverse consequences on the ewe
included evidence of an angiogenic imbalance in maternal plasma, increased uterine
artery Pl and a lack of an ontogenic fall in uterine vascular resistance and arterial blood
pressure with advancing gestation. Downstream adverse consequences on the
hypoxic offspring included FGR with evidence of fetal brain-sparing. Combined,
therefore, the data in this study support the hypothesis that chronic hypoxia during the
last third of pregnancy in sheep provides a link between placental stress, FGR and

maternal cardiovascular dysfunction in adverse pregnancy, as in preeclampsia.
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However, the differences between this pre-clinical model and preeclampsia are just
as informative as the similarities. While the data suggest that some features of
preeclampsia can be caused by hypoxia, other features, such as overt maternal
hypertension and maternal proteinuria, were not recapitulated. However, ewes
undergoing hypoxic pregnancy did not show the significant fall in maternal arterial
blood pressure measured in control ewes with advancing gestation. Lack of maternal
hypertension may therefore be due to the limited duration of hypoxia towards the end
of pregnancy in this ovine model. In contrast, in preeclampsia, the pathophysiology

can start during the first trimester.

Chronic hypoxia and asymmetric fetal growth restriction. The level of maternal
hypoxia used in this model is clinically relevant. Previous studies from our group have
used the hypoxic chambers with pregnant sheep, which were surgically prepared with
catheters for daily blood sampling and Transonic flow probes for long-term recording
of fetal cardiovascular function’. These studies revealed that the level of maternal
hypoxia used in the present study reduced fetal P.O2 in the descending aorta to
12mmHg in a highly controlled manner’. This level of chronic hypoxia equates to that
measured by cordocentesis in human growth restricted fetuses in preeclamptic
pregnancies’*. Our previous studies also revealed that chronic fetal hypoxia promotes
a sustained redistribution of blood flow away from the peripheral circulations towards
the fetal brain”-'5. This is the so-called ‘fetal brain-sparing effect’'® and is responsible
for the asymmetric FGR measured in chronically hypoxic fetuses both in humans and
animal models' 7. In the present study, the asymmetric FGR resulting from chronic

hypoxia during the last third of pregnancy was represented by a smaller fall in the brain
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relative to the fetal body weight, yielding an increase in the percentage relative brain

weight.

Chronic hypoxia and placental stress. Placental hypoxia promotes an increase in
placental oxidative stress'®. Protein carbonyls are used as biomarkers of reactive
oxygen species-mediated protein damage in preeclamptic placentae, and correlate
well with the severity of the syndrome’®. Accumulation of damaged proteins in the
placenta is associated with activation of the kinases ERK and JNK, which mediate
several responses to cellular stress 2°. As part of the cellular quality control system,
the ER ensures protein folding, and is capable of activating a powerful UPR to restore
protein homeostasis?’. In the present study, both the UPRER and UPR®Y' showed
increased activation in hypoxic placentae, along with morphological changes in ER
structure. We found that both the expression and nuclear translocation of ATF6 was
increased, likely mediating the transcriptional activation of UPR target genes in
response to ER stress?2. In hypoxic placentae the expression of GRP78 and PDI and
of HSP27 and HSP70 were increased as part of the UPRER and the UPR®,
respectively. Transmission electron microscopy further revealed distended ER cristae
in hypoxic placentae. Many of these molecular and morphological markers have been

reported in placentae from women suffering from preeclampsia?®-2°.

Chronic hypoxia and maternal adverse effects. Healthy human pregnancy is
accompanied by a number of maternal cardiovascular adaptations that help support
the growing fetus?®. By mid-gestation, there is a fall in utero-placental vascular
resistance, which directs perfusion towards the uterine artery, where blood flow is

increased from 20-50 ml/min in the non-pregnant state to 450-800 ml/min?6. To
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accommodate this, the uterine artery markedly increases its diameter, driving a fall in
uterine vascular resistance and maternal arterial pressure?’. Pregnancy at high
altitude blunts the rise in uterine blood flow and impairs the fall in maternal arterial
blood pressure with advancing gestation in non-indigenous human populations?®2°
and sheep3%3!. The diminished rise in uterine blood flow in human highland pregnancy
is thought to be an important contributor to the enhanced prevalence of preeclampsia
and FGR at high altitude3233. Extensive studies by Zhang and colleagues have shown
that gestational hypoxia contributes to the maladaptive uterine haemodynamic
phenotype through epigenetic regulation of the large conductance calcium-activated

