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Abstract

Introduction—Adequate maternal supply and placental delivery of long chain polyunsaturated 

fatty acids (LCPUFA) is essential for normal fetal development. In humans, maternal obesity 

alters placental FA uptake, though the impact of diet remains uncertain. The fatty fetal liver 

observed in offspring of Japanese macaques fed a high fat diet (HFD) was prevented with 

resveratrol supplementation during pregnancy. We sought to determine the effect of HFD and 

resveratrol, a supplement with insulin-sensitizing properties, on placental LCPUFA uptake in this 

model.

Methods—Japanese macaques were fed control chow (15% fat, n=5), HFD (35% fat, n=10) or 

HFD containing 0.37% resveratrol (n=5) prior to- and throughout pregnancy. At ~130d gestation 

(term=173d), placentas were collected by caesarean section. Fatty acid uptake studies using 14C-

labeled oleic acid, arachidonic acid (AA) and docosahexanoic acid (DHA) were performed in 

placental explants.

Results—Resveratrol supplementation increased placental uptake of DHA (P<0.05), while HFD 

alone had no measurable effect. Resveratrol increased AMP-activated protein kinase activity and 

mRNA expression of the fatty acid transporters FATP-4, CD36 and FABPpm (P<0.05). Placental 

DHA content was decreased in HFD dams; resveratrol had no effect on tissue fatty acid profiles.

Discussion—Maternal HFD did not significantly affect placental LCPUFA uptake. 

Furthermore, resveratrol stimulated placental DHA uptake capacity, AMPK activation and 
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transporter expression. Placental handling of DHA is particularly sensitive to the dramatic 

alterations in the maternal metabolic phenotype and placental AMPK activity associated with 

resveratrol supplementation.
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Introduction

1 in 5 women who deliver in the US are obese [1]. The offspring of these women have a 

higher risk of developing obesity and insulin resistance and dying of cardiovascular disease 

in later life [2–4]. These outcomes may be due to changes in placental function, specifically 

nutrient transport, that are associated with maternal obesity and a diet high in fat [5, 6]. 

Indeed, in humans, maternal obesity has been associated with changes in placental fatty acid 

uptake [7, 8]. The long chain polyunsaturated fatty acids (LCPUFA), specifically the n-3 

LCPUFA docosahexanoic acid (DHA), are critical for proper neurological and 

cardiovascular development of the fetus [reviewed in 9]. Unlike adult mammals, the fetus 

has limited capacity to synthesize LCPUFA from their essential fatty acid precursors [10–

12], and so relies upon placental delivery for their supply. Therefore, conditions that alter 

placental LCPUFA handling may have important effects on fetal development and long-term 

wellness. Maternal high fat diet [5, 6] and maternal insulin resistance [13, 14] alter placental 

fatty acid metabolism and transport and are associated with maternal obesity. The relative 

contribution of these two variables to obesity-related changes in placental lipid transport and 

metabolism are not understood.

Japanese macaques fed a diet composed of 35% fat, comparable to a typical western-style 

diet, before and during pregnancy have offspring born with fatty liver who develop obesity 

and vascular dysfunction in later life [15, 16]. Characteristics of these pregnancies include 

maternal insulin resistance, decreased uterine blood flow, decreased plasma LCPUFA levels, 

high placental triglycerides and placental inflammation [17], mimicking complications 

observed in pregnancies of obese women [18–20], and possibly altering placental nutrient 

handling.

Resveratrol is a polyphenol that mimics calorie restriction and has been shown to improve 

outcomes in animal models of obesity [21–23]; effects in obese humans are more 

controversial [24–26]. Recently, Roberts et al. reported in the Japanese macaque model, 

that supplementation of a high fat diet (HFD) with resveratrol during pregnancy improves 

maternal fasting insulin levels and decreases fat mass in addition to resolving fetal outcomes 

such as high liver triglycerides [27]. Furthermore, resveratrol infusions were shown to 

acutely increase uterine blood flow in this model of maternal high fat diet [27].

