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Abstract

Gestational diabetes mellitus (GDM), which complicates up to 20% of all pregnancies, is

associated with low-grade maternal inflammation and peripheral insulin resistance. Sterile

inflammation and infection are key mediators of this inflammation and peripheral insulin

resistance. Resveratrol, a stilbene-type phytophenol, has been implicated to exert beneficial

properties including potent anti-inflammatory and antidiabetic effects in non-pregnant

humans and experimental animal models of GDM. However, studies showing the effects of

resveratrol on inflammation and insulin resistance associated with GDM in human tissues

have been limited. In this study, human placenta, adipose (omental and subcutaneous) tis-

sue and skeletal muscle were stimulated with pro-inflammatory cytokines TNF-α and IL-1β,

the bacterial product lipopolysaccharide (LPS) and the synthetic viral dsRNA analogue poly-

inosinic:polycytidylic acid (poly(I:C)) to induce a GDM-like model. Treatment with resveratrol

significantly reduced the expression and secretion of pro-inflammatory cytokines IL-6, IL-

1α, IL-1β and pro-inflammatory chemokines IL-8 and MCP-1 in human placenta and omen-

tal and subcutaneous adipose tissue. Resveratrol also significantly restored the defects in

the insulin signalling pathway and glucose uptake induced by TNF-α, LPS and poly(I:C).

Collectively, these findings suggest that resveratrol reduces inflammation and insulin resis-

tance induced by chemical and microbial products. Resveratrol may be a useful preventa-

tive therapeutic for pregnancies complicated by inflammation and insulin resistance, like

GDM.

Introduction

Gestational diabetes mellitus (GDM) is defined as glucose intolerance of variable severity with

first recognition during pregnancy [1]. The rate of GDM is increasing in parallel with the obe-

sity epidemic, and currently affects up to 20% of pregnancies depending on the population [2,

3]. There are many short- and long-term complications associated with GDM for the mother
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and child [4]. In the short-term, GDM women are at a greater risk of hypertension induced by

pregnancy, and even preeclampsia in severe cases [1, 5]. Hyperglycaemia during late gestation

is associated with macrosomia [6]. Macrosomia is a surrogate risk for other complications,

such as shoulder dystocia, induced birth and delivery by Caesarean section [6]. Babies who are

not macrosomic tend to have greater adiposity [7] which predisposes them to metabolic dis-

eases later in life, such as diabetes, cardiovascular disease (CVD) and obesity [8, 9].

Increased maternal skeletal muscle insulin resistance, a central feature of GDM pregnancies

[10–14], is responsible for increased fetal nutrient supply leading to increased fetal adiposity.

Increased inflammation and endotoxemia associated with GDM pregnancies [15–19] is

thought to contribute to this increased maternal insulin resistance. During pregnancy, the pla-

centa and maternal adipose tissue respond to bacterial and/or viral infections by enhancing

the expression and production of pro-inflammatory mediators including the pro-inflamma-

tory cytokines TNF-α, IL-1β, IL-1α and IL-6; and the chemokines, IL-8 and MCP-1. Increased

circulating levels of these pro-inflammatory mediators can induce (i) further inflammation,

(ii) and insulin resistance [15, 20–22].

Resveratrol is a stilbene-type phytophenol that is found in a wide variety of plants and

fruits, such as legumes, grapes and berries. It has a wide range of beneficial properties includ-

ing potent anti-inflammatory [23, 24] and antidiabetic [25–27] effects. Resveratrol reduces pla-

cental inflammation in non-human primates fed a high-fat diet (HFD) [28]. Furthermore,

resveratrol improves glucose metabolism in a genetic mouse model of GDM [29]. We have

previously shown that resveratrol can quench inflammation induced by bacterial endotoxin

lipopolysaccharide (LPS) in human placenta [24]. Apart from this one study, little is known

about the effects of resveratrol on inflammation and insulin resistance associated with GDM

using human samples. Therefore, the aim of this study is to determine whether resveratrol can

reduce inflammation and insulin resistance induced by inflammation and infection.

Materials and methods

Tissue collection

Approval for this study was obtained from the Mercy Hospital for Women’s Research and Eth-

ics Committee and written informed consent was obtained from all participating subjects.

Women were invited to provide samples on the day of admission for surgery. Women fulfilling

any of the following criteria were excluded; vascular/renal complication, multiple gestations,

asthma, smokers, preeclampsia, chorioamnionitis, placental abruption, acute fetal distress and

women with any other adverse underlying medical conditions.

Human placenta, omental adipose tissue, and skeletal muscle (from the rectus pyramidalis)

were obtained from non-obese women (body mass index, BMI<30 kg/m2) who delivered

healthy, singleton infants at term (37–41 weeks of gestation) undergoing elective Caesarean in

the absence of labour. All the tissues were delivered to the laboratory within 10 min of delivery

placed in 4˚C phosphate-buffered saline (PBS) ready to be processed immediately.

Tissue explants

Human placenta, omental and subcutaneous adipose tissue and skeletal muscle were obtained

from women at term elective Caesarean section. Tissues were obtained from normal glucose

tolerant (NGT) women and stimulated with either bacterial lipopolysaccharide (LPS; a toll-like

receptor (TLR)4 ligand), polyinosinic-polycytidylic acid (poly(I:C); a TLR3 ligand), or pro-

inflammatory cytokines (i.e. IL-1β, TNF-α). Tissue explants were performed as previously

described [21, 22, 24]. The tissues were blunt dissected to remove visible connective tissue, ves-

sels and calcium-deposits then thoroughly washed with PBS. The processed tissues were pre-
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incubated for 1 h in Dulbecco’s Modified Eagle’s Medium (DMEM), containing 100 U/ml

penicillin G, 100 μg/ml streptomycin, at 37˚C in a humidified incubator of 5% CO2 and 8% O2

(for placenta) and 21% O2 (for skeletal muscle and adipose tissue). The samples were then blot-

ted dry on filter paper; 100 mg wet weight (for placenta and adipose) or 50 mg wet weight (for

skeletal muscle) per well was transferred to a 24-well tissue culture plate and incubated in 1 ml

DMEM for 20 h. To determine the effects of resveratrol on placental, omental and subcutane-

ous adipose tissue and skeletal muscle, these tissues were incubated in 10 μg/ml LPS, 50 μg/ml

poly(I:C), 10 ng/ml TNF-α, 5 ng/ml IL-1β with or without 200 μM resveratrol (AdooQ BioSci-

ence, Irvine, CA, USA). The optimised concentration of resveratrol [24] and the inflammatory

mediators [20, 24, 30] were determined by previously published studies. After final incubation,

tissue and media were collected separately and stored at -80˚C for further analysis as detailed

below. Each treatment was performed on tissues obtained from six patients. Experiments were

performed in duplicate; the average of the duplicate was used for final data analysis.