potassium channel3°34,

Data in the present study show that chronic hypoxia during the last third of pregnancy
in sheep led to an increase in placental sFlt-1 expression and maternal plasma sFit-1
concentration. This may be driven by increased placental levels of HIF1a in the
hypoxic placenta, which has been previously demonstrated in vitro in placental
explants and is supported by raised HIF1a levels in the current study®®. In addition,
the fall in uterine vascular resistance and maternal blood pressure with advancing
gestation monitored using indwelling flow probes and vascular catheters did not occur
in hypoxic ewes. Both uterine vascular dysfunction and increased maternal blood
pressure have been reported in sheep undergoing high altitude pregnancy3*.
Therefore, combined, the present study extends previous findings in ovine highland
pregnancy?*, highlighting the critical role for oxygen deficiency in placental dysfunction
and their relationship with maternal cardiovascular changes. Further, there was a
significant positive correlation between maternal uterine Pl and the maternal plasma

concentration of sFlt-1, and between maternal uterine Pl and the maternal plasma
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sFlt-1 to PIGF ratio. The data therefore support that increased expression of
antiangiogenic factors in the placenta may contribute to an angiogenic imbalance and

endothelial dysfunction in the maternal circulation.

Advances and limitations. Despite great advances in the understanding of
preeclampsia, progress in this field has been hampered by many experimental
limitations. While advances such as organoid cultures create new and exciting
opportunities, in vitro models cannot replicate all in vivo interactions between mother,
placenta and offspring. On the other hand, there are no preclinical animal models that
spontaneously develop preeclampsia, and those available, in which symptoms are
induced, have limitations. The same is true for this ovine model of hypoxic pregnancy.
Clearly, there are gross anatomical differences between the human haemochorial and
the ovine synepitheliochorial placenta3¢. However, there are also important similarities.
Both sheep and humans have placental counter-current flow of maternal and fetal
blood within the placental villous tree, comparable transplacental oxygen gradients
and oxygen consumption rates (37 in sheep vs. 34ml.kg-".min"" in humans), as well
as similar nutrient transporter expression®’-41. At the molecular level, the induction of
oxidative and ER stress and the activation of the UPR are highly conserved pathways
across species?'. This is also the case for rodents, in which activation of the placental

UPRER has been demonstrated in hypoxic pregnancy3*.

There have been many other studies by our and other groups in rodent pregnancy
investigating the effects of hypoxic pregnancy on the placental phenotype, FGR and
on uterine vascular reactivity*>-4¢. However, few of these studies have had a focus on

placental molecular or maternal circulating markers of preeclampsia or investigated
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associated changes in maternal in vivo cardiovascular function. It is also important to
highlight that the murine placenta is functionally divided into distinct zones for
endocrine activity and for nutrient transfer*’. The labyrinth zone shows high levels of
mitochondrial activity, while the junctional zone is less well oxygenated, but prone to
ER stress due to its synthetic and secretory activities*®. Thus, in the murine placenta,
crosstalk between ER and mitochondrial stress is limited, with diverging responses
depending on which zone is investigated*®-*°. Other murine studies using experimental
models of preeclampsia by either eNOS knockout or restriction of uteroplacental
perfusion also support a link between placental hypoxia with oxidative stress and
impaired placental nutrient transport, FGR and abnormal maternal cardiovascular
function*®%'. This is what we have directly addressed in the present study in an ovine
model with increased human translational potential. Nevertheless, extrapolation of

these findings to the human clinical condition needs to be viewed with caution.

Perspectives

This work introduces a novel large animal model of isobaric hypoxic pregnancy in
sheep that not only promotes fetal growth restriction but also recapitulates many of
the physiological and molecular features of preeclampsia in the mother and the
placenta. These findings are significant, as any changes occur independent of
alterations to placentation in early pregnancy. Therefore, the work offers novel ways
of thinking about the syndrome and an established platform to develop interventional

therapies.
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Novelty and Relevance
What is new?

* A common feature of preeclampsia is placental hypoxia. However, whether
placental hypoxia is merely a consequence of the disease or whether it causes
the adverse maternal and fetal outcomes is uncertain.

* Here, we show using a novel in vivo approach that placental hypoxia drives

maternal and fetal phenotypes associated with preeclampsia.

What is relevant?
* Pregnancy affected by uteroplacental hypoxia, one of the most common pregnancy
complications leading to fetal growth restriction in humans, increases the risk of

physiological and molecular markers of preeclampsia.

Clinical and pathophysiological implications?

+ Chronic hypoxia in ovine pregnancy recapitulates markers of preeclampsia in the
mother, placenta and offspring, indicating that placental hypoxia is an initiating
factor in the pathoaetiology of preeclampsia.

» Therefore, biomarkers of placental hypoxia, oxidative stress and activation of the
unfolded protein response must be addressed to guide future clinical

management of preeclampsia.