Resveratrol’s caloric restriction effects may depend upon activation of the AMP-activated 

protein kinase (AMPK) pathway [28], which, as an energy sensor, in turn stimulates 

numerous metabolic processes within the cell including fatty acid uptake and metabolism 

with the goal of increasing cellular energy production [29, 30]. AMPK activity is decreased 

O’Tierney-Ginn et al. Page 2

Placenta. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in placentas of obese women [19]. The consequences of AMPK activation on placental fatty 

acid handling are unknown.

We sought to determine the effect of HFD with and without resveratrol supplementation on 

placental fatty acid handling using the Japanese macaque model. We hypothesized that a 

diet high in fat would suppress placental LCPUFA uptake and resveratrol supplementation 

would oppose this effect in association with the activation of the cellular energy sensor, 

AMPK.

Materials and Methods

Experimental Design

All animal procedures were in accordance with the guidelines of the Institutional Animal 

Care and Use Committee of the Oregon National Primate Research Center (ONPRC) and 

Oregon Health & Science University. Japanese macaques were fed control chow (15% fat, 

n=5), HFD (35% fat, n=10) or HFD containing 0.37% resveratrol (n=5) prior to- and 

throughout pregnancy as previously described [27]. At ~130d gestation (term=173d), 

placentas were collected by caesarean section. Macaque placentas have two lobes: a primary 

lobe attached to the umbilical cord and a secondary lobe attached to the primary via 

interlobar vessels. Whether these lobes have different functional capacity is not well 

understood and therefore we collected samples (four separate cotyledons) from both lobes. 

Sets of samples were: 1) flash frozen immediately in liquid nitrogen and stored at −80°C for 

molecular analyses; 2) formalin fixed for subsequent paraffin embedding for 

immunohistochemistry analyses; 3) collected fresh for uptake studies as described below.

Fatty acid uptake

Placental fatty acid uptake studies using 14C-labeled oleic acid (OA) arachidonic acid (AA) 

and docosahexanoic acid (DHA) were performed in placental explants as previously 

described [7]. Briefly, villous tissue was collected from both placental lobes and washed in 

warm PBS. Small fragments (<2mm3) were dissected and one from each cotyledon was 

placed in each Netwell insert in warm uptake buffer (HBSS with 10mM HEPES, pH 7.4) for 

30 minute equilibration at 37°C. Buffer was removed and 200 μM albumin-bound fatty acids 

(ratio of 1:1 fatty acid:BSA) in uptake buffer were added. Fatty acids were prepared using 

radio-labeled 1-14C-oleic acid, 1-14C-arachidonic acid or 1-14C–DHA (Moravek 

Biochemicals, Brea, CA) and corresponding non-labeled fatty acids (oleic acid [OA; Acros 

Organics, NJ, USA], arachidonic acid [AA; Sigma, St. Louis, MO] and DHA [Cayman 

Chem, Ann Arbor, MI]). Reactions were stopped at 0, 15, 30, 45 and 60 minutes and 

explants were washed 3x in cold stop solution (uptake buffer with 0.1% BSA and 200μM 

phloretin (MP Biomedicals, Solon, OH)) and finally in cold PBS. Explants were dissolved in 

BioSol (National Diagnostics, Atlanta, GA) overnight at 37°C and an aliquot was counted 

on a Beckman LS3801 Liquid Scintillation Counter (Beckman Coulter, Brea, CA). Total 

protein concentration was determined by BCA assay following the manufacturer’s 

instructions (Pierce, Rockford, IL, USA). Uptake was calculated as nmol fatty acid/mg/

minute.
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Real-Time PCR analysis

Total RNA was isolated from ~50 mg of placental villous tissue collected from the primary 

placental lobe using TriReagent (Sigma) following manufacturer’s directions. Real-Time 

PCR analysis was performed using the Stratagene Mx3005P Thermocycler as described in 

detail previously [7]. Gene-specific primers (Table 1) were designed for AMPK-α, fatty acid 

transporters (CD36, FABPpm, FATP-1,2,4,6) and fatty acid binding proteins (FABP)-3,4 

and 5 using primer design software (Clone Manager Professional Suite, v.8). GAPDH was 

used as a housekeeping gene. PCR amplicons were detected by fluorescent detection of 

SYBR Green (Applied Biosystems, USA Power SYBR® Green Master Mix, 4368708). 

