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Abstract

The environmental hypoxia of high altitude (HA) increases the incidence of intrauterine growth 

restriction (IUGR) approximately threefold. The peroxisome proliferator-activated receptor γ 
(PPAR-γ), a ligand-activated nuclear receptor that promotes vasorelaxation by increasing nitric 

oxide and downregulating endothelin-1 (ET-1) production, has been implicated in IUGR. Based on 

our prior work indicating that pharmacologic activation of the PPARγ pathway protects against 

hypoxia-associated IUGR, we used an experimental murine model to determine whether such 

effects may be attributed to vasodilatory effects in the uteroplacental circulation. Using wire 

myography, ex vivo vasoreactivity studies were conducted in uterine arteries (UtA) isolated from 

pregnant mice exposed to hypoxia or normoxia from gestational day 14.5 to 18.5. Exposure to 

troglitazone, a high-affinity PPARγ agonist, induced vasorelaxation in UtA pre-constricted with 

phenylephrine, with HA-UtA showing increased sensitivity. Troglitazone blunted ET-1-induced 

contraction of UtA in hypoxic and normoxic dams equivalently. Immunohistological analysis 

revealed enhanced staining for ET-1 receptors in the placental labyrinthine zone in hypoxic 

compared to normoxic dams. Our results suggest that pharmacologic PPAR-γ activation, via its 

vasoactive properties, may protect fetal growth under hypoxic conditions by improving 

uteroplacental perfusion and thereby justify further investigation into PPARγ as a therapeutic 

target for IUGR in pregnancies complicated by hypoxia.
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3. INTRODUCTION

Intrauterine growth restriction (IUGR) raises the risk of neonatal death up to 20-fold and is 

associated with increased morbidity and mortality rates across the lifespan.1–3 Despite its 

public health importance, the pathophysiology of IUGR remains unclear and, as a result, no 

effective therapies or preventative strategies exist. Impaired maternal oxygenation, such as 

that resulting from the chronic hypoxia of high altitude (> 2500 m) residence, reduces birth 

weight and increases the incidence of IUGR nearly threefold.4–7 For this reason, high-

altitude research models provide a unique opportunity to identify the physiologic and 

molecular mechanisms by which hypoxia contributes to reduced fetal growth without the 

confounding effects of other pathologic changes present in IUGR.

In healthy pregnancy, widespread maternal vascular adaptations, including the extensive 

remodeling of the uterine spiral arteries and altered uterine artery vasoreactivity, collectively 

serve to reduce uteroplacental vascular resistance, enhance uterine artery blood flow and 

thereby maintain adequate uteroplacental perfusion for fetal development.8,9 Such effects are 

due, in part, to changes in the production of or sensitivity to vasodilators (e.g., nitric oxide 

[NO]) and vasoconstrictors (e.g. endothelin 1 [ET-1]).8 In contrast, high-altitude pregnancy 

and IUGR are marked by a reduction in the normal pregnancy-associated rise in 

uteroplacental blood flow, an effect that not only precedes slowed fetal growth but also 

directly corresponds to birth weight.10–13

Peroxisome proliferator-activated receptor gamma (PPARγ), a hypoxia-sensitive, ligand-

activated transcription factor of the nuclear hormone receptor superfamily, is predominantly 

recognized for its role in the regulation of metabolic homeostasis and inflammation.14 

However, PPARγ is also vital for establishing the uteroplacental villous circulation15, 16 and 

maintaining uterine vascular function.17, 18 PPARγ also exhibits vasoprotective properties, 

lowering blood pressure in hypertensive disease and improving endothelium-dependent 

vasorelaxation19 by suppressing ET-1 synthesis and prepro-ET −1 expression in human 

vascular endothelial cells,20 and increasing NO production.21, 22 In line with these functions, 

PPARγ is abundantly expressed in the rodent placental labyrinthine zone,23 human 

trophoblast,15, 24 and human vascular smooth muscle cells.25 Experimental animal studies 

also strongly demonstrate vascular sites of action for PPARγ. In rats, for instance, 

antagonizing PPARγ decreases fetal growth, reduces vasodilation of the radial uterine 

arteries and induces endothelial dysfunction.17, 18 In mice, PPARγ activation reduces 

vascular sensitivity to angiotensin II, lowers blood pressure and improves fetal growth in 

heterozygote Rgs5+/− mice, known to otherwise be susceptible to IUGR.26

An abundant literature implicates PPARγ for the development of vascular disorders of 

pregnancy. 17, 27–29 In humans, placental PPARγ mRNA expression is 2-fold lower in IUGR 

compared to controls, and directly related to fetal and placental weight.29 Our prior work 

demonstrates that high-altitude pregnancy also suppresses PPARγ pathway gene expression 