Figure Legends

Figure 1. Isobaric hypoxic chambers and wireless recording CamDAS™ system.
Both panels: A specially designed nitrogen-generating system supplied compressed
air and nitrogen to the bespoke isobaric hypoxic chambers housed at The Barcroft
Centre, University of Cambridge. Each chamber was equipped with an electronic
servo-controlled humidity cool steam injection system to return the appropriate
humidity to the inspirate (i). Ambient partial pressures of oxygen and carbon dioxide,
humidity, and temperature within each chamber were monitored via sensors (ii). For
experimental procedures, each chamber had a double transfer port (iii) to internalise
material and a manually operated sliding panel (iv) to bring the ewe into a position,
where daily sampling of blood could be achieved through glove compartments (v).
Each chamber incorporated a drinking bowl on continuous water supply and a rotating
food compartment (vi) for determining food intake. A sealed transfer isolation cart
could be attached to a side exit (vii) to couple chambers together for cleaning. Waste
could be disposed via a sealable pipe (viii). Panel B: A separate cohort of ewes was
instrumented with the CamDAS™ system during surgery, allowing continuous
longitudinal monitoring of arterial blood pressure and uterine blood flow. The wireless
CamDAS™ system was contained in two parts in a custom-made sheep jacket: the
data acquisition box (ix) on one side and a box containing the pressure transducers
(x) on the other side. Cables (xi) provided connection between the two boxes and to
two battery packs. Measurements made using the CamDAS™ system were
transmitted wirelessly via Bluetooth technology (xiii) to a laptop on the outside (xii), on
which it was possible to continuously measure and record uterine blood flow and
maternal arterial blood pressure during the experimental period (reproduced with

permission®7).



Figure 2. Hypoxic pregnancy causes asymmetric FGR. Values are mean + SEM
for fetal weight (A), the ratio of fetal brain to body weight (B) and placental weight (C).
Groups are N (0,n=9-13) and H (e,n=7-8). Significant differences (P<0.05) are *N vs.

H, Student’s t-test for unpaired data.

Figure 3. Hypoxic pregnancy activates the placental stress response. Values are
mean * SEM for the relative ratio of placental levels of HIF1a (A), of protein
carbonylation (B), of the ratio of phosphorylated to total stress kinases JNK (C) and
ERK (D). Blots for JNK and ERK appear atypical as they were resolved on 14%
agarose gels for higher resolution. Groups are N (o,n=9-10) and H (e,n=7). Significant

differences (P<0.05) are *N vs. H, Student’s t-test for unpaired data.

Figure 4. Hypoxic pregnancy activates the placental UPR response. Values are
mean + SEM for the relative ratio of the placental levels of ATF6 (A), GRP78 and PDI
(B) and HSP27 and HSP70 (C). Groups are N (0,n=9-10) and H (e,n=7). Significant
differences (P<0.05) are *N vs. H, Student’s t-test for unpaired data. In the placenta,
ATF6 localises to the nuclei (D), with more prominent nuclear staining in H compared
to N placentae. Pictured (D): trophoblast containing binucleate cells (arrows); scale
bar = 50um. Change in trophoblast ER structure was examined by transmission
electron microscopy (E). Representative images taken at 5,000x magnification are
shown. Arrows indicate the location of ER and stars indicate the location of the nucleus;

scale bar = 500nm.



Figure 5. Hypoxic pregnancy changes placental expression of anti-angiogenic
factors, increasing the anti- to pro-angiogenic balance in maternal plasma.
Upper panel: Values are mean £ SEM for the relative placental fold change for sFlt-1
(A), sEng (B) and the ratio of sFlt-1 to VEGF (C) . Lower panel: Values are mean +
SEM for plasma concentration of sFlt-1 (D) and plasma ratios of sFlt-1 to PIGF (E) and
to VEGF (F) . Groups are N (o,n=7-9) and H (e,n=7). Significant differences (P<0.05)
are *N vs. H or f vs baseline; Student’s t-test for unpaired data or two-way RM-ANOVA

where appropriate.

Figure 6. Hypoxic pregnancy causes maternal cardiovascular dysfunction.
Values are mean + SEM for uterine artery Pl (A) and the change from baseline in
uterine vascular resistance (B) and in arterial blood pressure (C). Groups are N (o,n=5-
9), H (e,n=5-7). Significant differences (P<0.05) are *N vs. H, or 1 vs baseline;

Student’s t-test for unpaired data or two-way RM-ANOVA, where appropriate.
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Online supplement

Expanded Materials & Methods

Ethical approval

All procedures were performed at The Barcroft Centre of The University of Cambridge
under the UK Animals Scientific Procedures Act 1986 and were approved by the
Ethical Review Board of the University of Cambridge. The experimental design was
conducted in accordance with the ARRIVE guidelines .