Cycling conditions were the same for all primer pairs: 95°C 10 min (for enzyme activation) 

followed by 40 cycles of 95°C 20s, 55°C for 30s, 72°C 30s. NTCs were not detectable ≤ 40 

cycles. Comparative quantification corrected for the efficiency of the respective standard 

curve was used to generate values for each replicate based on the Cq using MxPro software. 

The same sample was used as the “calibrator” in all assays. Values were expressed as a ratio 

of the gene of interest to GAPDH in each sample.

Immunoblotting analysis

Phosphorylated and total AMPKα, FABPpm, CD36 and FATP4 protein levels were 

determined in placental protein extracts by western blot analysis. Plasma membrane and 

cytosolic protein was isolated from ~50 mg of placental villous tissue from the primary lobe 

following manufacturer’s directions (Abcam, Plasma Membrane Protein Extraction Kit, 

ab65400). Protein concentration was quantified by BCA assay. Equal amounts of total 

protein/sample (20 μg) were separated by SDS-PAGE on a 7.5% gel (TGX™ Precast Gels, 

BioRad) and transferred to 0.2 μm nitrocellulose membrane (BioRad). Membranes were 

blocked with 5% milk TBS-T (TBS+0.01% Tween) buffer for 1 h. Membranes were 

incubated with primary antibodies rabbit anti-pAMPKα (Thr172) (1:1000, Cell Signaling 

#9957), rabbit anti-AMPKα (1:1000, Cell Signaling), mouse anti-FABPpm (1:1000 Abcam 

#ab93928), mouse anti-FATP4 (1:1000 Abnova #H00010999-M01) and rabbit anti-CD36 

(1:2000 ThermoFisher #PA1-16813) overnight at 4°C. Membranes were washed in TBS-T 

before exposure to the appropriate secondary antibody (1:3000, Santa Cruz) for 1 h at room 

temperature. Antibody binding was detected using a chemiluminescence system (Amersham 

ECL™ Prime, GE Healthcare); protein expression was quantified from a digitized image of 

the blot and expressed as a ratio of phosphorylated to total protein or protein of interest to 

ponceau S staining.

Immunohistochemistry

Paraffin sections, 5μm thick were prepared using standard methodology. To block non-

specific binding of the peroxidase to the blood cells, the tissue was incubated in 0.3% H2O2 

in PBS for 15 min followed by several more PBS rinses. Sections were then blocked for 

non-specific staining in PBS containing 1% BSA (Jackson ImmunoResearch) 10% Normal 

Goat serum (NGS), 0.3% Triton-X 100 for 30 min. Sections with primary antibodies (1:800 

anti-GOT2 (FABPpm), Abcam #ab93928; 1:500 anti-CD36, ThermoFisher #PA1-16813; 

1:200 anti-ACSVL4 (FATP4), SantaCruz #sc25670) diluted in PBS containing 1% BSA, 

0.3% TX-100 were incubated 12–14 hours at 4°C in a humidified chamber. Vector 
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Laboratories elite ABC kit was used according to directions except for 90 min incubations. 

DAB was used for visualization. The counterstain was Hematoxylin QS (Vector 

Laboratories). Slides were imaged using E600 (Nikon) with Spot RT camera and software 

version 4.7 (Diagnostic Instruments).

Placental tissue fatty acid analysis

Frozen placental tissue was homogenized in PBS and kept cold on ice. Fatty acid profiles 

were analyzed by a modification of the methods described by Lagerstedt, et al. [31]. 

Deuterated free fatty acids d3C10:0, d3C14:0, d3C16:0, d3C18:0, d3C20:0 and d4C22:0, 

were added to samples prior to extraction as internal standards. Fatty acid pentafluorobenzyl 

(PFB)-esters were analyzed by GC-MS on a Trace DSQ (Thermoelectron) operating in the 

negative ion chemical ionization mode with methane as the reagent gas. Fatty acid-PFB 

esters were separated on a DB-5ms capillary column (30 m x 0.25 mm x 0.25 μm) with 

helium as the carrier gas at a flow rate of 1 ml/min. Individual fatty acids were monitored 

with selected ion monitoring and a dwell time of 50 ms for each ion species. Calibration 

curves were generated to quantify unknowns using Xcalibur software (Thermo Scientific).

