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ABSTRACT Chronic exposure to hypoxia raises the
risk of pregnancy disorders characterized by maternal
vascular dysfunction and diminished fetal growth. In an
effort to identify novel pathways for these hypoxia-
related effects, we assessed gene expression profiles of
peripheral blood mononuclear cells (PBMCs) obtained
from 43 female, high-altitude or sea-level residents in
the nonpregnant state or during pregnancy (20 or 36
wk). Hypoxia-related fetal growth restriction becomes
apparent between 25 and 29 wk of gestation and
continues until delivery. Our sampling strategy was
designed to capture changes occurring before (20 wk)
and during (36 wk) the time frame of slowed fetal
growth. PBMC gene expression profiles were generated
using human gene expression microarrays and com-
pared between altitudes. Biological pathways were iden-
tified using pathway analysis. Modest transcriptional
differences were observed between altitudes in the
nonpregnant state. Of the genes that were differentially
expressed at high altitude vs. sea level during preg-
nancy (20 wk: 59 probes mapped to 41 genes; 36 wk:
985 probes mapped to 700 genes), several are of
pathological relevance for fetal growth restriction. In
particular, transcriptional changes were consistent with
the negative regulation of peroxisome proliferator-
activated receptor � (PPAR�) at high altitude; such
effects were accompanied by reduced birth weight
(P <0.05) and head circumference (P <0.01) at high
altitude vs. sea level. Our findings indicate that

chronic exposure to hypoxia during pregnancy alters
maternal gene expression patterns in general and, in
particular, expression of key genes involved in met-
abolic homeostasis that have been proposed to play a
role in the pathophysiology of fetal growth restric-
tion.—Julian, C. G., Yang, I. V., Browne, V. A.,
Vargas, E., Rodriguez, C., Pedersen, B. S., Moore,
L. G., Schwartz, D. A. Inhibition of peroxisome prolifera-
tor-activated receptor �: a potential link between chronic
maternal hypoxia and impaired fetal growth. FASEB J. 28,
1268–1279 (2014). www.fasebj.org
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Chronic exposure to hypoxia due to hypoxia-related
disease or high altitude (�2500 m) residence impedes
maternal vascular adaptation to pregnancy and impairs
fetal growth (1–5). Exemplifying this, the incidence of
preeclampsia and intrauterine growth restriction (IUGR) is
�3-fold greater at high altitude compared with sea level
(6), such that high-altitude residents are the largest
at-risk population for these two complications of preg-
nancy. IUGR and preeclampsia are predominant causes
of perinatal and maternal morbidity and mortality
worldwide (7–9).

The hypoxia-inducible factor (HIF) and other oxy-
gen-sensitive pathways are thought to contribute to the
maternal vascular dysfunction common to IUGR and
preeclampsia, and as a means by which chronic hypoxia
impairs fetal growth (5, 10). Such pathways are logical
targets for inquiry. First, HIF pathways are intimately
involved in physiological responses to hypoxia that
serve to maintain tissue oxygenation and metabolism in
the face of limited oxygen supply (11, 12). Second,
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genetic variations within oxygen-sensitive pathways pur-
portedly influence susceptibility to IUGR and pre-
eclampsia (13, 14). Circulating levels of oxygen-sensi-
tive factors that mediate vascular growth, vasoreactivity,
and vascular remodeling are also altered during high-
altitude pregnancy and correlate with uteroplacental
blood flow and birth weight (15–17). However, despite
several studies that have explored the role of genes and
proteins regulated, in part, by HIF or other oxygen-
sensitive pathways for hypoxia-related IUGR (e.g., refs.
17–21), it remains unclear whether or how such factors
act to impair fetal growth under conditions of chronic
maternal hypoxia.

In an effort to identity novel pathways or to derive
new explanations for hypoxia-related fetal growth re-
striction we compared genome-wide transcriptional
profiles of maternal peripheral blood mononuclear
cells (PBMCs) obtained during pregnancy and in the
nonpregnant state from women of similar ancestry
permanently residing at high altitude compared with
sea level. Our findings are novel insofar as this report is
the first to indicate that environmental hypoxia alters
maternal gene expression during pregnancy in general
and, in particular, of key genes involved in metabolic
homeostasis. Specifically, our results suggest that ma-
ternal exposure to hypoxia represses the expression of
peroxisome proliferator-activated receptor � (PPAR�),
a ligand-activated nuclear receptor that is a key regula-
tor of energy homeostasis (22), as has also been ob-
served in IUGR and preeclampsia (reviewed in ref. 23).
In light of recent evidence that hypoxia-related IUGR
may be the product of fetal hypoglycemia rather than
fetal oxygen deficit alone (45), we consider the possi-
bility that alterations to PPAR�-mediated regulation of
glucose homeostasis influence impaired fetal growth at
high altitude.

MATERIALS AND METHODS

Subjects

Subjects consisted of 43 women residing at high altitude
(n�25; 3600–4300 m; PB�495-470 mmHg) or sea level

(n�18; 300 m; PB�725 mmHg) who were participants in a
larger investigation designed to identify physiological and
genetic components of hypoxia-associated IUGR (e.g., refs.
24, 25). Subjects were referred by their prenatal care provid-
ers and were selected for inclusion based on the absence of
hypertensive complications and the availability of high-quality
RNA for microarray studies. High-altitude samples were ob-
tained at 20 (n�13) and 36 (n�14) wk of pregnancy and in
the nonpregnant state [n�12, (9 postpartum, 3 nullipa-
rous)]. Sea-level samples were also collected at 20 (n�14) and
36 (n�15) wk and in the nonpregnant state (n�11, all
postpartum). Our rationale for obtaining samples at 20 and
36 wk of pregnancy is based on the fact that the effect of high
altitude to reduce fetal growth (as assessed by Doppler fetal
biometry) begins between 25 and 29 wk of gestation (4). For
this reason, we sought to collect samples both before and
during the time frame of slowed fetal growth to increase the
probability that we would observe changes that were likely to
be the most temporally relevant to the phenotype of interest.
Since some women provided samples at more than 1 time
point, the total number of samples is greater than the number
of subjects. Given the logistical difficulties associated with
identifying subjects before pregnancy, we relied on postpar-
tum and nulliparous measurements as an index of the
nonpregnant state. High-altitude studies were conducted at
the Bolivian Institute of High Altitude Biology, the Southern
Clinic, and 5 obstetrical hospitals in La Paz-El Alto, Bolivia.
Sea-level studies were conducted at the Siraní Clinic (Santa
Cruz de la Sierra, Bolivia).