Exposure to chronic hypoxia

Pregnant Welsh mountain ewes carrying singleton fetuses determined by ultrasound
scan at 80 days gestational age (dGA; Toshiba Medical Systems Europe, Zoetermeer,
Netherlands; term is ca. 145 days) were randomly assigned at 103 dGA to either
chronic normoxia (N) or chronic hypoxia (H). From 103 dGA, N and H ewes were fed
daily a bespoke maintenance diet consisting of concentrate and hay pellets, thereby
facilitating the monitoring of food intake (Cambridge ewe diet: 40g nuts/kg and 3g
hay/kg; Manor Farm Feeds Ltd; Oakham, Leicestershire, UK). At 103 dGA, H ewes
were moved into one of four bespoke isobaric hypoxic chambers (Telstar Ace,
Dewsbury, West Yorkshire, UK; Figure 1A in main text) housed in a laboratory. Ewes
assigned to chronic normoxia were housed in individual floor pens with the same floor
area as the hypoxic chambers. The hypoxic chambers were supplied with controlled
volumes of nitrogen and air via a bespoke air and nitrogen generating system
(Domnick Hunter Gas Generation, Gateshead, Tyne & Wear, UK), as previously
described in detail 4. In brief, compressed air and compressed nitrogen were piped
to the laboratory and gases were mixed to requirements via flow metres prior to
entering the chambers. The inspirate was passed via silencers able to reduce noise
to levels below regulation, providing a tranquil environment for the animal inside each
chamber. The volume of gas in each chamber underwent a minimum of 12 changes
per hour. All chambers were equipped with humidifiers (1100-03239 HS-SINF
Masalles, Barcelona, Spain) and ambient POz, PCO-, humidity and temperature within
each chamber were monitored via sensors and values recorded continuously via the
Trends Building Management System of the University of Cambridge. In this way, the
level of oxygen within each chamber could be controlled with precision longitudinally
over long periods of time. At 105 dGA, H ewes were gradually subjected to hypoxia,
reaching 10 £ 1% inspired oxygen over 24h. This level of hypoxia was maintained for
a month until 138dGA. For blood sampling procedures during this period, materials
could be introduced into the chambers via a double transfer port. A sliding panel was
then manually operated, encouraging the ewe to the front of the chamber, which
permitted blood samples to be taken via glove compartments using sterile techniques
and without losing the hypoxic exposure (Figure 1). In both N and H ewes, venous
samples (5 ml) were taken from the jugular vein at 103 and 105 dGA (baseline) and
at 138 dGA (end of chronic exposure). Samples were centrifuged, snap frozen in liquid
nitrogen and stored at -80 °C for subsequent analysis.

Doppler ultrasonography

At 138 dGA, following blood sampling, N and H ewes were moved to a nearby
ultrasound room. Ultrasonography was performed using a Toshiba Powervision 7000



System with a convex 3.75 MHz Toshiba PVK-357AT transducer. Colour Doppler was
used to identify the uterine artery, and the uterine artery Pl was calculated using colour
Doppler flowmetry. An average value of three consecutive waveforms on both uterine
arteries was used for analysis. Ewes in the H group were transported to the ultrasound
room and underwent all ultrasound procedures maintaining the hypoxic exposure of
10 £ 1% inspired oxygen via a customised respiratory hood in a mobile cart unit. The
gas mixture supplying the respiratory hood was the same ratio as the gas mixture of
air and nitrogen supplying the chambers, adjusted to volume.

Post-mortem, tissue and urine collection

At 138 dGA, following ultrasonography, N and H ewes were moved to the post-mortem
laboratory. Ewes in the H group remained hypoxic at 10 £ 1% inspired oxygen via the
respiratory hood until euthanasia. Both N and H ewes were killed humanely by an
overdose of sodium pentobarbitone (0.4 ml/kg intravenously, Pentoject; Animal Ltd.,
UK). A urine sample (5 ml) was taken with a syringe and needle via puncture directly
from the bladder. The fetus was delivered by hysterotomy, weighed and measured.
One group of scientists isolated the maternal and fetal organs, which were weighed
and fixed in 4% paraformaldehyde or snap frozen in liquid nitrogen and stored at -
80°C until further analysis.

Following hysterectomy, individual placentomes were isolated, weighed and counted.
Typed placentomes were counted and weighed, and placentomes of each type were
also fixed or frozen for further analysis. The distribution of different types of
placentomes was not different between N and H pregnancies (Figure S1). For
consistency, all placental analysis was performed on type A placentomes.