Statistical analysis

One-way analysis of variance followed by Tukey’s post-test was used to examine 

differences between groups (GraphPad Prism 6.02). Q-PCR data was log transformed prior 

to statistical analysis to normalize the data. Data are presented as mean ± SEM unless noted 

otherwise. P value <0.05 was considered statistically significant.

Results

Maternal and fetal characteristics are described in Table 2; metabolic data from this cohort 

were previously reported [27]. The majority of the animals on a HFD gain weight and have a 

reduced insulin response as measured by an intravenous glucose tolerance test before 

pregnancy and 1 week before delivery and are considered “diet sensitive”, the remainder are 

“diet resistant” [15]. For all measurements, results were first separated by diet sensitivity, 

but in every case, diet sensitivity did not have a detectable impact on the reported 

measurements and thus animals were grouped by diet alone. Maternal and fetal weights 

were not different between groups (Table 2). Placental weight was 18% lower in the mothers 

supplemented with resveratrol as compared to control or HFD alone (P<0.01).

Placental fatty acid uptake

Fatty acid uptake values were calculated for both the primary and secondary placental lobes 

separately. We did not observe detectable differences between the lobes in terms of rate of 

uptake for any fatty acid studied, nor association of uptake with diet. Thus, we report values 

from the primary lobe only.

Resveratrol supplementation of the high fat diet was associated with an 87% increase in 

placental uptake of the LCPUFA DHA (Fig 1C) over control diet levels. LCPUFA uptake 

was not significantly altered by a high fat diet alone. Placental oleic acid and arachidonic 

acid uptake was not different between groups (Fig 1A & B).
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AMPK activation

To investigate possible mechanistic pathways underlying resveratrol’s effect on placental 

LCPUFA uptake, we first measured the placental expression and phosphorylation of the 

catalytic α subunit of AMPK (Fig 2). Placental AMPKα mRNA expression was 

significantly lower in animals fed a high fat diet (P=0.02) as compared to control diet 

animals (Fig 2A). AMPKα expression in HFD-RES was not different from control animals, 

suggesting that resveratrol normalized AMPKα expression. Though differences in AMPKα 

phosphorylation were not detected between placentas of control and HFD animals, 

resveratrol supplemented animals had a 22-fold increase in phosphorylated AMPKα as 

compared to HFD-alone (Fig 2B), suggesting that resveratrol supplementation activates 

placental AMPK.

Placental fatty acid transporter expression and localization

The expression of several placental fatty acid transporters was measured to assess their 

possible role in resveratrol-induced changes in fatty acid uptake (Fig 3). HFD alone was 

associated with lower mRNA expression of placental plasma membrane fatty acid binding 

protein (FABPpm, Fig 3A) and fatty acid transporter (FATP)-4 (Fig 3B). Resveratrol 

supplementation of the HFD normalized (FATP4) or increased mRNA expression 

(FABPpm) above control diet levels. Placental fatty acid translocase (CD36) mRNA 

expression was not affected by HFD alone, but was 138% higher than control diet and 162% 

higher than HFD animals in the resveratrol supplemented group (Fig 3C). As the fatty acid 

transporters are most active when localized to the plasma membrane, we analyzed the 

protein expression of these transporters in the plasma membrane and cytosol fractions of the 

placenta. FABPpm levels were not different between diet groups in the plasma membrane 

fraction (Fig 4A), but were higher in the placental cytosol of resveratrol supplemented 

animals (Fig 4B). In contrast, CD36 levels were higher in the plasma membrane of 

resveratrol-supplemented animals (Fig 4C), but not the cytosol (Fig 4D). Placental FATP4 

protein levels were not different between groups (data not shown). We were unable to detect 

a statistically significant effect of diet or resveratrol supplementation on the placental 

mRNA expression of FATP1, FATP2, FATP6, FABP3, FABP4 or FABP5 (data not shown).