For inclusion, women were required to be receiving pre-
natal care, having a singleton pregnancy, and to be at no
known risk for pregnancy complications (e.g., diabetes, obe-
sity). We excluded smokers and women who developed
hypertension during pregnancy. All subjects gave their writ-
ten informed consent to all study procedures, which were
approved by the human subject review committees of the
Colorado Multiple Institutional Review Board of the Univer-
sity of Colorado Denver and the Colegio Médico, its Bolivian
equivalent.

Using a panel of 100 ancestry informative markers (AIMs;
ref. 26) we confirmed that the proportion of each woman’s
genetic background attributed to African, European, or In-
digenous American origin was similar between altitudes for
pregnant and nonpregnant subjects (Table 1). Details, in-
cluding allele frequencies in all parental populations, DNA
sequences, exact positions of single-nucleotide polymorphisms

TABLE 1. Maternal characteristics at low and high altitude

Characteristic

Nonpregnant Wk 20 Wk 36

Low High Low High Low High

n 11 12 14 13 15 14
Time of study (pregnancy week) – – 21.0 � 3.1 22.7 � 5.1 35.9 � 0.9 35.0 � 2.2
Maternal age (yr) 25.7 � 4.9 29.8 � 4.4 25.1 � 4.4 31.1 � 6.0* 26.1 � 4.2 29.5 � 5.5#

Maternal weight (kg) 66.3 � 12.1 56.1 � 6.5* 67.2 � 13.5 62.1 � 8.0 76.6 � 12.7 67.7 � 9.7*
Maternal height (cm) 160.5 � 7.2 150.1 � 28.6 159.5 � 4.4 155.9 � 9.3 161.0 � 7.0 157.4 � 8.4
Skinfold sum (mm) 64.7 � 17.5 53.2 � 40.2 49.0 � 12.5 41.7 � 16.0 63.9 � 18.2 –
MAP (mmHg) 77.5 � 6.2 75.1 � 7.3 76.0 � 5.8 76.3 � 6.5 76.9 � 5.3 75.4 � 6.8
SaO2 (%) 98.7 � 0.9 93.0 � 1.9** 99.0 � 0.8 93.3 � 3.1** 98.7 � 0.7 93.8 � 1.3**
Ancestry, AIMs

African (%) 8.3 � 4.7 10.0 � 7.3 9.2 � 4.5 9.0 � 7.0 9.3 � 4.3 10.6 � 8.1
European (%) 46.5 � 20.1 50.8 � 28.4 40.1 � 22.5 51.5 � 33.7 40.1 � 18.6 46.8 � 34.9
Indigenous American (%) 45.2 � 17.7 33.9 � 29.0 50.6 � 21.0 38.8 � 34.5 50.5 � 16.8 41.9 � 33.7

Comparisons between altitudes at each time point are indicated. MAP, mean arterial pressure; SaO2, arterial oxygen saturation. *P � 0.05;
**P � 0.01; #0.10 � P � 0.05.
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(SNPs), PCR primers, and the amplification conditions used,
are available from the dbSNP database (U.S. National Center
for Biotechnology Information, Bethesda, MD, USA; http://
www.ncbi.nlm.nih.gov/SNP) under the submitter handle
PSU-ANTH.

Study procedures

On the first visit, each woman completed a questionnaire in
her spoken language to determine her altitude of birth,
childhood and current residence, body weight before preg-
nancy, socioeconomic status, and medical/reproductive his-
tory. Subsequent visits consisted of a general clinical exam,
followed by a blood draw.

During the clinical exam, we measured resting heart rate,
bilateral upper extremity blood pressures, height and weight;
estimated adiposity by the sum of biceps, triceps, and subscap-
ular skin-fold thicknesses using Lange calipers (Beta Technol-
ogy, Santa Cruz, CA, USA); collected urine samples to screen
for infection and proteinuria; and drew venous blood for the
storage of serum, plasma, and the isolation of PBMCs for
microarray studies. Gestational age was based on the date of
last menstrual period and confirmed by fetal biometry at wk
20 or clinical assessment at delivery. Birth weights, newborn
characteristics, and the occurrence of perinatal or maternal
complications were obtained from medical records and post-
natal follow-up interviews.

Maternal and newborn characteristics

Comparisons of maternal and newborn characteristics be-
tween altitude groups at each study time were made using
Student’s t tests for continuous variables and 	2 tests for
nominal variables in SPSS 19.0 (IBM SPSS, Chicago, IL,
USA). Newborn characteristics were adjusted for gestational
age and maternal height, based on the known relationship of
these variables to fetal size (27, 28). We did not correct for
prepregnancy weight (or weight gain during pregnancy)
since maternal weight (nonpregnant, 20 or 36 wk) was not
associated with birth weight [R2�0.31, R2�0.04, and
R2�0.14, respectively; all nonsignificant (NS)] in our data set
and we did not have nonpregnancy weights for all subjects.
Data are expressed as means � sem. A value of P � 0.05
(2-tailed) was considered the threshold for significant differ-
ences between groups. Values of 0.05 � P � 0.10 were
considered to indicate trends.