Placental studies

Measurement of protein carbonylation. Flash frozen A-type placentomes were
homogenised to powder using pestle and mortar while keeping tissues frozen on dry
ice. Homogenates and ice-cold cell lysis buffer (1 mL of buffer per 100 mg of tissue;
Cell Signaling Technology, UK) containing protease inhibitors (Roche Diagnostics,
UK) were used to prepare protein lysates. Protein concentration was determined using
a bicinchoninic acid assay (Thermo Fisher Scientific, UK). To determine post-
translational protein carbonylation as a result of oxidative damage, an OxyBlot™
analysis was performed, according to the manufacturer’s instructions (Millipore,
Billerica, MA). In short, protein lysates were treated to derivatise carbonyl groups to
2 4-dinitrophenyl-hydrazone moieties, separated by 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and then transferred onto a nitrocellulose
membrane (Hybond® ECL™, Sigma-Aldrich, UK). Non-specific binding was inhibited
by blocking the membrane in 2.5% bovine serum albumin in Tris-buffered saline
containing 0.1% Tween 20 (TBS-T) for 1 h at room temperature. The nitrocellulose
membrane was incubated with a primary rabbit anti-2,4-dinitrophenyl-hydrazone
antibody (Chemicon Oxyblot™:; diluted 1:200) for 1 h at room temperature. Following
incubation with the primary antibody, membranes were washed with TBS-T and
incubated with a secondary antibody conjugated with horseradish peroxidase against
Rabbit IgG (Thermo Fisher, UK; diluted 1:10000) for 1 h at room temperature.
Following further washing with TBS-T, protein levels were visualised using an
enhanced chemiluminescence kit (Pierce™ ECL, Thermo Fisher Scientific, UK).
Protein band densities were quantified using Imaged software (NIH,
RRID:SCR_003070) and normalised against Ponceau S staining.



Western blotting. To determine placental protein expression, whole cell lysates were
prepared from homogenates of flash frozen A-type placentomes. This was performed
using ice-cold cell lysis buffer (1 mL of buffer per 100 mg of tissue; Cell Signaling
Technology, UK) containing protease inhibitors (Roche Diagnostics, UK). Protein
concentration was determined using a bicinchoninic acid assay (Thermo Fisher
Scientific, UK). Samples were mixed with sodium dodecyl sulfate gel loading buffer
and denatured for five minutes at 70 °C. 15-30 ug aliquots of protein were resolved on
10-12% sodium dodecy! sulfate polyacrylamide gel electrophoresis agarose gels,
transferred onto nitrocellulose membranes (Hybond® ECL™, Sigma-Aldrich, UK) and
stained with 0.1% Ponceau S in 5% acetic acid (Sigma-Aldrich, UK). Non-specific
binding was inhibited by blocking the membrane in 5% dry skim milk in TBS-T for 1 h
at room temperature. Following incubation with the primary antibody, membranes
were washed with TBS-T and incubated with the relevant secondary antibodies
conjugated with horseradish peroxidase against Rabbit IgG (Thermo Fisher, UK;
diluted 1:10,000) or against Mouse IgG (Thermo Fisher, UK; diluted 1:10,000) for 1 h
at room temperature, where appropriate. Following further washing with TBS-T,
protein levels were visualised using an enhanced chemiluminescence kit (Pierce™
ECL, Thermo Fisher Scientific, UK) on film (Amersham™ Hyperfilm™ ECL, GE
Healthcare, UK). Protein band densities were quantified using ImagedJ software (NIH;
RRID:SCR_003070) and normalised against Ponceau S staining. A full list of primary
antibodies, dilutions and incubation times can be found in the Major Resources Table.

Immunohistochemistry. Formalin-fixed paraffin-embedded A-type placentomes
were sectioned to 7 ym thickness using a microtome (Leica Biosystems, UK) and
mounted onto Superfrost™ Plus microscope slides and incubated at 37 °C overnight.
Sections were rehydrated in tap water for 10 minutes and incubated in 3% hydrogen
peroxide (Fisher Scientific) for 15 minutes to block endogenous peroxidase activity.
After rinsing in distilled water, the sections were incubated in Tris-buffered saline
containing 0.1% Tween 20 and 0.1% Triton X-100 (TBS-TT) for 30 minutes. After
rinsing in Tris-buffered saline (TBS), slides were blocked in 5% bovine serum albumin
in TBS for 1 hour and then incubated overnight in primary antibody against ATF6
(Abcam, UK; ab37149; RRID:AB 725571; diluted 1:200) in 5% bovine serum albumin.
The following day, sections were washed using TBS-TT and then incubated in
biotinylated secondary antibody against Rabbit IgG (Vector Laboratories, Canada;
diluted 1:200) in 5% bovine serum albumin. After washing in TBS-TT, staining was
visualised using the VECTASTAIN avidin-biotin complex method (Vector Laboratories,
Canada) by adding metal DAB (Thermo Fisher Scientific, UK) as the chromogen for 5
minutes. Staining was stopped by rinsing in distilled water. Sections were dehydrated,
and cover slips mounted using DPX Mountant (Sigma-Aldrich, UK).