To assess the effects of resveratrol on the insulin signalling pathway in skeletal muscle,

explants were performed as detailed above. However, after 20 h incubation, tissues were incu-

bated with 0.1 μM insulin for 30 min to activate the insulin signalling pathway. After final

incubation, tissue was collected and assessment of glucose uptake and expression of the insulin

signalling proteins by Western blot are detailed below. Each treatment was performed on tis-

sues obtained from six patients for both the glucose uptake assays and Western blotting.

RNA extraction and quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from tissues using TRIsure reagent according to manufacturer’s

instructions (Bioline, Alexandria, NSW, Australia), as previously described [30]. RNA concen-

tration and purity were determined using a NanoDrop ND1000 spectrophotometer (Thermo

Scientific, Pittsburgh, PA). RNA was converted to cDNA using the SuperScript1 VILO™
cDNA Synthesis Kit (Thermo Fisher Scientific; Scoresby, Vic, Australia) according to the man-

ufacturer’s instructions. The cDNA was diluted fifty-fold, and 4 μl of this was used to perform

qRT-PCR using SensiFAST™ SYBR No-ROX Kit (Bioline, Alexandria, NSW, Australia) and

pre-designed and validated QuantiTect primers (Qiagen; Chadstone Centre, Vic, Australia).

The RT-PCR was performed using a CFX384 Real-Time PCR detection system from Bio-Rad

Laboratories (Hercules, California, USA). Average gene Ct values were normalised against two

housekeeping genes (β2-Microglobulin (B2M) and 18S rRNA). Of note, there was no effect of

experimental treatment on B2M mRNA or 18S rRNA expression. Fold differences were deter-

mined using the comparative Ct method.

Western blotting

Western blotting was performed as previously described [31]. Blots were cut into three sec-

tions of MW ranges: 250–100 kD, 100–75 kD and 75–37 kD. The 250–100 kD section was

probed with 1 μg/ml rabbit polyclonal phosphorylated (Tyr1229) IRS-1 (sc-17202; Santa Cruz

Biotechnology; Santa Cruz, CA, USA); the 100–75 kD section was probed with 1 μg/ml rabbit

polyclonal phosphorylated (Tyr 1162/1163) IR-β (sc-25103; Santa Cruz Biotechnology, Santa

Cruz, CA, USA); and the 75–37 kD section was probed with 1 μg/ml rabbit polyclonal GLUT-4

(SAB4300667; Sigma-Aldrich; St. Louis, MO, USA). Antibodies were incubated in blocking buffer

(5% BSA in TBS with 0.05% Tween-20) for 16 h at 4˚C. Membranes were viewed and analysed as

described above. For normalisation, blots were stripped and re-probed with either1 μg/ml rabbit

polyclonal IR-β (sc-711; Santa Cruz Biotechnology, Santa Cruz, CA, USA), 1 μg/ml rabbit poly-

clonal IRS-1 (sc-560; Santa Cruz Biotechnology; Santa Cruz, CA, USA) or β-actin (1:20,000;

A5316; Sigma-Aldrich; St. Louis, MO, USA). Phosphorylated IRS-1 and IR-β data were corrected
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for background and normalised to total IRS-1 and IR-β, respectively. GLUT-4 data was corrected

for background and normalised to β-actin (1:20,000; A5316; Sigma-Aldrich; St. Louis, MO, USA).

The blots were treated with HRP-conjugated secondary antibody (1:2500) obtained from Santa

Cruz Biotechnology for 45 mins at room temperature. The specific signals were visualised using

Western blotting luminol reagent (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Membranes

were viewed and analysed using the XRS ChemiDoc system (Bio-Rad Laboratories; Gladesville,

NSW, Australia). Semi-quantitative analysis of the relative density of the bands in Western blots

was performed using Image Lab 3.0 (Bio-Rad Laboratories; Gladesville, NSW, Australia).

Enzyme immunoassays

The release of IL-6, IL-8 and MCP-1 into the incubation medium was performed by sandwich

ELISA according to the manufacturer’s instructions (Life Technologies; Mulgrave, Vic, Australia).

All data were corrected for total protein and expressed as either pg or ng per mg protein. The pro-

tein content of tissue homogenates was determined using BCA protein assay (Thermo Fisher Sci-

entific; Scoresby, Vic, Australia), using BSA as a reference standard, as previously described [32].

The calculated interassay and intraassay coefficients of variation (CV) were all less than 10%.

Glucose uptake

Skeletal muscle explants were performed as detailed above and glucose uptake was performed

as previously described [31]. Briefly, after final incubation with treatment, tissues were pre-

incubated in the absence or presence of 20 μM cytochalasin B in Krebs buffer for 5 mins.

2-Deoxy-D-glucose (2DG) uptake was measured by adding 3 μCi/ml [14C]-2DG (Perkin

Elmer) and 1 mM 2DG to Krebs buffer containing 0.5% BSA (fatty acid free) and 0.1 μM insu-

lin for 20 min. Tissues were then collected and washed three times in PBS, blotted dry on filter

paper and then solubilised for 4 h in 0.5 ml 1 M NaOH at 60˚C. Tissues were neutralised with

0.5 ml 1 M HCl and then centrifuged at 15,000 g for 5 min to pellet insoluble material. The

supernatant was transferred to a vial containing 3 ml of liquid scintillation fluid. All samples

were counted for radioactivity in a liquid scintillation counter. GLUT-specific glucose uptake

was measured by subtracting values for [14C]-2DG uptake in the presence of 20 μM cytochala-

sin B. Glucose uptake was performed on tissues obtained from six patients.