Lane et al. Page 2

FASEB J. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in maternal peripheral blood cells in parallel with reduced birth weight.30 Experimental 

animal studies further support the involvement of the PPARγ pathway for IUGR. In recent 

work, for example, we show that dietary supplementation with pioglitazone, a 

pharmacologic PPARγ agonist, partially prevented hypoxia-associated fetal growth 

restriction in mice.31 Here, we propose that one mechanism by which thiazolidinediones, a 

class of PPARγ agonists used clinically to treat diabetes and polycystic ovarian syndrome,
32, 33 may protect fetal growth under hypoxic conditions is by promoting uterine artery 

vasorelaxation and, in turn, enhancing uteroplacental perfusion. Using a murine model of 

hypoxia-associated IUGR, we hypothesized that (1) PPARγ activation ex vivo induces 

vasorelaxation in uterine arteries pre-constricted with phenylephrine (PE) and that these 

effects are augmented in uterine arteries isolated from dams exposed to hypoxia during late 

gestation and, (2) hypoxia enhances vasocontractility to ET-1 and that this response is 

blunted by PPARγ activation.

4. MATERIALS AND METHODS

All animal procedures and protocols were completed in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals34 and approved by 

the Institutional Animal Care and Use Committee at the University of Colorado (IACUC, 

Protocol Number: 113016(08)1E).

Mice and Late-Gestation Hypoxia Exposure

Female C57Bl/6 mice (Charles River, Wilmington, MA) were mated at 8–14 weeks of age. 

A copulatory plug was considered evidence of successful breeding and considered to be 

gestational day (GD) 0.5. From GD14.5 to GD18.5, pregnant mice were placed in 

hyperbaric (PB ~ 760 mmHg, sea level) or hypobaric (PB ~ 385 mmHg, 5300 m) chambers 

to simulate normoxia or hypoxia, respectively. Given the moderate altitude of Denver, 

Colorado (1609 m), a hyperbaric chamber had to be used for a true normoxic (i.e., sea level) 

exposure. On GD18.5, mice were euthanized by carbon dioxide asphyxiation and cervical 

dislocation. Directly after euthanasia, the main uterine arteries were excised, cleaned of 

surrounding connective tissue placed in an ice-cold PBS bath and immediately prepared for 

wire myography studies. Fetuses and placentas were excised, cleaned of fetal membranes, 

and weighed. Placentas were fixed in 4% paraformaldehyde overnight then embedded in 

paraffin or flash frozen in liquid nitrogen for homogenization and protein extraction. Our 

previous study utilizing the same model of hypoxia-associated fetal growth restriction 

reported that there was no effect of hypoxia on litter size, maternal food intake, or resorption 

number, indicating that dams likely tolerated the normoxic and hypoxic chambers equally 

well and fetal growth restriction was not due to maternal stress.31

Small-Vessel Wire Myography

For each dam, segments of each main UtA were mounted in a four-chamber, small-vessel 

wire myograph (DMT 610, Copenhagen, Denmark) with two wires (40 μm) threaded 

through the vessel lumen and connected to either a tension transducer or micrometer. Each 

vessel was normalized to a resting tension equivalent to 13.3 kPa for a minimum of 40 

minutes in warm (37°C) Krebs solution (118 mmol/L NaCl, 4.7 mmol/L KCl, 1.2 mmol/L 
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MgSO4, 1.2 mmol/L KH2PO4, 25 mmol/L NaHCO3, 11 mmol/L glucose, 2.5 mmol/L 