Transmission Electron Microscopy. Tissue processing, embedding and sectioning
was performed by the Cambridge Advanced Imaging Centre. In brief, small pieces of
A-type placentome tissue were fixed by immersion in 2 mM calcium chloride in 0.05M
Sodium cacodylate buffer at pH 7.4 containing 2% glutaraldehyde and 2%
formaldehyde. The tissues were fixed overnight at 4°C and osmicated in 0.05M
Sodium cacodylate buffer at pH 7.4 containing 1% osmium tetroxide and 1.5%
potassium ferricyanide for three days at 4°C. They were treated with 0.1%
thiocarbohydrazide for 20 min in the dark at room temperature. They were then
osmicated a second time in 2% osmium tetroxide and stained in 0.05 maleate buffer



at pH 5.5 containing 2% uranyl acetate for three days at 4°C. The tissue was
dehydrated in ascending concentrations to 100% ethanol and then in 100% dry
acetone and dry acetonitrile. They were embedded in Quetol epoxy resin over the
course of 11 days. 80 nm sections were cut on a Ultracut UCT (Leica, Germany) and
mounted onto 400 mesh bare copper grids. Transmission electron microscopy was
performed on a FEI Tecnai G2 transmission electron microscope run at 200 keV
accelerating voltage and using a 20 ym objective aperture to improve contrast. Images
were taken using an AMT camera at 5000-fold magnification.

Quantification of mRNA transcripts using quantitative RT-PCR. RNA was
extracted from flash frozen A-type placentomes using QIAzol Lysis Reagent Solution
and Qiagen miRNeasy purification columns (Qiagen, UK) according to manufacturer’s
specifications. RNA concentration was determined using a NanoDrop™
spectrophotometer. The ratio of absorbance between 260 nm/280 nm for all samples
was over 2. RNA was reverse transcribed into cDNA using a RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher, UK) according to manufacturer’s specifications.
gRT-PCR was performed using the SYBR® Green system (Thermo Fisher, UK)
according to manufacturer’s instructions in the 7500 Fast Real-Time PCR (Applied
Biosystems). mRNA transcript levels of unknown genes were determined by the
threshold cycle AACt method and normalised to ribosomal protein L19 and glucose-
6-phosphade dehydrogenase expression, which were not influenced by exposure to
chronic long-term hypoxia. All primer sequences can be found in the Major
Resources Table.

Plasma and urine analyses

Plasma concentrations of soluble fms-like tyrosine kinase 1 (sFlt-1), soluble endoglin
(seng), placental growth factor (PIGF), vascular endothelial growth factor (VEGF) and
creatinine and urine concentrations of albumin and creatinine were measured using
commercially available colorimetric kits, according to manufacturer’s instructions. A
list of kits used can be found in the Major Resources Table. For sFlt-1, the inter- and
intra-assay coefficients of variation were <12.0% and <10.0%, respectively, and the
lower limit of detection was 0.1 ng/ml. For sEng, the inter- and intra-assay coefficients
of variation were <15.0% for both, and the lower limit of detection was 0.1 ng/ml. For
PIGF, the inter- and intra-assay coefficients of variation were <10.0% for both, and the
lower limit of detection was 1.0 pg/ml. For VEGF, the inter- and intra-assay coefficients
of variation were <15.0% and <10.0%, respectively, and the lower limit of detection
was 1.0 pg/ml units. For creatinine, the inter- and intra-assay coefficients of variation
were < 5.0% for both, and the lower limit of detection was 2.0 ug/ml. For albumin, the
inter- and intra-assay coefficients of variation were <5.0% and <3.0%, respectively,
and the lower limit of detection was 2 ug/ml. Measurements from plasma samples
taken on 103 and 105 dGA before the onset of chronic normoxia or hypoxia were
averaged as baseline measurements.

Longitudinal maternal arterial blood pressure and uterine vascular resistance

A second cohort of pregnant ewes were surgically prepared with catheters and flow
probes to permit continuous monitoring of arterial blood pressure and uterine blood
flow in N and H groups via the CamDAS wireless data acquisition system 3. In this
second cohort, recording during chronic normoxia or chronic hypoxia occurred for 10
days, from 125 to 135 dGA.