Statistical analysis

Statistics was performed on the normalised data unless otherwise specified. All statistical anal-

yses were undertaken using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). The

homogeneity of data was assessed by the Bartlett’s test. For non-parametric data, the Friedman

test was used while parametric data were assessed by a one-way ANOVA using Fisher’s Least

Significant Difference (LSD) post hoc test to allow multiple comparisons between the groups.

Statistical significance was ascribed to a P value <0.05. Data were expressed as mean ± SEM.

Results

Effect of resveratrol on inflammation in placenta

Human placenta was incubated with resveratrol, in the presence of TNF-α (Fig 1), IL-1β (Fig

2) or poly(I:C) (Fig 3). As demonstrated in Fig 1, TNF-α treatment significantly increased IL-

1α, IL-1β, IL-6 and IL-8 mRNA expression (Fig 1A–1D) and release of IL-6, IL-8 and MCP-1

(Fig 1F–1H). There was no effect of TNF-α on MCP-1 mRNA expression (Fig 1E). Treatment

with resveratrol significantly attenuated TNF-α-stimulated IL-1α, IL-1β, IL-6 and IL-8 mRNA

expression and release of IL-6, IL-8 and MCP-1.
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Fig 2 depicts the effect of resveratrol on IL-1β-stimulated pro-inflammatory cytokine and

chemokine expression in human placenta. As expected, treatment with IL-1β significantly

increased IL-1α, IL-6, IL-8 and MCP-1 mRNA expression (Fig 2A–2D) and release of IL-6, IL-

8 and MCP-1 (Fig 2E–2G). Treatment with resveratrol significantly attenuated IL-1β-stimu-

lated IL-1α, IL-6 and IL-8 mRNA expression and release of IL-6, IL-8 and MCP-1. IL-1β-

induced MCP-1 mRNA expression was decreased by resveratrol; however, this failed to reach

statistical significance (P = 0.07; Fig 2D).

The effect of resveratrol on poly(I:C)-induced cytokine and chemokine expression is dem-

onstrated in Fig 3. Treatment with poly(I:C) significantly increased TNF-α, IL-1α, IL-1β, IL-6,

IL-8 and MCP-1 mRNA expression (Fig 3A–3F) and release of IL-6 and IL-8 (Fig 3G and 3H).

Treatment with resveratrol significantly attenuated poly(I:C)-induced expression of TNF-α,

IL-1α, IL-1β, IL-6, IL-8 and MCP-1 mRNA expression and release of IL-6 and IL-8. Resvera-

trol decreased poly(I:C)-induced IL-1β mRNA expression (Fig 3C) and MCP-1 release, how-

ever this was not statistically significant (Fig 3I).

Effect of resveratrol on inflammation in omental adipose tissue

The effect of resveratrol treatment in omental adipose tissue was also studied, and is depicted

in Figs 4–6. As show in Fig 4, treatment with TNF-α significantly increased IL-1α, IL-1β, IL-6

Fig 1. Effect of resveratrol on TNF-α-induced pro-inflammatory cytokines and chemokines in placenta. Human placenta was incubated with

10 ng/ml TNF-α in the absence or presence of 200 μM resveratrol (resv) for 20 h (n = 6 patients). (A-E) IL-1α, IL-1β, IL-6, IL-8 and MCP-1 mRNA

expression was analysed by qRT-PCR and the fold change was calculated relative to TNF-α. (F-H) The incubation medium was assayed for

concentration of IL-6, IL-8 and MCP-1 release by ELISA. All data are displayed as mean ± SEM. *P<0.05 vs. TNF-α.

doi:10.1371/journal.pone.0173373.g001
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and MCP-1 mRNA expression and release of IL-6 and MCP-1 in omental tissue. Resveratrol

treatment significantly decreased TNF-α-stimulated IL-1α, IL-1β, IL-6 and MCP-1 mRNA

expression and release of IL-6 and MCP-1.

The effect of resveratrol treatment in omental tissue in the presence of IL-1β is shown in

Fig 5. As expected, IL-1β treatment significantly increased IL-1α, IL-6, IL-8 and MCP-1

mRNA expression and release of IL-6, IL-8 and MCP-1. A significant reduction in IL-1β-stim-

ulated IL-1α, IL-6 and MCP-1 mRNA expression and release of IL-6, IL-8 and MCP-1 was

observed in omental tissue co-treated with resveratrol. There was, however, no effect of resver-

atrol on IL-1β-induced IL-8 mRNA expression (Fig 5C).

The effect of resveratrol on the production of pro-inflammatory cytokines and chemokines

was also determined in omental tissue treated with LPS, as shown in Fig 6. As expected, treat-

ment with LPS significantly increased mRNA expression of IL-1α, IL-6 and MCP-1 and release

of IL-6, IL-8 and MCP-1. Resveratrol treatment significantly attenuated LPS-stimulated IL-1α,

IL-6 and MCP-1 mRNA expression and release of IL-6, IL-8 and MCP-1.

Fig 2. Effect of resveratrol on IL-1β-induced pro-inflammatory cytokines and chemokines in placenta. Human placenta was incubated with 5

ng/ml IL-1β in the absence or presence of 200 μM resveratrol (resv) for 20 h (n = 6 patients). (A-D) IL-1α, IL-6, IL-8 and MCP-1 mRNA expression

was analysed by qRT-PCR and the fold change was calculated relative to IL-1β. (E-G) The incubation medium was assayed for concentration of IL-6,

IL-8 and MCP-1 release by ELISA. All data are displayed as mean ± SEM. *P<0.05 vs. IL-1β.

doi:10.1371/journal.pone.0173373.g002
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Similar results were obtained from subcutaneous adipose tissue (S1 and S2 Figs), whereby

resveratrol treatment attenuates IL-1β and LPS-stimulated pro-inflammatory cytokine and

chemokine expression.