Sample collection and processing

Peripheral blood samples (8 ml) were collected from an
antecubital vein using standard phlebotomy and placed into a
BD Vacutainer CPT cell preparation tube (BD Biosciences,
San Jose, CA, USA) containing sodium citrate and Ficoll-
Hypaque density fluid. PBMCs were isolated according to the
manufacturer’s guidelines, resuspended in RNAlater (Am-
bion, Austin, TX, USA) solution, and stored at 
80°C until
analysis. Total mRNA was isolated using an AllPrep DNA/
RNA Mini Kit (Qiagen, Germantown, MD, USA) and subse-
quently tested for quality and concentration using Agilent’s
2100 bioanalyzer and RNA 6000 Nano LabChip (Agilent
Technologies, Santa Clara, CA, USA). cDNA synthesis and
amplification were performed using the TransPlex Complete
Whole Transcriptome Amplification (WTA) Kit (Sigma-Al-
drich, St. Louis, MO, USA).

Assessment of gene expression

cDNA samples were hybridized to the Roche NimbleGen

Human Gene Expression 12 � 135K Array (version 5.1;
Roche, Madison, WI, USA) as indicated by the manufac-
turer and scanned using the NimbleGen MS 200 scanner.
Gene expression profiles were extracted with NimbleScan
2.6 software. Raw chip files were background corrected,
log2 transformed, and normalized using robust multiarray
average (RMA) in the Affymetrix Expression Console (Af-
fymetrix, Santa Clara, CA, USA; ref. 29). To generate a
matrix, including an expression value for each probe, a
linear model was then fit to the normalized data.

Gene-expression profiles were first compared between
altitudes at each study point (e.g., 36 wk) using the Limma
and Surrogate Variable Analysis packages in R (30, 31), a
freeware program designed for statistical analysis and
graphics, with ancestry (%Indigenous American AIMs) and
gene-chip processing date included as covariates. The
resulting P values were adjusted for multiple comparisons
using the Benjamini-Hochberg (BH) procedure (32).
Genes with a log2 fold change � 0.8 between altitudes and
a BH-adjusted value of P � 0.05 were considered to be
differentially expressed.

Validation of gene expression array data was performed
using RT-PCR. cDNA was generated using random primers
with Superscript III First-Strand Synthesis System SuperMix
(Invitrogen, Carlsbad, CA, USA). PCR reactions were pre-
pared using TaqMan Fast Advanced Master Mix and TaqMan
Gene Expression Assays (Applied Biosystems, Carlsbad, CA,
USA) as specified by the manufacturer. RT-PCR was per-
formed and analyzed on the ViiA 7 Real-Time PCR System
with ViiA 7 1.22 software (Applied Biosystems). The quanti-
fication of target gene transcription relative to that of a
housekeeping gene [human glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH)] was assessed using the 2
��CT

method (33). Unpaired Student’s t tests were used to identify
differential expression between high-altitude and sea-level
samples using a significance threshold of P � 0.05. Data are
expressed as means � sd.

To determine whether altitude influenced transcriptional
patterns across time, we performed a secondary set of analyses
that was limited to women with either a 20-wk (n�6 at high
altitude, n�10 at sea level) or a 36-wk sample (n�7 at high
altitude, n�8 at sea level) and a nonpregnant (postpartum)
sample. Longitudinal analyses were performed using the
Lme4 and Car packages in R, and included altitude �
gestational week as an interaction term to detect variations
between altitudes across time.

Biological pathway analysis

To identify biological pathways of potential importance, lists
of differentially expressed genes were introduced to Ingenu-
ity Pathway Analysis (IPA; Ingenuity Systems, Inc., Redwood,
CA, USA), with the top 5 enriched canonical pathways
meeting the IPA default threshold significance level (
log P
�1.3) being reported. Subsequently, we used the upstream
regulator function within IPA to detect possible mediators of
the transcriptional patterns identified as being unique to
high-altitude pregnancy. This procedure uses 2 statistical
measures, an overlap P value and an activation z score that
express the degree of commonality between known and
observed targets of each upstream regulator, and the level of
agreement between anticipated and observed expression
changes of gene targets for each upstream regulator, respec-
tively. The predicted activation state is based on the z score
(activated z �2) or suppressed (z �
2).
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RESULTS

Maternal and newborn characteristics

Maternal characteristics are provided in Table 1. High-
land women tended to be older and weigh less than their
lowland counterparts when nonpregnant or at 36 wk but
were of similar height and had equivalent skinfolds and
mean arterial blood pressure during pregnancy (Table 1).
Arterial oxygen saturation was �5% lower at high altitude
regardless of pregnancy status.

Birth weight and head circumference at the time of
delivery were reduced at high altitude compared with
sea level [2974�127 vs. 3354�106 (P �0.05) and 33.7�
0.4 vs. 35.4�0.3 (P �0.01), respectively]. Birth length
and ponderal index were equivalent at high altitude vs.
sea level [49.0�0.4 vs. 49.7�0.3 (P �NS) and 25.3�0.9
vs. 27.2�0.7 (P �NS), respectively].

Effect of chronic maternal hypoxia on gene
expression

First, we compared nonpregnant gene-expression pro-
files and identified 24 down-regulated and 19 up-
regulated transcripts at high altitude vs. sea level (Fig. 1A
and Supplemental Table S1); these probes mapped to
36 known genes. Table 2 shows the top 20 transcripts
ranked by log2 fold change. To narrow subsequent
analyses to those genes that differed only between
altitudes during pregnancy, we excluded genes that
were differentially expressed in the nonpregnant state
from 20- and 36-wk gene lists.

A larger number of genes were differentially ex-
pressed between altitudes during pregnancy than in the
nonpregnant state. At 20 wk, 59 probes mapped to 41
genes were differentially expressed at high altitude vs.
sea level (Fig. 1B and Supplemental Table S2). At 36
wk, 985 probes differed in expression between altitudes
(BH corrected P �0.05), including 360 that were
down-regulated and 625 that were up-regulated (Fig.
1C and Supplemental Table S3); these probes mapped
to 700 known genes.