Surgery. The second cohort of pregnant Welsh mountain ewes carrying singleton
fetuses underwent laparotomy at 116 + 1 dGA for instrumentation with the wireless
data acquisition system under general anesthesia, as previously described 3.
Animals were fasted for 24h prior to surgery with ad libitum access to water. On the
day of surgery, animals were induced using Alfaxan (1.5-2.5 mg/kg alfaxalone,
intravenously; Jurox Ltd., UK) into the jugular vein and then intubated (Portex cuffed
endotracheal tube; Smiths Medical International Ltd., UK) using a laryngoscope for
maintenance under general anesthesia using 1.5-2.0% isofluorane (IsoFlo; Abbott
Laboratories Ltd., UK) in 60:40 oxygen:nitrogen using a positive pressure ventilator
(Datex-Ohmeda Ltd., UK). Following induction, the maternal abdomen, flanks and
medial surfaces of the hind limbs were shaved and cleaned, and an antibiotic
(30 mg/kg procaine benzylpenicillin intramuscularly.; Depocillin; Intervet UK Ltd., UK)
and an analgesic (1.4 mg/kg carprofen subcutaneously.; Rimadyl; Pfizer Ltd., UK)
were administered. The ewe was then transferred to the surgery theatre and general
anesthesia was maintained, as before. The animal was covered with sterile drapes
and a midline abdominal incision was made, as described previously ”8. A Transonic
flow probe (MC2RS-JSF-WC120-CS12-GCP, Transonics, UK) was positioned around
the maternal uterine artery, as before, and then exteriorised through a keyhole incision
in the ewe’s right flank for connection to the wireless data acquisition system 3-5.
Following closure of the abdominal cavity, catheters were inserted via the maternal
femoral vein (inner diameter 0.86 mm, outer diameter 1.52 mm; Critchly Electrical
Products, Australia) into the maternal inferior vena cava, and via the maternal femoral
artery (inner diameter 1.00 mm, outer diameter 1.60 mm; Altec, UK) into the maternal
descending aorta. Catheters were exteriorised through a keyhole incision in the
maternal left flank and connected to the wireless data acquisition system. While under
general anesthesia, the ewe was then fitted with a bespoke jacket housing the wireless
data acquisition system. After the end of anaesthesia, the ewe continued to be
ventilated until spontaneous respiratory movements were observed, after which the
ewe was extubated.

CamDAS™ System. The wireless data acquisition system has been previously
described in detail 34 In brief, the CamDASTM (Maastricht Instruments, the
Netherlands) consisted of a pressure box attached to one side of the ewe containing
pressure transducers (COBE; Argon Division, Maccim Medical, USA) connected to
catheters, and a miniaturised flow module on the other side connected to Transonic
flow probes (Figure 1B in main text). The pressure and flow boxes were powered by
Lithium batteries housed within the same jacket, allowing continuous wireless
transmission and recording of maternal uterine blood flow and maternal arterial blood
pressure beat-by-beat onto a laptop computer via Bluetooth technology. The weight
of the CamDASTM system is less than 2 kg, thereby equivalent to the ewe carrying
twins.

Post-surgical recovery. Ewes were allowed to recover in a floor pen adjacent to other
sheep with free access to hay and water and a 12:12 h light-dark cycle. Ewes were
fed concentrates once a day (200g sheep nuts no. 6; H & C Beart Ltd., UK). Antibiotic
(30 mg/kg procaine benzylpenicillin intramuscularly; Depocillin; Intervet UK Ltd., UK)
and analgesic (1.4mg/kg carprofen subcutaneously; Rimadyl; Pfizer Ltd., UK) agents
were administered to the ewe for five days following surgery. From 120 dGA ewes
were fed the daily maintenance diet (5g hay/kg and 40g sheep nuts/kg; Manor Farm



Feeds Ltd., Oakham, UK) and pregnancies were randomly assigned to chronic
normoxia (N) or chronic hypoxia (H) groups, as before.

Chronic hypoxia, CamDAS recording and blood sampling. Following 3 days of
post-surgical recovery, H ewes were transferred to the hypoxic chambers to
acclimatise under normoxic conditions. Five days after surgery, at 125 dGA, H ewes
were gradually subjected to hypoxia, reaching 10 + 1 % inspired oxygen over 24 h, as
before. Exposure to chronic hypoxia in this second cohort of surgically prepared H
ewes lasted 10 days, until 135 dGA. In both N and H ewes, arterial blood samples
were taken daily to measure maternal blood gases, acid-base excess and metabolic
status, as previously described’. Continuous CamDAS™ recordings of maternal
arterial blood pressure and uterine blood flow were converted into minute averages
off-line. Uterine vascular resistance was calculated following Ohm’s principle by
dividing maternal arterial blood pressure by uterine blood flow °. Blood gas and acid
base values were measured using an ABLS blood gas analyser (Radiometer;
Copenhagen, Denmark; maternal measurements corrected to 38°C). Values for
arterial oxygen saturation (Sat Hb) and haemoglobin (Hb) were determined using a
haemoximeter (OSM3; Radiometer). Blood glucose and lactate concentrations were
measured using an automated analyser (Yellow Springs 2300 Stat Plus
Glucose/Lactate Analyser; YSI Ltd., Farnborough, UK). Values for Hct were obtained
in duplicate using a microhaematocrit centrifuge (Hawksley, UK). Measurements from
blood samples taken between 120 and 124 dGA before the onset of chronic normoxia
or hypoxia were averaged as baseline measurements. At the end of in vivo
experiments, N and H ewes were transported to the post-mortem laboratory and
humanely killed as before. The position of the uterine Transonic flow probe and
maternal catheter tips was verified.