Effect of resveratrol on skeletal muscle insulin signalling

The effect of resveratrol on insulin signalling was determined in skeletal muscle in the presence of

TNF-α, LPS or poly(I:C). Both TNF-α and LPS treatments significantly attenuated phosphorylated

Fig 3. Effect of resveratrol on poly(I:C)-induced pro-inflammatory cytokines and chemokines in placenta. Human placenta was incubated with

50 μg/ml poly(I:C) in the absence or presence of 200 μM resveratrol (resv) for 20 h (n = 6 patients). (A-F) TNF-α, IL-1α, IL-1β, IL-6, IL-8 and MCP-1

mRNA expression was analysed by qRT-PCR and the fold change was calculated relative to poly(I:C). (G-I) The incubation medium was assayed for

concentration of IL-6, IL-8 and MCP-1 release by ELISA. All data are displayed as mean ± SEM. *P<0.05 vs. poly(I:C).

doi:10.1371/journal.pone.0173373.g003

Fig 4. Effect of resveratrol on TNF-α-induced pro-inflammatory cytokines and chemokines in omental adipose tissue. Human omental

adipose tissue was incubated with 10 ng/ml TNF-α in the absence or presence of 200 μM resveratrol (resv) for 20 h (n = 6 patients). (A-D) IL-1α, IL-

1β, IL-6 and MCP-1 mRNA expression was analysed by qRT-PCR and the fold change was calculated relative to TNF-α. (E,F) The incubation

medium was assayed for concentration of IL-6 and MCP-1 release by ELISA. All data are displayed as mean ± SEM. *P<0.05 vs. TNF-α.

doi:10.1371/journal.pone.0173373.g004
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IR-β protein expression (Fig 7A and 7E). Co-incubation with resveratrol restored phosphorylated

IR-β protein expression to basal levels. While a similar result was obtained with resveratrol treat-

ment in the presence of poly(I:C) (Fig 7I), the differences did not reach statistical significance.

Treatment of skeletal muscle with TNF-α, LPS and poly(I:C) significantly attenuated phosphory-

lated IRS-1 protein expression (Fig 7B, 7F and 7J), GLUT4 protein expression (Fig 7C, 7G and

7K) and 2DG uptake (Fig 7D, 7H and 7L). Co-incubation with resveratrol in skeletal muscle

treated with either TNF-α, LPS or poly(I:C), significantly restored phosphorylated IRS-1 protein

expression (Fig 7B, 7F and 7J), GLUT4 protein expression (Fig 7C, 7G and 7K) and 2DG uptake

(Fig 7D, 7H and 7L) to basal levels.

Discussion

This study has demonstrated that the phytophenol resveratrol can significantly decrease chem-

ical and microbial induction of inflammation in human placenta and adipose tissues obtained

from pregnant women. Resveratrol was also able to significantly restore the impaired insulin

Fig 5. Effect of resveratrol on IL-1β-induced pro-inflammatory cytokines and chemokines in in omental adipose tissue. Human omental

adipose tissue was incubated with 5 ng/ml IL-1β in the absence or presence of 200 μM resveratrol (resv) for 20 h (n = 6 patients). (A-D) IL-1α, IL-6, IL-

8 and MCP-1 mRNA expression was analysed by qRT-PCR and the fold change was calculated relative to IL-1β. (E-G) The incubation medium was

assayed for concentration of IL-6, IL-8 and MCP-1 release by ELISA. All data are displayed as mean ± SEM. *P<0.05 vs. IL-1β.

doi:10.1371/journal.pone.0173373.g005
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signalling pathway and insulin-mediated glucose uptake in human skeletal muscle obtained

from pregnant women.

Low-grade maternal inflammation is a key feature of pregnancies complicated by GDM

[33–39]. There is extensive evidence that show human placenta and adipose tissue are impor-

tant sites involved in the propagation of this maternal inflammation [15, 21, 22, 30, 32, 40–48].

In this study, human placenta and adipose tissue (omental and subcutaneous) were stimulated

with the pro-inflammatory cytokines TNF-α and IL-1β in order to induce an inflammatory

state. Both TNF-α and IL-1β significantly induced the production of pro-inflammatory cyto-

kines TNF-α, IL-1α, IL-1β, and IL-6, and chemokines, IL-8 and MCP-1 in placenta, and

omental and subcutaneous adipose tissue obtained from pregnant women. Co-incubation

Fig 6. Effect of resveratrol on LPS-induced pro-inflammatory cytokines and chemokines in in omental adipose tissue. Human omental

adipose tissue was incubated with 10 μg/ml LPS in the absence or presence of 200 μM resveratrol (resv) for 20 h (n = 6 patients). (A-C) IL-1α, IL-6

and MCP-1 mRNA expression was analysed by qRT-PCR and the fold change was calculated relative to LPS. (D-F) The incubation medium was

assayed for concentration of IL-6, IL-8 and MCP-1 release by ELISA. All data are displayed as mean ± SEM. *P<0.05 vs. LPS.

doi:10.1371/journal.pone.0173373.g006
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Fig 7. Effect of resveratrol on the insulin signalling pathway. Human skeletal muscle tissue was incubated with

(A-D) 10 ng/ml TNF-α, (E-H) 10 μg/ml LPS or (I-L) 50 μg/ml poly(I:C) for 20 h with or without 200 μM resveratrol

(resv), followed by a 30 min incubation with 0.1 μM insulin (n = 6 patients). (A,E,I) Phosphorylated IR-β (pIR-β)

protein expression was normalised to total IR-β protein expression. A representative Western blot from 1 patient is

also shown. (B,F,J) Tyrosine phosphorylated IRS-1 (pIRS-1) protein expression was normalised to total IRS-1

protein expression. A representative Western blot from 1 patient is also shown. (C,G,K) GLUT4 protein expression

Resveratrol and GDM
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with resveratrol, however, significantly reduced TNF-α- and IL-1β-induced inflammation in

placenta and adipose tissue.