The localization of these fatty acid transporters within the macaque placenta was determined 

using immunohistochemistry. All transporters studied were localized primarily to the 

syncytiotrophoblast layer of the placenta. FABPpm (Fig 5A) and FATP4 (Fig 5B) showed 

diffuse staining within this cellular layer, whereas CD36 strongly localized to the basal 

membrane of the syncytium (Fig 5C). PBS without any primary antibody served as the 

negative control (Fig 5D).

Placental fatty acid profiles

The fatty acid composition of placental tissue was analyzed to determine the effect of 

changes in uptake on tissue storage and lipid profiles (Table 3). Resveratrol supplementation 

did not measurably alter the placental fatty acid composition as compared to HFD alone. 

HFD was associated with a decrease in the concentration of placental DHA levels by 40% 

(P<0.05); though the decrease in placental DHA in HFD-RES dams was similar (37%), it 

did not reach statistical significance (P=0.12). The proportion of monounsaturated fatty 
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acids (palmitoleic, C16:1 and oleic, C18:1) was significantly higher in the placentas of HFD 

dams (P=0.007 by ANOVA), with or without resveratrol supplementation. As oleic acid was 

the most abundant MUFA measured, we calculated the delta-9-desaturase index (C18:1/

C18:0) for all animals. This index tended to be higher in HFD placentas, regardless of 

resveratrol supplementation, though it did not reach statistical significance (P=0.06 by 

ANOVA). The placental N-6/N-3 ratio was altered by diet (P=0.03 by ANOVA), however 

multiple comparison testing failed to detect significant differences between groups (CTR vs 

HFD, P=0.057).

Discussion

The main findings of this study were that maternal HFD did not alter the ability of the 

placenta to take up fatty acids; however, supplementation of HFD with resveratrol prior to 

and throughout pregnancy significantly increased placental DHA uptake capacity. This 

increase in DHA uptake capacity was associated with activation of AMPK and higher 

expression of multiple fatty acid transporters in the early third trimester macaque placenta.

In our model, plasma n-3 LCPUFA levels are 77% lower in mothers on HFD (vs. control 

diet) and 71% lower in their offspring [32]. HFD offspring of this model display anxiety-like 

behavior [33] and increased vascular reactivity [16, 34], consistent with exposure to low 

levels of n-3 LCPUFA during fetal development [35, 36]. Though we found that resveratrol 

supplementation improves the ability of the HFD placenta to take up DHA, fetal n-3 

LCPUFA levels in circulation remain low [27]. As fetal plasma fatty acid profiles are 

influenced by fetal metabolism as well as placental transport, it is unclear whether changes 

in placental uptake capacity altered transport of LCPUFA to the fetus. Resveratrol 

supplementation improves uterine and umbilical blood flow in the HFD animals [27], 

suggesting that when paired with enhanced capacity for placental uptake, LCPUFA transfer 

may be increased in vivo. Offspring of resveratrol-supplemented HFD mothers showed 

dramatic improvements in liver triglyceride deposition at birth [27]. The n-3 LCPUFA, 

namely DHA and EPA reduce lipid esterification in several tissues, including the liver [37, 

38] and increased exposure to these fatty acids may explain the findings in offspring of 

resveratrol-supplemented mothers. Alternatively, the reduced placental size associated with 

resveratrol supplementation suggests that despite an increase in DHA uptake capacity per 

mg placental tissue, a decrease in amount of tissue may result in no change in overall 

placental DHA uptake. However, these studies were not designed to conclusively determine 

maternal-fetal fatty acid transfer.

Tracer studies found that in vivo placental DHA transport to the fetus was lower in obese 

women with gestational diabetes and this was associated with lower placental DHA uptake 

[14], supporting an important connection between placental uptake and transport in vivo. 

The effect of maternal obesity on placental transport of DHA to the fetus in non-diabetic 

women is unknown, though we have previously reported that DHA uptake in placental 

explants from obese non-diabetic women at term is not different from lean women [7]. 