As shown in Table 2, there was substantial overlap at
20 and 36 wk between transcripts with the greatest fold

change at high altitude vs. sea level. Specifically, G0/
G1switch 2 (GOS2), amphiregulin (AREG), interleukin
8 (IL8), regulator of G-protein signaling 1 (RGS1), nuclear
receptor subfamily 4, group A, member (NR4A2), heparin-
binding EGF-like growth factor (HBEGF), and similar
to amphiregulin precursor (LOC653193) expression
were reduced at high altitude at both pregnancy times.
Expanded annotated gene lists for the nonpregnant
state, 20 wk, and 36 wk are included in Supplemental
Tables S1–S3, respectively.

Enriched biological pathways during high-altitude
pregnancy

Biological pathways of potential relevance for maternal
physiological responses during high-altitude pregnancy
were identified using the canonical pathway analysis
function in IPA. No canonical pathway reached statis-
tical significance in the nonpregnant state when com-
paring high altitude vs. sea level. Pathways identified at
20 wk were related to PPAR� signaling, triggering
receptor expressed on myeloid cells 1 (TREM1) signal-
ing; macrophage migration inhibitory factor (MIF)
regulation of innate immunity, glucocorticoid receptor
signaling; and IL17A in arthritis. Canonical pathways
enriched by genes that were differentially expressed
between altitudes at 36 wk included TREM1 signaling,
coagulation systems, cAMP-mediated signaling, athero-
sclerosis signaling, and hepatic stellate cell activation
pathways. Genes belonging to each pathway and corre-
sponding log2 fold changes are shown in Fig. 2.

Upstream regulators governing differential gene
expression in high-altitude vs. sea-level pregnancy

Using the upstream regulator function in IPA, we
identified genes that may govern unique transcrip-
tional patterns during high-altitude pregnancy. The
activation state of each transcriptional regulator was
based on a z-score, which reflects the level of agreement
between anticipated and observed expression changes
for gene targets. Several of the top upstream regulators
were common to 20 and 36 wk, including interleukin
1� (IL1B), TREM1, epidermal growth factor (EGF),
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Figure 1. Differentially expressed genes between altitudes in the nonpregnant state (A), at 20 wk of pregnancy (B), and at 36 wk of
pregnancy (C). Solid gray circles indicate genes that differed between altitudes with a log2 fold change � 0.8 and Benjamini-Hochberg
adjusted P � 0.05. Black circles indicate genes that were not differentially expressed between altitudes using the specified criteria.
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platelet-derived growth factor � polypeptide (PDGF
BB), nuclear factor of � light polypeptide gene en-
hancer in B cells (NF-�B), coagulation factor II (F2),
and cAMP-responsive element binding protein 1
(CREB1) (Table 3). To further mine our data, we
explored common target genes for these upstream
regulators. PPAR� was a target gene for each upstream
regulator that was shared between 20 and 36 wk with
the exception of F2. Moreover, at 36 wk, 13 of the top
15 upstream regulators identified were effectors of
PPAR�. Strengthening the potential importance of this
observation, all downstream targets of PPAR� in our
data were modified in a direction consistent with
PPAR� inhibition (36 wk; Fig. 3). Other notable up-
stream regulators were HIF1
 and vascular endothelial
growth factor A (VEGFA), each predicted to be down-
regulated at high altitude vs. sea level during preg-
nancy.

We reviewed each stage of our analysis for genes
with two qualities: consistency (i.e., differential ex-
pression between altitudes, and appearances in both
canonical pathway and upstream regulator analyses);
and biological plausibility with respect to the mater-
nal physiological changes and impaired fetal growth
characteristic of high-altitude pregnancy. PPAR�
emerged as the most prominent theme in our data.
Figure 4 shows genes within the PPAR� pathway that
differed between altitudes during pregnancy. Specif-
ically, we noted that canonical pathways were en-
riched by genes related to PPAR� signaling during
pregnancy at high altitude and that transcriptional
changes of upstream regulators and downstream
targets were consistent with reduced PPAR� expres-
sion at high altitude vs. sea level. Indicating that such
alterations were confined to PPAR� and unique to

TABLE 2. Top 20 differentially expressed genes (probes) ranked
by log2 fold change; high altitude vs. sea level

Gene Overlap Log2 FC Adj. P

Nonpregnant
ZNF2 1.62 0.004
GPM6B 1.48 0.015
CES1 
1.44 0.046
SOD2 
1.41 0.030
DSC2 
1.40 0.007
FAM43A 1.40 0.003
PER2 1.27 0.035
LOC115648 1.27 0.002
SOCS3 
1.19 0.040
TRGV7 1.15 0.015
SAR1A 1.14 0.021
CXorf52 1.09 0.014
N/A 1.08 0.010
N/A 
1.08 0.021
ZNF568 1.06 0.035
GAS6 
1.04 0.004
GAS6 
1.03 0.008
RFP2 1.03 0.038
STEAP4 
1.01 0.027
AP1S1 
1.01 0.040

20 wk
IL8 � 
3.89
GOS2 � 
3.28
AREG � 
3.22 0.001
LOC653193 � 
3.22
NR4A2 � 
2.61 0.001
EGR1 
2.59 0.001
CCL3L1 
2.55 0.002
CCL3 
2.46 0.003
NR4A2 � 
2.46 0.003
CCL3L1 
2.41 0.003
NR4A2 � 
2.41 0.001
PTGS2 
2.34 0.001
RGS1 � 
2.27 0.005
HBEGF � 
2.25 0.002
FOSB 
2.24 0.024
CCL3L3 
2.20 0.003
IL1B 
2.12 0.003
DUSP2 
2.12 0.001
CCL3 
2.09 0.002
RGS1 
2.06 0.022