Recently, there has been some evidence to suggest that bacterial and viral infection are

associated with GDM [20, 49–52]. It is not known whether infection contributes to the patho-

physiology of GDM; however, the placenta and adipose tissue produce can secrete pro-inflam-

matory mediators in response to pathogens and/or their by products. For example, studies

have demonstrated the bacterial endotoxin LPS [24, 32, 47], and viral dsRNA analogue poly(I:

C) [21, 53] can induce the expression of pro-inflammatory cytokines in placenta and adipose

tissue in vitro. We have previously shown resveratrol to significantly attenuate LPS-induced

inflammation in human placenta [24]. Here, we extend these studies and demonstrate resvera-

trol also significantly reduces mRNA expression and secretion of pro-inflammatory cytokines

(IL-1α, IL-1β and IL-6) chemokines (IL-8 and MCP-1) in human placenta and adipose tissue

(omental and subcutaneous) stimulated by poly(I:C) or pro-inflammatory cytokines IL-1β and

TNF-α.

In corroboration with our findings, experimental animal studies have also demonstrated

that resveratrol can ameliorate HFD-induced inflammation during pregnancy. Specifically,

resveratrol decreased HFD-induced IL-1β and RANTES (regulated on activation, normal T-

cell expressed and secreted) in the placenta of non-human primates [28]; and in mice, resvera-

trol also decreased HFD-induced serum levels of TNF-α and MCP-1 and mRNA expression of

TNF-α, IL-6, IFN-α and IFN-β in adipose tissue [54]. However, it should be noted that these

animal studies on resveratrol use nutritional manipulation (i.e. HFD) to induce a model of

GDM. Although some women develop GDM due to pre-existing obesity, many women who

present with GDM are lean pre-pregnancy. Moreover, these HFD-induced models of GDM do

not account for other factors such as genetic susceptibility on the development of GDM.

Increased maternal peripheral insulin resistance is another central feature in the pathophys-

iology of GDM [9, 10, 12, 55]. Low-grade maternal inflammation induced by sterile inflamma-

tion or an underlying maternal infection can contribute to the development of peripheral

insulin resistance in skeletal muscle of pregnant women [5, 10, 55–57]. Studies have shown

that the insulin signalling pathway and glucose uptake in skeletal muscle from pregnant

women are significantly impaired by pro-inflammatory cytokines TNF-α and IL-1β, and also

by LPS and poly(I:C) [20, 22, 31]. Thus, in order to test the effect of resveratrol on the insulin

signalling pathway, human skeletal muscle were stimulated by TNF-α, LPS or poly(I:C) in

order to generate a model of insulin resistance. Excitingly, resveratrol was able to restore the

insulin signalling pathway and glucose uptake to basal levels in skeletal muscle impaired by

TNF-α, LPS and poly(I:C) treatments. In agreement with our findings, similar beneficial

effects on insulin resistance and glucose metabolism by resveratrol have also been demon-

strated in experimental pregnant animal models. For example, resveratrol improved glucose

metabolism and insulin tolerance in a particular genetic strain of mice that spontaneously

develop GDM when pregnant [29]. Studies conducted on pregnant non-human primates con-

suming a Western-style diet have also shown improvements in their glucose tolerance and

decreases in placental inflammation and fetal liver triglyceride deposition when supplementing

their diets with resveratrol throughout pregnancy [28]. However, this study also found

was normalised to β-actin protein expression. A representative Western blot from 1 patient is also shown. (D,H,L)

Glucose uptake was analysed using a radiolabelled 2DG uptake assay. For all data, the fold change was calculated

relative to TNF-α, LPS or poly(I:C) and data are presented as mean ± SEM. *P<0.05 vs. TNF-α; **P<0.05 vs. LPS;

#P<0.05 vs. poly(I:C).

doi:10.1371/journal.pone.0173373.g007
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resveratrol to alter fetal pancreatic development including increased pancreatic mass and exo-

crine cell proliferation.

The effects of resveratrol on glucose metabolism in humans have been studied, however,

only in short-term non-pregnant human clinical trials. Nonetheless, these studies have shown

that resveratrol can improve insulin sensitivity and glucose metabolism. In a study performed

with 19 diabetic Hungarian patients, those who received resveratrol for 4 weeks showed

improved insulin sensitivity [27]. In another study, 11 obese middle-aged Dutch men received

0.15 g resveratrol/day for a month subsequently demonstrated reduced circulating plasma glu-

cose and insulin levels, however only displayed a modest improvement in their insulin sensi-

tivity [58]. This was confirmed in a larger double-blinded cohort study consisting of 66 type 2

diabetes patients in Iran, in which 1 g resveratrol/day was administered for 6 weeks [59].

Although these human studies show significant promise regarding the beneficial effects of res-

veratrol in alleviating insulin resistance and improving glucose metabolism, there is a lack of

research in the use of resveratrol supplementation by pregnant women with GDM; this pres-

ents a new and important area of study, not only on maternal, but also fetal consequences.

The health risks associated with pregnancies complicated by GDM are not only restricted

to mothers but can have devastating and long-term effects on the developing fetus. Studies

have shown that placental inflammation can alter maternal-fetal nutrient transportation. For

example, IL-6 has been demonstrated to stimulate fatty acid (FA) accumulation [60] and Sys-

tem A amino acid transporter activity and expression in primary human trophoblast cells [61].