These findings are consistent with our observation that placental DHA uptake was not 

altered by HFD alone in the macaque model. The uptake values measured in the macaque 

placentas (~0.07 nmol DHA/mg/min) were comparable to human placentas (~0.1 nmol 
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DHA/mg/min) [7], suggesting that placental DHA uptake capacity is similar between human 

and non-human primates.

Normal changes in maternal metabolism during pregnancy includes a reduction in insulin 

sensitivity which drives increases in maternal fat mass and circulating triglycerides – 

important fuel for fetal growth and the main source of fatty acids for placental transfer [39–

41]. Roberts et al. reported that resveratrol supplementation of HFD dams decreased 

maternal body weight (both fat and lean mass), improved fasting insulin during pregnancy 

and reduced circulating triglyceride concentrations, though leptin levels increased normally 

[27]. Dams supplemented with resveratrol did not gain significant weight during pregnancy, 

unlike their control and HFD counterparts. Reductions in weight and triglycerides before 

pregnancy are beneficial for long-term health. However these changes during pregnancy 

may impede fetal growth and development [42]. Indeed, Roberts reported that fetal 

pancreatic development was altered in resveratrol-supplemented pregnancies which may 

have negative effects on metabolism later in life [27].

The metabolic effects of resveratrol have been shown to depend upon activation of AMPK 

[28]. Indeed, we demonstrated in our model that chronic resveratrol supplementation of 

HFD prior to and during pregnancy was associated with 22-fold higher levels of 

phosphorylated AMPK in the placenta as compared to HFD alone. Activation of AMPK 

leads to translocation of CD36 and FABPpm to the membrane and is associated with an 

increase in fatty acid uptake in vivo and in vitro [29, 30]. Consistent with this, in our model, 

the placental mRNA expression of these transporters was increased and CD36 protein levels 

were higher in placental plasma membrane with resveratrol treatment. These findings 

highlight an important role for placental AMPK activation in the upregulation of fatty acid 

transporter expression and enhanced ability to take up DHA in placentas of resveratrol-

supplemented dams.

Our immunolocalization data showed that all three transporters (CD36, FABPpm, FATP4) 

localized primarily to the syncytiotrophoblast layer, suggesting that the observed changes in 

transporter expression affected levels mainly in the cellular layer responsible for fatty acid 

uptake from the maternal circulation. Interestingly, though FABPpm and FATP4 protein 

appeared to be distributed throughout the syncytiotrophoblast, CD36 proteins were localized 

overwhelmingly to the basal membrane of the trophoblast in the Japanese macaque 

placenta, a finding that has not previously been reported. We speculate that the observed 

increase in plasma membrane CD36 levels in resveratrol-supplemented placentas may result 

in increased shuttling of fatty acids from the syncytiotrophoblast to the fetal circulation. This 

in turn would drive a favorable concentration gradient for DHA uptake from the maternal 

circulation across the maternal villous membrane. Though Roberts et al. did not detect a 

difference in fetal fatty acid levels with resveratrol supplementation, fetal metabolism will 

also influence these levels and if resveratrol (which was found to cross the placenta) 

modified fatty acid uptake in other fetal organs, circulating levels may remain low. The 

delta-9-desaturase index (measure of steroyl CoA desaturase 1 activity) was increased in 

HFD placentas as compared to controls, though this was not statistically significant. 

However, it displays a trend consistent with findings in the liver of other models of HFD, 

that steroyl CoA desaturase activity is increased which coincides with an increase in 
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esterification of lipids and tissue storage [43, 44]. Interestingly, resveratrol supplementation 

did not alter this effect of HFD in the placenta, in opposition to findings in other tissues [45], 

suggesting that resveratrol may have unique effects on placental lipid metabolism.