CaCl2) continuously bubbled with 95% O2, 5% CO2. To establish viability, UtAs were 1) 

constricted with 60 and 120 mmol/L KCl (Sigma Aldrich, St. Louis, MO), 2) a sub-maximal 

concentration of phenylephrine (PE, 10 μmol/L) and 3) exposed to the endothelial-dependent 

vasodilator, acetylcholine (1 μmol/L) to test for an intact endothelium. For our experimental 

protocol, vessels were preconstricted with 10 μmol/L PE (Sigma-Aldrich; % PEmax) and the 

vasodilator response to the high-affinity PPARγ agonist troglitazone (1–100 μmol/L) was 

established. Our rationale for using troglitazone is based on recent calls for revisiting the 

therapeutic value of thiazolidinediones for vascular disorders of pregnancy,35 and on-going 

human clinical trials for a wide array of vascular diseases.36 To assess the contribution of 

NO production for the vasodilatory effects of troglitazone, UtAs were incubated for 20 

minutes with and without the NO synthase inhibitor L-NG-nitroarginine methyl ester (L-

NAME; 10 μmol/L) prior to PE constriction and the application of troglitazone. Given that 

ET-1 is a potent vasoconstrictor implicated in hypoxic and hypertensive disorders of 

pregnancy37, 38 and is downregulated by PPARγ,39 we also determined the contractile 

response of the UtA to ET-1 (0.1–10 nmol/L) prior to and after a 20-minute incubation with 

troglitazone (1 μmol/L).

Placental Immunohistochemistry

Placental paraffin sections were deparaffinized in xylene and rehydrated in decreasing 

concentrations of ethanol (100 – 80%) and de-ionized water. For antigen retrieval, sections 

were submerged in 10mmol/L, pH 6.0 citrate buffer and boiled in a pressure cooker for 30 

minutes at 45°C. Sections were blocked in 1% bovine serum albumin (BSA) in 1x Tris 

Buffered Saline (TBS) for 30 minutes. Primary antibodies against ET-1 receptor A and B 

(Thermo Fisher Scientific, Rockford, IL) were diluted 1:1000 in 1% BSA in 1x TBS and 

applied to sections overnight at 4°C. Secondary anti-HRP antibody (Dako, Santa Clara, CA) 

was applied for 1 hour at room temperature. DAB substrate (Dako) was then added and 

allowed to develop for 6 minutes. Sections were then counterstained with hematoxylin for 1 

minute, dehydrated with increasing concentrations of ethanol (70–100%) and xylene, and 

then covered with cytoseal and cover slips.

Placental Protein Expression

Placenta total protein quantification was carried out using the Wes System (ProteinSimple, 

San Jose, CA). Placentas from dams at E18.5 were cleaned of fetal membranes and flash 

frozen. Placentas corresponding to the fetus closest to the litter mean fetal weight were 

homogenized using a sonicator in RIPA buffer (50 mmol/L Tris (pH 7.4), 2 mmol/L EDTA, 

1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150mmol/L NaCl, 50 mM NaF, 5 

mmol/L sodium vanadate) containing a protease and phosphatase inhibitor cocktail (Thermo 

Fisher Scientific). Protein levels were determined by capillary electrophoresis size-based 

separation via the WES System (ProteinSimple) according to manufacturer’s instructions. 

Data were analyzed with Compass software (ProteinSimple). Primary antibodies against 

ET-1 Receptor A and ET-1 Receptor B (Thermo Fisher Scientific, PA3–065 and PA3–066, 

1:100 dilution for both) were used and normalized to vinculin (Sigma-Aldrich).
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Analytical Strategy

Fetoplacental weights were averaged per dam and are expressed as the group mean ± SEM 

with N representing the number of dams per group. Fetoplacental weights were compared 

between normoxic and hypoxic dams using Student’s unpaired t-tests (Prism v.8; GraphPad 

Software, San Diego, CA). Concentration-response curves were generated, and sigmoidal 

curves fitted to the data using the least squares method (Prism v.8; GraphPad Software). 

Uterine artery relaxation evoked by troglitazone is expressed as the % PEmax. The 

contractile force elicited by ET1 is normalized to that evoked by 60mM KCl (Kmax). Half-

maximal effective concentration (EC50), maximal force and area under the curve (AUC) 

were compared using two-way analysis of variance (ANOVA) with Sidak’s multiple 

comparisons to determine the main effects of exposure during pregnancy (normoxia vs. 

hypoxia) and ex vivo treatment (e.g., control vs. troglitazone), or Student’s unpaired t-tests, 

as appropriate. Two-way ANOVA with repeated measures was performed for vascular dose–

response curves. If significant interactions were observed, then individual group means were 

compared, with the level of significance adjusted by Bonferroni’s method to account for 

multiple comparisons, or Student’s unpaired t test were performed for post hoc comparisons. 