In adipose tissue obtained from women with GDM, TNF-α, IL-1β and leptin expression levels

are increased compared to normal healthy women [41]. This increase in TNF-α, IL-1β and lep-

tin expression is subsequently associated with decreased expression of genes involved in FA

uptake and transport, such as the lipoprotein lipase (LPL) and FATP (FA transport proteins)-2

and -6 [41]. Thus, these alterations in the nutrient transportation system may further exacer-

bate fatty acid accumulation in the placenta. Overall, these findings suggest that pro-inflamma-

tory cytokines may contribute to the development of fetal macrosomia and increase fetal

adiposity [62], which markedly increases the risk of obesity [8] and metabolic disease [9, 63]

later in life for the offspring from pregnancies complicated by GDM. A recent study on preg-

nant Japanese macaques fed a HFD demonstrated that resveratrol increased docosahexaenoic

acid (DHA) uptake capacity [64], which may be due to improvements in uterine and umbilical

blood flow by resveratrol [28]. DHA is a long-chain polyunsaturated FA, which is critical for

fetal neurological and cardiovascular development [65]. Although these animal studies have

found resveratrol to exert beneficial effects on maternal glucose metabolism and insulin sensi-

tivity, there has been some concerning data on the effect of resveratrol supplementation on

fetal pancreatic development [28]. Thus, more extensive studies are warranted in order to

assess the long-term effects of resveratrol supplementation on offspring development.

A limitation of this study is the use of TNF-α, IL-1β, LPS or poly(I:C) to generate a GDM-

like environment in placenta, adipose tissue and skeletal muscle obtained from normal glucose

tolerant pregnant women. Thus, the findings of this study should be interpreted with some

caution. It should be noted that the aim of this study was to assess whether resveratrol was able

to prevent the development of GDM caused by chronic low-grade inflammation and increased

peripheral insulin resistance. Many women diagnosed with GDM will already be undertaking

insulin therapy to manage their diabetes, and thus would not only act as confounders to our

data, but it would be difficult to assess the role of resveratrol as a preventative for the develop-

ment of GDM. Notwithstanding these limitations, inflammation and infection are central to

the pathophysiology of GDM and/or obesity [16, 17, 40, 55, 66–68]. As a result, our findings

that show resveratrol can decrease inflammation in placenta and adipose tissue and increase

insulin sensitivity in skeletal muscle induced by infection and sterile inflammation remains to
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be of particular interest as a potential therapeutic in the prevention or management of GDM

and/or obesity.

The consequences of GDM are not restricted to pregnancy but are strongly associated with

adverse perinatal morbidity, including long-term health risks such as obesity and development

of type 2 diabetes later in life [8]. Current therapeutics for GDM are restricted in only manag-

ing maternal hyperglycaemia with no effect on reducing inflammation that is associated with

GDM. Inflammation plays a key role in GDM pathophysiology by inducing peripheral insulin

resistance. Studies have implicated the placenta and adipose tissue to be critical sites in propa-

gating this increased maternal inflammation associated with GDM. To our knowledge, this is

the first study to show that resveratrol can decrease inflammation in human placenta and adi-

pose tissue obtained from pregnant women and improve skeletal muscle insulin resistance in
vitro. Experimental animal models have shown resveratrol to exert anti-inflammatory and

antidiabetic effects in vivo [28, 29, 54, 64, 69]. Given that clinical trials have shown resveratrol

to be safe for human consumption [27, 58, 59, 70, 71] and a cheap, commercially available

preparation of resveratrol exists, human clinical trials to assess the effect of resveratrol as a pre-

ventative for GDM are highly feasible.
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9. Kaaja R, Rönnemaa T. Gestational diabetes: pathogenesis and consequences to mother and offspring.

The review of diabetic studies: RDS. 2008; 5(4):194–202. PubMed Central PMCID: PMC2664679. doi:

10.1900/RDS.2008.5.194 PMID: 19290380

10. Colomiere M, Permezel M, Riley C, Desoye G, Lappas M. Defective insulin signaling in placenta from

pregnancies complicated by gestational diabetes mellitus. European journal of endocrinology / Euro-

pean Federation of Endocrine Societies. 2009; 160(4):567–78.

11. Catalano PM, Tyzbir ED, Roman NM, Amini SB, Sims EA. Longitudinal changes in insulin release and

insulin resistance in nonobese pregnant women. American journal of obstetrics and gynecology. 1991;

165(6 Pt 1):1667–72. Epub 1991/12/01.

12. Friedman JE, Ishizuka T, Shao J, Huston L, Highman T, Catalano P. Impaired glucose transport and

insulin receptor tyrosine phosphorylation in skeletal muscle from obese women with gestational diabe-

tes. Diabetes. 1999; 48(9):1807–14. PMID: 10480612

13. Shao J, Yamashita H, Qiao L, Draznin B, Friedman JE. Phosphatidylinositol 3-Kinase Redistribution Is

Associated With Skeletal Muscle Insulin Resistance in Gestational Diabetes Mellitus. Diabetes. 2002;

51(1):19–29. PMID: 11756318

14. Barbour LA, McCurdy CE, Hernandez TL, De la Houssaye BE, Draznin B, Friedman JE, editors.

Reduced IRS-1 and increased serine IRS-1 phosphorylation skeletal muscle from women with GDM.

Diabetes; 2006: Diabetes.

15. Lappas M. Activation of inflammasomes in adipose tissue of women with gestational diabetes. Mol Cell

Endocrinol. 2014; 382(1):74–83. doi: 10.1016/j.mce.2013.09.011 PMID: 24055273

16. Radaelli T, Varastehpour A, Catalano P, Hauguel-de Mouzon S. Gestational diabetes induces placental

genes for chronic stress and inflammatory pathways. Diabetes. 2003; 52(12):2951–8. Epub 2003/11/

25. PMID: 14633856

17. Basu S, Haghiac M, Surace P, Challier JC, Guerre-Millo M, Singh K, et al. Pregravid obesity associates

with increased maternal endotoxemia and metabolic inflammation. Obesity. 2011; 19(3):476–82. Epub

2010/10/12. PubMed Central PMCID: PMC3628602. doi: 10.1038/oby.2010.215 PMID: 20930711

18. Sobel DO, Newsome J, Ewel CH, Bellanti JA, Abbassi V, Creswell K, et al. Poly I:C induces develop-

ment of diabetes mellitus in BB rat. Diabetes. 1992; 41(4):515–20. Epub 1992/04/01. PMID: 1535056