36 wk
GOS2 � 
3.12 0.003
LOC653193 � 
2.94 0.003
AREG � 
2.91 0.003
IL8 � 
2.78 0.006
RGS1 � 
2.71 0.003
RGS1 � 
2.64 0.002
NR4A2 � 
2.35 0.003
NR4A2 � 
2.23 0.003
NR4A2 � 
2.15 0.005
HBEGF � 
2.12 0.008
OSM 
1.87 0.004
NR4A3 
1.73 0.009
FOS 
1.72 0.015
N/A 1.70 0.025
SNAI1 
1.69 0.003
RXFP4 1.68 0.004
C12orf33 1.68 0.005

Table 2. (continued)

Gene Overlap Log2 FC Adj. P

A2M 1.64 0.005
RNASE4 
1.63 0.007
N/A 1.62 0.010

Overlap indicates genes that are common to 20- and 36-wk lists.
A2M, 
-2-macroglobulin; Adj. P, B-H-adjusted P ; AP1S1, adaptor-
related protein complex 1, �1 subunit; AREG, amphiregulin;
C12orf33, chromosome 12 open reading frame 33; CCL3, chemokine
ligand 3; CCL3L1, chemokine ligand 3-like 1; CCL3L3, chemokine
ligand 3-like 3; CES1, carboxylesterase 1; CXorf52, chromosome X
open reading frame 52; DSC2, desmocollin 2; DUSP2, dual specificity
phosphatase 2; EGR1, early growth response 1; FAM43A, family with
sequence similarity 43 A; FC, fold change; FOS, v-fos FBJ murine
osteosarcoma viral oncogene homolog; FOSB, FBJ murine osteosar-
coma viral oncogene homolog B; GAS6, growth arrest-specific 6;
GOS2, G0/G1 switch 2; GPM6B, glycoprotein M6B; HBEGF, heparin-
binding EGF-like growth factor; IL1B, interleukin 1�; IL8, interleukin
8; LOC115648, similar to hypothetical protein FLJ13659; LOC653193,
similar to amphiregulin precursor; NR4A2, nuclear receptor subfam-
ily 4, group A, member 2; NR4A3, nuclear receptor subfamily 4,
group A, member 3; OSM, oncostatin M; PER2, period homolog 2;
PTGS2, prostaglandin-endoperoxide synthase 2; RFP2, ret finger
protein 2; RGS1, regulator of G-protein signaling 1; RNASE4, RNase
A family, 4; RXFP4, relaxin family peptide receptor 4; SAR1A, SAR1
gene homolog A; SNAI1, snail homolog 1; SOCS3, suppressor of
cytokine signaling 3; SOD2, superoxide dismutase 2; STEAP4, STEAP
family member 4; TRGV7, T-cell receptor � variable 7; ZNF2, zinc
finger protein 2; ZNF568, zinc finger protein 568.
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pregnancy, no other PPAR family members were
differentially expressed between altitudes at any sin-
gle study time, and PPAR� expression was altitude
independent in the nonpregnant state.

Next, we sought to identify whether the expression of
genes belonging to the PPAR family or PPAR� pathway
varied across time and, if so, whether such patterns
were affected by altitude. To meet this aim, we re-
stricted our analyses to women with a 20 or 36 wk and
a postpartum sample, and conducted longitudinal anal-
yses including an interaction term (altitude�pregnancy)
that allowed us to detect whether changes across time
were similar between altitudes. Although PPAR� ex-
pression varied between the nonpregnant state and 20
or 36 wk and tended to differ between altitudes at 36

wk, the pattern of change across time was similar at
high altitude and sea level (Table 4). Given the ob-
served effects of pregnancy and altitude at 36 wk, the
inability to detect an interaction effect for PPAR�
specifically is likely the result of the restricted sample
size included for longitudinal analyses. Compared with
the nonpregnant state, pregnancy affected other mem-
bers of the PPAR family that belong to adipocytokine or
insulin-signaling pathways, including PPAR binding
protein (PPARBP; 20 wk), PPAR
 (36 wk), PPAR�
coactivator 1, 
 (PPAR�C1
; 20 wk), and PPAR�C1�
(20 and 36 wk). The expression of numerous PPAR�
targets also differed between altitudes or with preg-
nancy (Table 4), including 4 genes that were affected
by altitude in both 20- and 36-wk comparisons [i.e.,

Figure 2. Top IPA canonical pathways at 20 wk (top) and 36 wk (bottom) of pregnancy. Canonical pathways are labeled on the
x axis. Genes belonging to each canonical pathway are listed vertically beneath; the bars indicate the log2 fold change.
Significance values for each pathway are marked. *P � 0.05, **P � 0.01, ***P � 0.001.
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adrenergic �2 receptor (ADRB2), IL8, nuclear recep-
tor subfamily 4, group A, 1 (NR4A1), and oxidized
low-density lipoprotein receptor 1 (OLR1)].

Validation of gene expression by RT-PCR

We validated the top genes based on log2 fold change
in the nonpregnant state [zinc finger protein 2
(ZNF2)] and at 20 wk (IL8) by RT-PCR. For 36 wk we
selected PPAR�, as the PPAR� signaling pathway was
one of the most prominent pathways altered during
pregnancy at high altitude compared with sea level. In
accordance with our microarray data ZNF2 expression
was 1.7-fold greater (nonpregnant, P �0.005), IL8
expression 11.0-fold lower (20 wk, P �0.01), and
PPAR� expression 1.4-fold lower (36 wk, P �0.05) at
high altitude compared with sea level.