Significance was defined as a two-tailed p < 0.05.

5. RESULTS

Effectiveness of Hypoxic Protocol to Reduce Fetal Weight

Maternal exposure to hypoxia from GD 14.5 to 18.5 reduced fetal weight by 38% (Fig. 1A; 

p < 0.0001). Compared to normoxic controls, mean placental weight tended to be higher 

(Fig. 1B; p = 0.08) and placental efficiency, expressed as the ratio of fetal to placental 

weight, lower in the hypoxic group (Fig. 1C; p < 0.0001).

Vasodilatory Effects of Pharmacologic PPARγ Activation in Normoxic and Hypoxic Uterine 
Artery

In normoxic and hypoxic dams, ex vivo exposure to the PPARγ agonist TGZ vasodilated 

uterine arteries pre-constricted with PE (Fig. 2A). Although maximal uterine artery 

vasorelaxation in response to TGZ was equivalent between normoxic and hypoxic mice (Fig. 

2B), the overall sensitivity to TGZ (expressed by the AUC) was greater in the hypoxic group 

(Fig. 2C; 2-way ANOVA for hypoxic effect, p < 0.05) with an accompanying significant 

effect on the EC50 (12.1 ± 2.0 vs 12.9 ± 0.8 μmol/L for normoxic and hypoxic vessels, 

respectively; p < 0.001).

Inhibition of NO synthase by L-NAME raised the EC50 in normoxic and hypoxic groups 

(34.3 ± 13.1 vs 37.8 ± 18.9 μmol/L, respectively; p < 0.05 compared to controls), indicating 

that NO production contributed to the vasodilatory effects of TGZ in both groups. In 

normoxic mice, L-NAME reduced the maximum vasodilator response to TGZ by 33% (Fig. 

2B; p < 0.05). In hypoxic mice, however, L-NAME had no effect on maximum vasodilator 

response to TGZ (Fig. 2B). These findings indicate a lesser contribution of NO to the effects 

of TGZ in hypoxic mice and suggest that NO production may be reduced by hypoxia.
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Effects of Pharmacologic PPARγ Activation on ET1-Induced Contraction of the Uterine 
Artery

The uterine arteries from normoxic and hypoxic mice contracted in response to ET-1 (Fig. 

3A). The maximum contractile response to ET-1 was augmented by hypoxia (Fig. 3B; p < 

0.05), but the overall sensitivity remained the same as that in normoxic vessels (Fig. 3C). 

Preincubating vessels with TGZ to activate PPARγ reduced the maximal response to ET-1 in 

normoxic and hypoxic groups (Fig. 3B; p < 0.05 or p < 0.0001 respectively). It is notable 

that vessels obtained from hypoxic dams had a comparatively blunted, albeit not statistically 

significant, maximal ET-1 response after TGZ incubation compared to controls. Overall 

sensitivity to ET-1 was reduced by TGZ in both the normoxic and hypoxic groups (Fig. 3C; 

2-way ANOVA for TGZ effect, p < 0.05). The contractile response to KCl was similar in 

normoxic and hypoxic mice (6.36 ± 0.48 vs 6.13 ± 0.38 mN, respectively, NS), indicating 

that the mechanical integrity of the uterine arteries was not affected by hypoxia.

Effect of Hypoxia on the Expression of ET1 Receptors in the Placenta and Uterine Artery

Given evidence suggesting that ET1 may be important for regulating uteroplacental blood 

flow,37, 40 we evaluated the effect of late-gestation hypoxia on the expression of ET1 

receptors A and B in the placenta and uterine artery. In normoxic and hypoxic animals, 

placental ET-1 receptors A and B were detected (Fig. 4A, B). Compared to normoxic 

controls, placental ET-1 receptor A expression was greater in hypoxic dams (Fig. 4A). Using 

immunohistochemistry to localize ET-1 receptor expression in the placenta, we found that, 

in normoxic mice, ET1 expression was predominantly localized to the junctional zone (Fig. 

4C panels i, ii). Qualitatively, ET-1 receptor staining was enhanced in placentas from 

hypoxic mice, and apparent in both the junctional zone and the labyrinthine zone (Fig. 4C 

panels iii, iv).