19. Dhurandhar NV, Kulkarni PR, Ajinkya SM, Sherikar AA, Atkinson RL. Association of adenovirus infec-

tion with human obesity. Obesity research. 1997; 5(5):464–9. PMID: 9385623

20. Liong S, Lappas M. The Stress-responsive Heme Oxygenase (HO)-1 Isoenzyme is Increased in

Labouring Myometrium where it Regulates Contraction-associated Proteins. American journal of repro-

ductive immunology. 2015; 74(1):62–76. Epub 2015/02/07. doi: 10.1111/aji.12366 PMID: 25656973

Resveratrol and GDM

PLOS ONE | DOI:10.1371/journal.pone.0173373 March 9, 2017 15 / 18

http://dx.doi.org/10.1056/NEJMoa0707943
http://www.ncbi.nlm.nih.gov/pubmed/18463375
http://www.ncbi.nlm.nih.gov/pubmed/11118027
http://www.ncbi.nlm.nih.gov/pubmed/11728481
http://www.ncbi.nlm.nih.gov/pubmed/14710101
http://dx.doi.org/10.1900/RDS.2008.5.194
http://www.ncbi.nlm.nih.gov/pubmed/19290380
http://www.ncbi.nlm.nih.gov/pubmed/10480612
http://www.ncbi.nlm.nih.gov/pubmed/11756318
http://dx.doi.org/10.1016/j.mce.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24055273
http://www.ncbi.nlm.nih.gov/pubmed/14633856
http://dx.doi.org/10.1038/oby.2010.215
http://www.ncbi.nlm.nih.gov/pubmed/20930711
http://www.ncbi.nlm.nih.gov/pubmed/1535056
http://www.ncbi.nlm.nih.gov/pubmed/9385623
http://dx.doi.org/10.1111/aji.12366
http://www.ncbi.nlm.nih.gov/pubmed/25656973


21. Liong S, Lappas M. Endoplasmic reticulum stress is increased in adipose tissue of women with gesta-

tional diabetes. PloS one. 2015; 10(4):e0122633. PubMed Central PMCID: PMC4388824. doi: 10.

1371/journal.pone.0122633 PMID: 25849717

22. Liong S, Lappas M. Activation of AMPK improves inflammation and insulin resistance in adipose tissue

and skeletal muscle from pregnant women. J Physiol Biochem. 2015:1–15.

23. Ghanim H, Sia CL, Abuaysheh S, Korzeniewski K, Patnaik P, Marumganti A, et al. An antiinflammatory

and reactive oxygen species suppressive effects of an extract of Polygonum cuspidatum containing res-

veratrol. J Clin Endocrinol Metab. 2010; 95(9):E1–8. PubMed Central PMCID: PMCPMC2936054. doi:

10.1210/jc.2010-0482 PMID: 20534755

24. Lappas M, Mitton A, Lim R, Barker G, Riley C, Permezel M. SIRT1 is a novel regulator of key pathways

of human labor. Biol Reprod. 2011; 84(1):167–78. doi: 10.1095/biolreprod.110.086983 PMID:

20844277

25. Szkudelska K, Szkudelski T. Resveratrol, obesity and diabetes. Eur J Pharmacol. 2010; 635(1–3):1–8.

doi: 10.1016/j.ejphar.2010.02.054 PMID: 20303945

26. Bhatt JK, Thomas S, Nanjan MJ. Resveratrol supplementation improves glycemic control in type 2 dia-

betes mellitus. Nutr Res. 2012; 32(7):537–41. doi: 10.1016/j.nutres.2012.06.003 PMID: 22901562

27. Brasnyo P, Molnar GA, Mohas M, Marko L, Laczy B, Cseh J, et al. Resveratrol improves insulin sensitiv-

ity, reduces oxidative stress and activates the Akt pathway in type 2 diabetic patients. Br J Nutr. 2011;

106(3):383–9. doi: 10.1017/S0007114511000316 PMID: 21385509

28. Roberts VH, Pound LD, Thorn SR, Gillingham MB, Thornburg KL, Friedman JE, et al. Beneficial and

cautionary outcomes of resveratrol supplementation in pregnant nonhuman primates. FASEB J. 2014;

28(6):2466–77. PubMed Central PMCID: PMCPMC4021444. doi: 10.1096/fj.13-245472 PMID:

24563374

29. Yao L, Wan J, Li H, Ding J, Wang Y, Wang X, et al. Resveratrol relieves gestational diabetes mellitus in

mice through activating AMPK. Reproductive biology and endocrinology: RB&E. 2015; 13:118. PubMed

Central PMCID: PMC4635591.

30. Lappas M. The NR4A receptors Nurr1 and Nur77 are increased in human placenta from women with

gestational diabetes. Placenta. 2014; 35(11):866–75. Epub 2014/09/10. doi: 10.1016/j.placenta.2014.

08.089 PMID: 25199433

31. Liong S, Lappas M. Endoplasmic reticulum stress regulates inflammation and insulin resistance in skel-

etal muscle from pregnant women. Mol Cell Endocrinol. 2016; 425:11–25. doi: 10.1016/j.mce.2016.02.

016 PMID: 26902174

32. Lappas M, Yee K, Permezel M, Rice GE. Release and regulation of leptin, resistin and adiponectin from

human placenta, fetal membranes, and maternal adipose tissue and skeletal muscle from normal and

gestational diabetes mellitus-complicated pregnancies. The Journal of endocrinology. 2005; 186

(3):457–65. Epub 2005/09/02. doi: 10.1677/joe.1.06227 PMID: 16135665

33. Klein K, Satler M, Elhenicky M, Brix J, Krzyzanowska K, Schernthaner G, et al. Circulating levels of

MCP-1 are increased in women with gestational diabetes. Prenatal diagnosis. 2008; 28(9):845–51. doi:

10.1002/pd.2064 PMID: 18702087

34. Lou Y, Wu C, Wu M, Xie C, Ren L. The changes of neutrophil gelatinase-associated lipocalin in plasma

and its expression in adipose tissue in pregnant women with gestational diabetes. Diabetes Res Clin

Pract. 2014; 104(1):136–42. doi: 10.1016/j.diabres.2014.01.014 PMID: 24530115

35. Kuzmicki M, Telejko B, Wawrusiewicz-Kurylonek N, Lipinska D, Pliszka J, Wilk J, et al. The expression

of genes involved in NF-kappaB activation in peripheral blood mononuclear cells of patients with gesta-

tional diabetes. European journal of endocrinology / European Federation of Endocrine Societies. 2013;

168(3):419–27.