Due to the nature of our model, we are limited by the number of animals in our study, which 

left us underpowered to thoroughly assess differences between HFD resistant and sensitive 

dams or between male and female fetuses. Thus, though we did not detect any trends, we 

cannot conclusively rule out an effect of either diet sensitivity or fetal sex on these 

relationships. Detection of non-specific binding of labeled fatty acids to the explants may 

have contributed to the uptake values. However, it is unlikely that this non-specific 

component explains the differences in DHA uptake between dietary groups. Our plasma 

membrane extraction protocol was not specific for syncytiotrophoblast membranes, thus we 

cannot say for certain that changes in transporter expression in the membrane fraction is 

specific to this cellular layer, though our immunohistochemistry data suggest that the 

overwhelming localization of these transporters is in the trophoblast. It remains to be 

established which specific plasma membranes are enriched in this fraction and whether 

enrichments differ between dietary groups. We did not directly measure fatty acid delivery 

to the fetus, and therefore can only speculate that an increase in placental DHA uptake and 

increase in blood flow to the placenta [27] may alter the transfer of fatty acids from mother 

to baby.

In summary, we found that maternal HFD led to a decrease in placental fatty acid transporter 

and AMPK mRNA expression, but did not significantly affect placental LCPUFA uptake. 

Resveratrol supplementation - associated with decreased maternal fat mass and fasting 

insulin and triglyceride levels, without changes in dietary fat intake - stimulated placental 

DHA uptake capacity, AMPK activation and transporter expression. These findings suggest 

that though placental fatty acid uptake capacity appears to be unaffected by a HFD, handling 

of the n-3 LCPUFA DHA is particularly sensitive to the dramatic alterations in the maternal 

metabolic phenotype and placental AMPK activity associated with resveratrol 

supplementation.
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Highlights

• Resveratrol is an insulin sensitizer and may act via AMPK activation.

• Macaques were fed a high fat diet with and without resveratrol during 

pregnancy.

• Placental fatty acid transporter and AMPK expression was lower in HFD dams.

• Resveratrol increased placental transporter expression and AMPK activity.

• Resveratrol increased placental polyunsaturated fatty acid uptake capacity.
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Figure 1. 
Unsaturated fatty acid uptake in placentas of control (CTR), high fat fed (HFD) and 

resveratrol supplemented (HFD-RES) non-human primates. Resveratrol supplementation 

stimulated placental uptake of the n-3 LCPUFA DHA (C) over animals on a control diet and 

high fat diet without resveratrol supplementation. Oleic acid uptake (A) and arachidonic acid 

uptake (B) were not affected by a high fat diet or resveratrol supplementation. Diet 

sensitivity was not associated with detectable differences in placental LCPUFA uptake (data 

not shown). Data are mean ± SEM **P<0.05 vs HFD alone and vs CTR by ANOVA and 

Tukey posthoc test.
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Figure 2. 
Placental AMP-activated protein kinase mRNA and protein levels in control (CTR), high fat 

fed (HFD) and resveratrol supplemented (HFD RES) non-human primates. AMPKα mRNA 

expression was decreased in placentas of HFD animals, but resveratrol supplementation 

normalized these levels (A). Resveratrol supplementation stimulated the phosphorylation of 

AMPKα protein in the placenta (B). Representative blot of phosphorylated and total 

AMPKα in the placenta shown. Diet sensitivity was not associated with detectable 

differences in placental AMPK expression or phosphorylation (data not shown). Data are 

mean ± SEM *P<0.05 vs CTR, **P<0.05 vs CTR, HFD by ANOVA and Tukey posthoc 

test.
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Figure 3. 
Placental fatty acid transporter mRNA expression in control (CTR), high fat fed (HFD) and 

resveratrol supplemented (HFD RES) non-human primates. FABPpm (A) and FATP4 (B) 

mRNA expression was decreased in placentas of HFD animals, but resveratrol 

supplementation normalized these levels, and in the case of FABPpm, upregulated them 

above control. CD36 mRNA expression was increased with resveratrol supplementation (C). 