Statistical analysis

Appropriate power calculations derived from previous data sets were performed to
determine the minimum sample size required to achieve statistical significance.
Animals exposed to treatment were randomly chosen. Scientists measuring ex vivo
outcomes were blinded to treatments. All data are expressed as mean £+ SEM. The
effect of treatment was analysed using the Student’s t test for unpaired data. The
effects of treatment, time and interactions between treatment and time were compared
by two-way multiple comparison ANOVA. For all comparisons, values of P < 0.05 were
accepted as statistically significant. The software used was Graphpad Prism 7
(RRID:SCR_002798).
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Supplementary Tables

N H

baseline 135 dGA baseline 135 dGA
PaO. (mmHg) 104.2+1.9 98.0 £ 5.0 105.7 £ 3.7 42.0+ 1.2t
PaCO2 (mmHg) 32.3 1.3 30.5+25 33.6+14 32.0+ 1.5
Sat Hb (%) 102.6 £ 1.3 101.6 £ 3.5 103.5+0.9 79.5 +6.1*t
Haematocrit (%) 28.6 + 1.1 28.5+0.9 30.0+1.2 33.9+1.0*
Haemoglobin (g/dL) [9.41 £ 042 9.20 + 0.30 10.15+0.08 [11.23+0.17 *T
pH 7.49 + 0.03 7.46 + 0.06 7.50 £ 0.01 7.48 £ 0.01
Glucose (mmol/L) [2.60 + 0.14 2.21+0.03 2.78 £ 0.20 2.49 £ 0.22
Lactate (mmol/L) 0.56 + 0.11 0.51 £ 0.06 0.61 +0.11 0.58 £ 0.06

Table S1. Maternal arterial blood gas, acid base and metabolic status.

Values are mean + SEM for maternal arterial blood gas and, acid base and metabolic
status at baseline and at 135 dGA. Groups are N (n=5) and H (n=5). Significant
differences (P<0.05) are *N vs. H, or T vs baseline; two-way RM ANOVA.



Supplementary Figures
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Figure S1. Hypoxic pregnancy does not alter placentome distribution. Values are
mean + SEM for the absolute and relative weight (A) and number (B) of A-, B-, C- and
D-type placentomes. Groups are N (n=8) and H (n=6). There were no significant
differences within or between groups.
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Figure S2. Hypoxic pregnancy does not alter maternal food intake. Values are
mean £ SEM for the change in maternal food intake compared to baseline. Groups
are N (o, n=9) and H (e, n=7). There were no significant differences within or between
groups.
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Figure S3. Effects of hypoxic pregnancy on placental gene expression and
maternal plasma concentrations of angiogenic factors. Upper panel: Values are
mean + SEM for the relative fold change for VEGF (A), PIGF (B) and the ratio of sFlt-
1 to PIGF (C) in placentomes at 138 dGA as measured by qRT-PCR. Lower panel:
Values are mean + SEM for the maternal plasma concentration of sEng (D), VEGF (E)
and PIGF (F) at baseline and at 138 dGA as measured by ELISA. Groups are N (o,
n=7-9) and H (e, n=7).
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Figure S4. Maternal angiogenic imbalance correlates with uteroplacental
vascular resistance. Correlation of maternal uterine artery Pl with the plasma
concentration of sFlt-1 (A), with the plasma ratio of sFlt-1 compared to VEGF (B) and
with the plasma ratio of sFlt-1 compared to PIGF (C) at 138 dGA. Groups are N (o,
n=7-8) and H (e, n=7). Significant correlation (P<0.05) determined by Pearson’s
correlation.
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Figure S5. Maternal renal function. Values are mean + SEM for the plasma
concentration of creatinine during baseline and at 138 dGA (A) and the ratio of albumin
to creatinine concentration in maternal urine at 138 dGA (B). Groups are N (o, n=7)
and H (e, n=7).