DISCUSSION

Our findings demonstrate that chronic exposure to
hypoxia during pregnancy alters maternal gene-expres-
sion patterns compared with normoxic pregnancy and
that such effects are accompanied by reduced birth
weight and head circumference. Our report is the first
to indicate that environmental hypoxia alters genome-
wide transcriptional patterns during pregnancy. That
only modest transcriptional differences were apparent
between altitudes in the nonpregnant state compared

TABLE 3. Top 20 transcriptional regulators ranked by activation z score

TR Log ratio PPAR� Overlap z P

20 wk
TNF 
4.46 6.45E-23
IL1B 
2.1 � 
4.18 1.17E-27
TREM1 � 
3.79 4.64E-20
EGF � 
3.75 4.39E-18
PDGF BB � 
3.71 3.43E-17
CSF2 
3.50 2.63E-13
NFkB � 
3.49 6.99E-18
Cg � 
3.42 2.93E-17
Leuko D4 � 
3.40 1.32E-22
TGFB1 
3.25 7.18E-18
IL3 
3.24 1.51E-15
RAF1 
3.24 5.26E-13
IFNG 
3.24 5.40E-16
F2 � 
3.22 3.62E-12
CREB1 � 
3.17 9.85E-19
IL5 
3.12 1.41E-10
Tretinoin 
3.11 2.16E-06
TLR9 
3.11 6.54E-14
HGF 
3.09 3.68E-09
CREM 
1.3 
2.65 4.75E-15

36 wk
PDGF BB � � 
3.52 6.62E-09
IL1B � � 
3.31 3.00E-11
EGF � � 
3.11 3.11E-05
LDL � 
3.09 1.39E-09
CREB1 � � 
3.03 5.79E-07
IL4 � 
2.95 3.05E-05
CHUK 
2.94 1.18E-02
P38
MAPK

� 
2.92 3.16E-06

NFkB � � 
2.84 3.40E-06
CD40LG 
2.82 3.02E-08
TREM1 � � 
2.81 1.10E-07
EGR1 
1.2 � 
2.77 1.40E-03
PPARy 
1.0 
2.75 3.46E-01
F2 � 
2.69 5.82E-04
VEGF 
2.68 1.29E-07
Insulin � 
2.68 1.01E-03
TLR2 
2.60 3.80E-03
EPAS1 � 
2.59 2.27E-04
CCL5 
2.58 6.91E-04
SRC 
2.57 8.84E-03

Log ratio indicates transcriptional regulator (TR) expression differ-
ence between altitudes, if significant. PPARy indicates TRs that affect
PPARy. Overlap indicates TRs that are shared between 20- and 36-wk
lists. Negative and positive z scores reflect inhibition and activation,
respectively. CCL5, chemokine ligand 5; CD40LG, CD40 ligand; CHUK,
conserved helix-loop-helix ubiquitous kinase; CREB1, cAMP responsive
element binding protein 1; CREM, cAMP responsive element modula-
tor; CSF2, colony stimulating factor 2; EGF, epidermal growth factor;
EGR1, early growth response 1; EPAS1, endothelial pass domain pro-
tein1; F2, coagulation factor 2; IFNG, interferon �; IL3, interleukin 3;
IL4, interleukin 4; LDL, low-density lipoprotein; NFkB, nuclear factor of
� light polypeptide gene enhancer in B cells; P38 MAPK, mitogen-
activated protein kinase p38 
; PDGF BB, platelet-derived growth factor
� polypeptide; RAF1, v-raf-1 murine leukemia viral oncogene homolog
1; TGFB1, transforming growth factor �1; TLR2, Toll-like receptor 2;
TNF, tumor necrosis factor; TR, transcriptional regulator; TREM1,
triggering receptor expressed on myeloid cells 1; VEGF, vascular endo-
thelial growth factor.

EGR1

VEGF

NR4A1

MYBL1

IL8

ICAM1

CXCL2

ATF3

MGST1

IRS2
ADRB2IL8

FGF1

VEGF

NR4A1

EGR1 z-score: -2.77
PPARγ z-score: -2.75 

PPARγ

Figure 3. Relationship between early growth response protein
1 (EGR1), PPAR�, and downstream PPAR� targets. Transcrip-
tional regulators (EGR1 and PPAR�) are shown in the center
of each circle, and target or otherwise affected genes com-
prise the outer ring. Down- and up-regulated genes are
highlighted in green and orange, respectively. Solid lines
connecting the circles indicate agreement between predicted
and observed expression. EGR1 expression was inhibited at
high altitude vs. sea level at 36 wk. As shown on the left side
of the cluster, all EGR1 target genes, including PPAR�, were
expressed in a direction consistent with EGR1 inhibition.
Likewise, the right side of the cluster shows that all PPAR�-
target genes were expressed in a direction consistent with the
negative regulation of PPAR�. Based on the z score, genes
were considered to be activated (z �2) or suppressed
(z �
2).
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with 36 wk of pregnancy is notable given that the onset
of altitude-associated fetal growth restriction as assessed
by ultrasound biometry begins between 25 to 29 wk of
gestation and persists until delivery (4). Also unique is
our finding that PPAR� expression is reduced during
high-altitude pregnancy and that several PPAR� tran-
scriptional regulators and downstream targets were
modified in a direction consistent with this observation.
Taken together, these findings suggest that chronic
maternal hypoxia interrupts transcriptional processes
associated with normal pregnancy. We propose that
PPAR� expression may be relevant to physiological and
clinical outcomes associated with high-altitude preg-
nancy, including impaired fetal growth.

Methodological considerations

The interpretation of our data should take into account
the nature of the population and sample chosen for
analysis. Only normotensive women were included so as
to avoid the influence of hypertensive pregnancy on
gene transcription during high-altitude pregnancy.
Even with the exclusion of hypertensive pregnancy,
birth weight declined 381 g at high altitude vs. sea level,
a magnitude that is consistent with previous reports (1,
6) and therefore sufficient to meet our objectives.
However, given that hypoxia-associated preeclampsia
accounts for half of the birth weight reduction at high
altitude (6), one limitation of this approach is that our

results are not applicable to IUGR coexisting with
preeclampsia or gestational hypertension, which fre-
quently occurs at elevations �2500 m.