6. DISCUSSION

Abundant evidence supports involvement of the PPARγ pathway for vascular disorders of 

pregnancy, including IUGR and preeclampsia. Our prior human and experimental animal 

studies suggest that impaired PPARγ signaling may also be important for hypoxia-

associated fetal growth restriction. Dietary supplementation with a selective PPARγ agonist, 

for instance, appears to protect against hypoxia-associated fetal growth restriction in mice.31 

In the present study, we have shown that ex vivo PPARγ activation evokes profound 

relaxation of the uterine arteries, and that vessels obtained from hypoxia-exposed dams are 

more sensitive to vasorelaxation in response to PPARγ activation compared to normoxic 

controls. In support of our observation, in an interventional experimental animal study, 

treatment with the PPARγ agonist troglitazone abolished hypertensive responses to 

angiotensin II infusion during pregnancy and normalized fetal growth in a genetic mouse 

model (Rgs5+/−) that is otherwise known to be susceptible to hypertension and IUGR.26

Our observation that uterine arteries from hypoxia-exposed dams are more sensitive to the 

vasodilatory effects of PPARγ activation may reflect increased sensitization to 

pharmacologic PPARγ agonist exposure due, in part, to reduced PPARγ expression under 

hypoxic conditions.27, 29–31 Our data indicate that inhibition of NO by L-NAME blunted 
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vasorelaxation in response to TGZ incubation to a lesser extent in hypoxic compared to 

normoxic mice at higher TGZ concentrations (100uM), whereas as at lower TGZ 

concentrations inhibition of NO had a greater effect on inhibiting TGZ-induced 

vasorelaxation. PPARγ activation increases NO production via PPARγ-dependent 

mechanisms21 and increases eNOSser1177 phosphorylation via non-genomic mechanisms.22 

Therefore, one possible explanation for our observations is that hypoxia increased 

sensitization of PPARγ activation-induced NO signaling, synthesis or bioavailability.41

An alternative explanation may be related to augmented vasocontractility to ET-1 in the 

uterine arteries of hypoxic dams. Circulating ET-1 is elevated in human HA pregnancy 

compared to low altitude pregnancy,40 and has been associated with lower birth weight in 

HA pregnancy.37 ET-1 is also elevated in pregnancies complicated by preeclampsia or small-

for-gestational-age births,42, 43 and when its vasoconstrictor actions are inhibited with the 

use of ET-1 antagonists, hypoxia-associated reductions in uteroplacental blood flow and 

fetal growth in rat models are abolished.44 In the context of hypoxic pregnancy, therefore, it 

is plausible that PPARγ activation has an enhanced vasodilatory effect by reducing ET-1 

signaling. In support of this hypothesis, PPARγ pathway activation enhances endothelium-

dependent vasorelaxation (as previously reviewed),19 an effect that may be due to the 

suppression of ET-1 secretion,20, 45 ET-1 synthesis and prepro-ET-1 expression.20 While the 

brief troglitazone incubation implemented in our study likely excludes the possibility that 

changes in ET-1 synthesis or prepro-ET-1 expression affected vasoreactivity, significant 

changes in ET-1 secretion, as determined by circulating levels in the plasma, have been 

observed after only 5–6 minutes of low-grade exercise (recumbent cycling), indicating that 

ET-1 secretion shifts may occur rapidly.46 Additional studies are needed, however, to 

determine whether a 20-minute troglitazone exposure is sufficient to suppress ET-1 

secretion. Chronic PPARγ activation, which we did not address in this experiment, may also 

have non-genomic effects in reducing ET-1 signaling through microRNA regulation, as it 

does in models of pulmonary hypertension.47

Our findings further indicate that pharmacologic activation of the PPARγ pathway blunts 

ET-1 induced contraction of the uterine artery in normoxic controls and hypoxia-exposed 

dams. From a therapeutic perspective, this effect may be considered advantageous. Most 

prominently, since ET-1 signaling may also be elevated in vascular disorders of pregnancy 

that are unrelated to maternal hypoxic exposure, our findings suggest that targeting PPARγ 
to improve uteroplacental blood flow is likely not limited to hypoxia-related disease. 

However, indicating that the effect of PPARγ activation to reduce ET-1-induced contraction 

of the UtA may be of particular importance for the vascular dysfunction characteristic of 

hypoxia-associated complications of pregnancy, the maximum contractile response to ET-1 

was enhanced in uterine arteries of hypoxia-exposed dams.