Diet sensitivity was not associated with detectable differences in placental fatty acid 

transporter expression (data not shown). Data are mean ± SEM *P<0.05 vs CTR; **P<0.05 

vs CTR, HFD by ANOVA and Tukey’s posthoc test.
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Figure 4. 
Placental fatty acid transporter protein levels in control (CTR), high fat fed (HFD) and 

resveratrol supplemented (HFD RES) non-human primates. Plasma membrane FABPpm 

levels (A) were not different between groups, but were higher in the cytosol with resveratrol 

supplementation (B); CD36 levels in the plasma membrane (C), but not cytosol (D) were 

increased with resveratrol supplementation. Representative immunoblots and ponceau S 

stained membranes are shown. Diet sensitivity was not associated with detectable 

differences in placental fatty acid transporter expression (data not shown). Data are mean ± 

SEM *P<0.05 vs CTR; **P<0.05 vs CTR, HFD by ANOVA and Tukey’s posthoc test.
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Figure 5. 
Fatty acid transporter protein localization in the non-human primate placenta. Representative 

bright field microscope images of FABPpm (A), FATP4 (B) and CD36 (C) in CTR diet non-

human primate placenta are shown. FABPpm and FATP4 are detected throughout the 

syncytiotrophoblast layer (thin arrows, A&B), whereas CD36 is localized most strongly in 

the basal membrane of the syncytium (thick arrow, C). PBS control is shown (D). Scale bars 

= 10 μm
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Table 2

Maternal, placental and fetal characteristics

CTR HFD HFD-RES

n 5 10 5

Pre-pregnancy Weight (kg) 9.7 ± 2.0 12.8 ± 2.9 12.9 ± 1.5

3rd Trimester Weight (kg) 11.3 ± 2.9 14.5 ± 3.3 12.8 ± 2.3

Birth Weight (g) 316 ± 24 342 ± 32 326 ± 40

Total Placental Weight (g) 106 ± 2 108 ± 13 88 ± 8**

Birth weight: Placental Weight 3.0 ± 0.2 3.2 ± 0.4 3.7 ± 0.3**

Female/Male 3/2 5/5 1/4
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Table 3

Placental fatty acid profiles in control diet, high fat diet and resveratrol-supplemented dams.

CTR HFD HFD-RES

n 6 6 5

Palmitate, C16:0 7.18 ± 0.48 6.61 ± 1.20 6.21 ± 1.07

Stearate, C18:0 4.89 ± 0.63 4.34 ± 0.77 4.49 ± 0.77

Total SFA 12.07 ± 1.03 10.95 ± 1.90 10.70 ± 1.74

Palmitoleate, C16:1 0.36 ± 0.13 0.27 ± 0.08 0.24 ± 0.04

Oleate, C18:1 1.69 ± 0.36 2.20 ± 0.38 2.27 ± 0.50

Total MUFA 2.05 ± 0.47 2.47 ± 0.42 2.51 ± 0.52

Linoleate, C18:2 3.91 ± 0.61 2.69 ± 0.52 2.82 ± 0.55

Arachidonate, C20:4 8.79 ± 1.62 9.13 ± 2.05 8.99 ± 2.00

Total n-6 12.69 ± 2.05 11.83 ± 2.14 11.81 ± 2.40

α-Linolenate, C18:3 0.10 ± 0.02 0.08 ± 0.01 0.08 ± 0.01

Eicosapentanoate, C20:5 0.83 ± 0.05 0.82 ± 0.06 0.83 ± 0.07

Docosahexanoate, C22:6 1.66 ± 0.70 1.00 ± 0.11* 1.04 ± 0.19

Total n-3 2.59 ± 0.76 1.91 ± 0.15 1.96 ± 0.25

n-6/n-3 5.06 ± 0.66 6.17 ± 0.84 5.98 ± 0.63

Total FA 29.40 ± 2.87 27.16 ± 4.37 26.99 ± 4.69

%SFA 41.36 ± 5.11 40.34 ± 2.00 39.74 ± 1.35

%MUFA 6.95 ± 1.25 9.11 ± 0.52* 9.35 ± 1.24*

%n-6 43.02 ± 3.62 43.44 ± 2.49 43.57 ± 1.42

%n-3 8.67 ± 1.68 7.11 ± 0.73 7.34 ± 0.62

D9D Index 0.35 ± 0.12 0.51 ± 0.05 0.51 ± 0.07

Values are mean ± SD and expressed as μmol/g tissue, unless otherwise indicated. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; 
D9D, delta-9-desaturase index.

*
P<0.05 vs CTR.
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