One challenge to the effective use of expression
profiling to study human disease is the acquisition of
the most relevant cells or tissue in adequate quantity
and purity. Although our use of maternal PBMCs does
not allow us to infer tissue-specific responses of impor-
tance for fetal growth and pregnancy outcome, we
reasoned that this cell type would allow us to gain
insight into systemic mechanisms underlying altitude-
related fetal growth restriction. PBMCs are the most
transcriptionallyactive cells in the blood and mediate
inflammatory and other processes that are likely central
drivers of maternal vascular adaptation to pregnancy
and, in turn, fetal growth. Further supporting the use of
this cell type, transcriptional changes (including that of
several genes within the PPAR� pathway) have been
detected in maternal PBMCs with advancing gestation
(34) and PBMCs have effectively been used as a surro-
gate sample type to identify markers of other vascular
diseases (e.g., pulmonary vascular disease ref. 35).

Finally, given the logistic challenge of recruiting
subjects before pregnancy we were limited to nullipa-
rous or postpartum (�3 mo) for an index of the
nonpregnant state. If pregnancy-related differences in
gene expression persist postpartum, as is the case with
select cardiovascular parameters (36), our findings

Figure 4. PPAR� signaling pathway genes that were differentially expressed during high-altitude vs. sea-level pregnancy at 20 wk
(black), 36 wk (gray), or both (black with a gray outline). EC, extracellular space.
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would be expected to underestimate changes associ-
ated with pregnancy.

Potential role of PPAR� signaling for impaired fetal
growth at high altitude

The PPAR family is a group of ligand-activated nuclear
receptors that mediate the transcription of numerous
genes that are involved in pivotal processes for normal
pregnancy including placentation (37), inflammatory
response (38), energy homeostasis (22), and vascular
function (39). Strengthening the hypothesis that
PPAR� may be related to clinical outcomes associated
with high-altitude pregnancy, it is repressed in pre-
eclampsia and IUGR (reviewed in ref. 23) and in
response to hypoxia (40).

Both experimental animal models and human stud-
ies implicate PPAR� in preeclampsia and IUGR. Ad-
ministering a PPAR� antagonist to pregnant rats im-
pairs fetal growth and induces a constellation of
phenotypic changes characteristic of preeclampsia in
humans, including hypertension, proteinuria, and en-
dothelial dysfunction (41). Subsequent administration

of rosiglitazone, a PPAR� agonist, reverses hyperten-
sion and endothelial dysfunction in pregnant animals
(42). In humans, PPAR� expression is directly related
to fetal and placental weight, being 2-fold lower in
IUGR compared with control placentas (43). PPAR�
activators in maternal serum are also suppressed in
early onset preeclampsia vs. normal pregnancy (44). In
contrast, others report increased or unchanged placen-
tal PPAR� expression and greater PPAR� binding ac-
tivity in IUGR, preeclampsia, or coexisting IUGR-pre-
eclampsia (45, 46). Despite somewhat inconsistent
findings, evidence supporting a role for PPAR� in
pregnancy-related disease is strong enough that it has
been proposed as a therapeutic target for preeclampsia,
IUGR, gestational diabetes and prematurity (23).

PPAR� functions of potential relevance for
high-altitude pregnancy

We consider that there are four possibilities by which
PPAR� may be involved in high-altitude pregnancy and
hypoxia-related IUGR (Fig. 5). The first of these relates
to its fundamental role in placentation, and specifically
the maturation and differentiation of trophoblast lin-
eages that permit remodeling of the spiral arteries,
which are maternal vessels supplying the endometrium
(47). During early human pregnancy, extravillous cy-
totrophopblasts invade the decidualized endometrium
and initiate extensive vascular remodeling of the ma-
ternal spiral arteries (48). The loss of vascular endothe-
lial and smooth muscle cells that occurs during remodel-
ing reduces vessel contractility and creates permanently
dilated channels that serve to reduce uteroplacental vas-
cular resistance and facilitate uninterrupted oxygen and
nutrient transport to the developing fetus. Incomplete
trophoblast invasion reduces spiral artery remodeling and
uteroplacental perfusion in preeclampsia, IUGR (49),
and high-altitude pregnancy (50). In this regard, the
relative PPAR� deficiency we observed may be relevant for
impaired fetal growth at high altitude.

A second possibility relates to the role of PPAR� as an
inflammatory mediator (Fig. 5). PPAR� negatively reg-
ulates proinflammatory transcription factors [e.g., NF-
�B, adaptor-related complex 1 (AP-1)], thereby atten-
uating cytokine production (e.g., IL1B and IL8) (38,
51). However, given that IL1B and IL8 expression was
reduced at high altitude vs. sea level in this study, our
data suggest that inhibition of PPAR� expression does
not act to increase the transcription of proinflamma-
tory factors during high-altitude pregnancy. Although
gene transcription generally shows a positive correla-
tion with protein expression, it is an imperfect predic-
tor of circulating protein levels (52). For this reason, we
consider it possible that circulating cytokine levels were
altered by altitude or the inhibition of PPAR� expres-
sion, but we were unable to capture such changes at the
level of gene transcription.