Inhibition of NO production with L-NAME blunted the vasodilatory effects of troglitazone 

in uterine arteries from hypoxic and normoxic mice, indicating that elevated NO signaling 

contributed to the vasodilatory effects of troglitazone in both groups. However, the maximal 

vasorelaxation was blunted by L-NAME only in normoxic mice, indicating less NO 

production in hypoxic mice. This is consistent with previous findings of reduced NO 

signaling in uterine arteries from hypoxic animal models48–50 and in myometrial arteries 
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from our recent HA human studies.51 In addition to enhanced NO signaling and blunted 

contractility as described above, troglitazone may be acting through endothelial-derived 

hyperpolarizing factor, cyclooxygenase-dependent mechanisms in the vascular endothelium 

to cause relaxation, or other non-genomic mechanisms including the regulation of calcium 

influx in vascular smooth muscle cells by, for instance, suppressing increased basal 

intracellular free calcium concentration or store-operated calcium entry as has been observed 

in pulmonary artery vascular smooth muscle cells;52 these mechanisms require further 

investigation.

Placental blood flow is also a major determinant of nutrient and oxygen delivery to the fetus.
53 Placental vasomotor activity is largely dependent on the production of vasoactive 

compounds including ET-1 and expression of receptors including ET-1 receptors, allowing 

for autocrine and paracrine control of vascular function within the placenta.54–56 

Upregulation of ET-1 and its receptors in the placenta is associated with preeclampsia,57, 58 

a hypertensive disorder of pregnancy that often results in fetal growth restriction. For this 

reason, we assessed placental expression of ET-1 receptors A and B in normoxic and 

hypoxic mice with the hypothesis that increased placental ET-1 receptor expression would 

enhance ET-1 signaling, resulting in reduced placental perfusion and restricted nutrient 

delivery to the fetus. Indeed, compared to normoxic controls, we observed increased 

placental expression of both ET-1 receptors A and B in the junctional and labyrinthine zones 

of hypoxic mice. This observation supports the possibility that hypoxia may increase 

contractility in the portion of the placenta important for nutrient exchange between the dam 

and fetus. Our previous data in a similar murine model reported no change in placental 

vascular density or total vascular area with hypoxia exposure;31 these new data suggest that 

although the vessel number is similar, the in vivo contractile response might be augmented, 

resulting in increased placental vascular resistance. It is possible that ET-1 receptors are 

localized to placental cell types other than vascular cells, and so further investigation is 

needed to support these findings.

Given that the PPARγ pathway is a hypoxia-sensitive regulator of metabolic homeostasis 

and mediates the transcription of numerous inflammatory factors, our observations should be 

considered within a larger context. In particular, since hypoxia and inflammation are central 

to the pathophysiology of vascular disorders of pregnancy, PPARγ activation likely affects 

fetal growth in numerous ways, in addition to the potentially beneficial effects of blunting 

ET1-induced contraction of the UtA that we observed in this study. For instance, PPARγ 
activation mediates inflammatory responses by negatively regulating proinflammatory 

transcription factors [e.g., NF-κB, adaptor-related complex 1] and thereby attenuating 

cytokine production.59, 60 Additionally, PPARγ is a direct target of hypoxia-inducible factor 

1α (HIF1α) and contains a highly conserved hypoxic response element upstream of the 

PPARγ transcriptional start site,61 although its regulation by HIF1α is complex and tissue-

specific. In adipocyte differentiation, HIF1α inhibits PPARγ gene transcription,62 whereas 

in cardiomyocytes, HIF1α increases PPARγ expression.61 HIF1α is not always important in 

regulating effects of hypoxia on PPARγ; i.e., in murine trophoblast stem cells, hypoxia 

represses PPARγ expression in a HIF1α-independent fashion.63 Further studies are needed 

to determine whether impaired maternal oxygenation affects PPARγ expression or activation 

via HIF1α-independent mechanisms.
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Together, our data suggest that one mechanism by which PPARγ activation in late 

pregnancy acts to protect against hypoxia-induced fetal growth restriction may be related to 

the vasodilatory properties of PPARγ within the uteroplacental circulation. Of potential 

clinical importance, our findings further implicate the PPARγ pathway as a potential 