A third possibility pertains to the ability of PPAR�
activation to reverse endothelial dysfunction, lower
blood pressure in hypertensive disease, and improve
endothelium-dependent vasodilation (reviewed in ref.
42). Given that reduced uterine artery diameter and
uteroplacental oxygen delivery have been implicated as

TABLE 4. Effect of altitude and pregnancy on PPAR genes and
PPAR� targets in subjects with serial samples

Gene

P

ProbesAlt Preg Alt � Preg

Nonpregnant to 20 wk
PPAR family

PPAR 
 0.426 0.440 0.086# 2
PPARBP 0.001* 0.045* 0.938 1
PPARD 0.208 0.324 0.078# 1
PPAR � 0.799 0.027* 0.519 2
PPAR �C1 
 0.645 0.360 0.012* 2
PPAR �C1 � 0.528 0.018* 0.908 2

PPAR� target
IL8 0.003* 0.180 0.067# 1
IRS2 0.834 0.909 0.062# 1
NR4A1 0.027* 0.795 0.168 1
OLR1 0.034* 0.179 0.347 2

Nonpregnant to 36 wk
PPAR family

PPAR 
 0.171 0.029* 0.374 2
PPAR � 0.050# 0.000* 0.319 3
PPAR �C1 � 0.796 0.000* 0.874 2

PPAR� target
ADRB2 0.007* 0.028* 0.213 3
FGF11 0.072# 0.541 0.997 1
IL8 0.053# 0.850 0.243 1
IL8RA 0.004* 0.396 0.926 2
NR4A1 0.357 0.924 0.076# 1
OLR1 0.004* 0.000* 0.883 2
VEGF 0.038* 0.079# 0.020* 1

Alt, altitude; Preg, pregnancy; Alt � Preg, interaction of altitude
and pregnancy. Probes indicates number of probes for each gene
showing similar patterns of change and significance. Nominal P
values are shown. ADRB2, adrenergic �2 receptor; FGF11, fibroblast
growth factor 11; IL8RA, interleukin 8 (receptor 
); IRS2, insulin
receptor substrate 2; NR4A1, nuclear receptor subfamily 4, group A,
1; OLR1, oxidized low density lipoprotein receptor 1; PPAR�C1
,
PPAR� coactivator 1, 
; PPAR�C1�, PPAR� coactivator 1, �; PPARBP,
PPAR binding protein; PPARD, PPAR�; *P � 0.05. #0.10 � P � 0.05.
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contributors to hypoxia-related IUGR (5, 25), the vaso-
protective effects of PPAR� may be relevant for success-
ful pregnancy at high altitude. PPAR� exerts its vaso-
protective properties by inhibiting vasoconstrictors
(e.g., endothelin 1) and antiangiogenic (e.g., sFlt-1)
factors, increasing VEGF production (39), and modu-
lating nitric oxide bioavailability (23). However, with
the exception of reduced VEGF mRNA expression at
high altitude vs. sea level, there were no prominent
transcriptional changes of genes encoding vasoactive or
angiogenic factors between altitudes. In agreement
with this observation, circulating levels of endothelin 1
or sFlt-1 were similar between altitudes (data not
shown) as well as during pregnancy at 3100 m relative
to lower altitude (1609 m) (17). However, as was the
case for cytokines, our observation that vasoactive or
angiogenic factor gene transcription was unaffected by
altitude may be related to the fact that mRNA transcrip-
tion is not equivalent to protein expression (52).

Fourth and finally, a recent study proposing that
hypoxia-related IUGR is the product of fetal hypoglyce-
mia rather than fetal oxygen deficit (53) led us to con-
sider the possibility that PPAR�-mediated regulation of
glucose homeostasis influences fetal growth at high alti-
tude. PPAR� acts in coordination with adenosine mono-
phosphate-activated protein kinase isoform a1 (AMPKa1)
to sense and regulate cellular energy homeostasis (54).
Specifically, PPAR� agonists enhance AMPK-dependent
metabolic activity to repress gluconeogenesis (55) and
enhance glucose uptake (56) independent of PPAR�
activity. Activated AMPK inhibits PPAR� expression (57).
This suggests that the comparative down-regulation of
PPAR� at high altitude we observed may be due to
enhanced AMPK activity, which, in turn, would be ex-
pected to increase maternal blood glucose uptake and
reduce fetal glucose availability, as has been observed

during pregnancy at high altitude relative to sea level
(58). Further supporting the potential importance of
metabolic pathways for impaired fetal growth, we recently
reported that maternal genetic variation within AMPKa1
is associated with birth weight; specifically women ho-
mozygous for the T allele at AMPKa1 locus rs1345778
(TT) delivered infants of greater birth weight relative to
heterozygotes (21).

CONCLUSIONS

Our findings demonstrate that chronic maternal hyp-
oxia during pregnancy alters gene expression patterns
and supports the possibility that inhibition of PPAR�
may influence maternal physiological responses to
pregnancy and fetal growth at high altitude. Further
study using experimental animal models to manipulate
PPAR� activation during hypoxic pregnancy will be
useful for clarifying the role of PPAR� during hypoxic
pregnancy and to determine its direct relevance, if any,
to hypoxia-associated IUGR. Such studies could also be
used to further understand the interaction between
AMPK and PPAR� for metabolic homeostasis during
gestation. Understanding the mechanisms by which
chronic hypoxia impairs fetal growth has tremendous
clinical and public health implications given that fetal
growth raises the risk of morbidity and mortality not
only during the perinatal period but also increases
susceptibility to metabolic, cardiovascular and pulmo-
nary disease in later life (59).

The authors acknowledge all the women who partici-
pated in this project. Their appreciation is also extended to
physicians and technical staff at the Bolivian Institute of
High Altitude Biology and Clinica Sirani for assistance with
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Figure 5. Four mechanisms by
which inhibition of PPAR� dur-
ing high-altitude pregnancy
may influence fetal growth: 1)
alterations to placentation; 2)
alterations to inflammatory pro-
cesses; 3) alterations to vascular
function; and 4) alterations to glu-
cose homeostasis. Inhibition of
PPAR� due to hypoxia (right
panel) could impede uteroplacen-
tal blood flow by impairing spiral
artery remodeling and increasing
uteroplacental resistance, in-
creasing the production of proin-
flammatory factors, or reducing
vasodilaton and angiogenesis vs.
normoxic pregnancy (left panel).
PPAR�-mediated regulation of
glucose homeostasis may also in-
fluence fetal growth at high alti-
tude.
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