therapeutic target for improving uteroplacental perfusion in hypoxic pregnancy. PPARγ 
agonists are in use clinically to treat type II diabetes and polycystic ovarian syndrome,64, 65 

so their safety and efficacy have been established in non-pregnant women. Further studies 

are needed to determine PPARγ agonists’ specific mechanism of action in pregnant animal 

models. Additional studies are needed to determine the ability of PPARγ activation to 

regulate vasoreactivity in human resistance vessels in the uteroplacental circulation. Other 

future research avenues include establishing the role of PPARγ for the regulation of 

maternal, placental, and fetal metabolism, including glucose homeostasis or nutrient 

transporters,66–69 and the relationship of such effects for fetal growth in hypoxic pregnancy. 

Also, while their main target is PPARγ, thiazolidinedione drugs including troglitazone also 

directly activate AMP-activated protein kinase (AMPK) via a cell-autonomous effect and 

indirectly by increasing release of adiponectin.70, 71 Thus, the role of AMPK activation in 

the effects of PPARγ we observed here warrant further investigation. Together these studies 

address calls for investigating PPARγ agonists in treatment of vascular disorders of 

pregnancy72 in order to contribute to development of IUGR interventions using existing 

pharmacologic compounds.
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PPARγ Peroxisome proliferator-activated receptor gamma

ET-1 Endothelin-1

NO Nitric oxide

IUGR Intrauterine growth restriction
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Figure 1. Effects of late-gestation hypoxia on E18.5 feto-placental weights.
Hypoxia (HX) resulted in A) smaller fetal weights, B) similar placental weights, and C) 

reduced placental efficiency (ratio of fetal to placental weights) compared to normoxic 

(NORM) dams. Symbols are individual dams, bars are means ± SEM and compared by 

Student’s t-test; n = 8 NORM dams, 8 HX dams.
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Figure 2. Effects of in vivo hypoxia and ex vivo L-NAME incubation on uterine artery 
troglitazone (TGZ)-induced vasorelaxation.
Uterine arteries were preconstricted with PE prior to TGZ or L-NAME exposure. A) 

Concentration response curves to troglitazone (TGZ; 0.1–100 μmol) for uterine arteries with 

pre-incubation with L-NAME (30 min; 10 μmol) or control (CON) in uterine arteries 

preconstricted with PE from normoxic (NORM) or hypoxic (HX) mice. HX and NORM 

dams are represented by open squares and solid circles, respectively. Curves generated 

without or with L-NAME are represented by solid or dashed lines, respectively. B) The 

maximum vasodilator response to TGZ (expressed as the % PE-induced constriction 

achieved by TGZ or TGZ + L-NAME) was blunted by L-NAME in normoxic dams. C) 
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Overall sensitivity to TGZ as represented by area under the curve. Data are presented as 

means ± SEM and compared by 2-way ANOVA with differences between groups identified 

by Sidak’s multiple comparisons; n = 10 NORM CON, 10 NORM + L-NAME, 9 HX CON, 

9 HX + L-NAME.
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Figure 3. Effects of in vivo hypoxia and ex vivo troglitazone on the uterine artery contractile 
response to endothlelin-1 (ET-1).
A) Concentration response curves to ET-1 (0.1–30 nmol/L) with 20 min pre-incubation with 

troglitazone (TGZ; 1 μmol/L) or control (CON) in uterine arteries from normoxic (NORM) 

or hypoxic (HX) mice. B) Maximum contractile response to ET-1 was higher in HX dams, 

and TGZ blunted the maximal response in NORM and HX dams. C) Overall sensitivity to 

ET-1 as represented by area under the curve. Data are presented as means ± SEM and 

compared by 2-way ANOVA with differences between groups identified by Sidak’s multiple 

comparisons; n = 11 NORM CON, 11 NORM + TGZ, 15 HX CON, 14 HX + TGZ.
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Figure 4. Effects of in vivo hypoxia on the expression of ET-1 receptors in the murine placenta.
A) ET-1 receptor A protein expression is higher in hypoxic (HX) compared to normoxic 

(NORM) mouse placental homogenates. B) ET-1 receptor B protein expression is unaffected 

by HX. C) Representative immunohistochemical staining of placentas from NORM (i and ii) 

and HX (iii and iv) mice reveal qualitatively higher expression of both ET-1 receptors A and 

B with HX. N = 6 NORM, 6 HX dams for each receptor in placenta.
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