36. Kinalski M, Telejko B, Kuzmicki M, Kretowski A, Kinalska I. Tumor necrosis factor alpha system and

plasma adiponectin concentration in women with gestational diabetes. Horm Metab Res. 2005; 37

(7):450–4. doi: 10.1055/s-2005-870238 PMID: 16034719

37. Gao XL, Yang HX, Zhao Y. Variations of tumor necrosis factor-alpha, leptin and adiponectin in mid-tri-

mester of gestational diabetes mellitus. Chin Med J (Engl). 2008; 121(8):701–5.

38. Boyadzhieva M, Atanasova I, Zacharieva S, Kedikova S. Adipocytokines during pregnancy and post-

partum in women with gestational diabetes and healthy controls. J Endocrinol Invest. 2013; 36

(11):944–9. doi: 10.3275/8968 PMID: 23685996

39. Bari MF, Weickert MO, Sivakumar K, James SG, Snead DR, Tan BK, et al. Elevated soluble CD163 in

gestational diabetes mellitus: secretion from human placenta and adipose tissue. PloS one. 2014; 9(7):

e101327. PubMed Central PMCID: PMCPMC4077809. doi: 10.1371/journal.pone.0101327 PMID:

24983948

Resveratrol and GDM

PLOS ONE | DOI:10.1371/journal.pone.0173373 March 9, 2017 16 / 18

http://dx.doi.org/10.1371/journal.pone.0122633
http://dx.doi.org/10.1371/journal.pone.0122633
http://www.ncbi.nlm.nih.gov/pubmed/25849717
http://dx.doi.org/10.1210/jc.2010-0482
http://www.ncbi.nlm.nih.gov/pubmed/20534755
http://dx.doi.org/10.1095/biolreprod.110.086983
http://www.ncbi.nlm.nih.gov/pubmed/20844277
http://dx.doi.org/10.1016/j.ejphar.2010.02.054
http://www.ncbi.nlm.nih.gov/pubmed/20303945
http://dx.doi.org/10.1016/j.nutres.2012.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22901562
http://dx.doi.org/10.1017/S0007114511000316
http://www.ncbi.nlm.nih.gov/pubmed/21385509
http://dx.doi.org/10.1096/fj.13-245472
http://www.ncbi.nlm.nih.gov/pubmed/24563374
http://dx.doi.org/10.1016/j.placenta.2014.08.089
http://dx.doi.org/10.1016/j.placenta.2014.08.089
http://www.ncbi.nlm.nih.gov/pubmed/25199433
http://dx.doi.org/10.1016/j.mce.2016.02.016
http://dx.doi.org/10.1016/j.mce.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/26902174
http://dx.doi.org/10.1677/joe.1.06227
http://www.ncbi.nlm.nih.gov/pubmed/16135665
http://dx.doi.org/10.1002/pd.2064
http://www.ncbi.nlm.nih.gov/pubmed/18702087
http://dx.doi.org/10.1016/j.diabres.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24530115
http://dx.doi.org/10.1055/s-2005-870238
http://www.ncbi.nlm.nih.gov/pubmed/16034719
http://dx.doi.org/10.3275/8968
http://www.ncbi.nlm.nih.gov/pubmed/23685996
http://dx.doi.org/10.1371/journal.pone.0101327
http://www.ncbi.nlm.nih.gov/pubmed/24983948


40. Lappas M. Markers of endothelial cell dysfunction are increased in human omental adipose tissue from

women with pre-existing maternal obesity and gestational diabetes. Metabolism: clinical and experi-

mental. 2014; 63(6):860–73.

41. Lappas M. Effect of pre-existing maternal obesity, gestational diabetes and adipokines on the expres-

sion of genes involved in lipid metabolism in adipose tissue. Metabolism: clinical and experimental.

2014; 63(2):250–62.

42. Lappas M. NOD1 expression is increased in the adipose tissue of women with gestational diabetes.

The Journal of endocrinology. 2014; 222(1):99–112. doi: 10.1530/JOE-14-0179 PMID: 24829218

43. Hauguel-de Mouzon S, Guerre-Millo M. The placenta cytokine network and inflammatory signals. Pla-

centa. 2006; 27(8):794–8. doi: 10.1016/j.placenta.2005.08.009 PMID: 16242770

44. Lim R, Barker G, Wall CA, Lappas M. Dietary phytophenols curcumin, naringenin and apigenin reduce

infection-induced inflammatory and contractile pathways in human placenta, foetal membranes and

myometrium. Molecular human reproduction. 2013; 19(7):451–62. Epub 2013/03/12. doi: 10.1093/

molehr/gat015 PMID: 23475986

45. Lim R, Lappas M. Slit2 exerts anti-inflammatory actions in human placenta and is decreased with mater-

nal obesity. Am J Reprod Immunol. 2015; 73(1):66–78. doi: 10.1111/aji.12334 PMID: 25329354

46. Jager J, Gremeaux T, Cormont M, Le Marchand-Brustel Y, Tanti JF. Interleukin-1beta-induced insulin

resistance in adipocytes through down-regulation of insulin receptor substrate-1 expression. Endocri-

nology. 2007; 148(1):241–51. PubMed Central PMCID: PMCPMC1971114. doi: 10.1210/en.2006-0692

PMID: 17038556

47. Lappas M, Permezel M, Rice GE. Release of proinflammatory cytokines and 8-isoprostane from pla-

centa, adipose tissue, and skeletal muscle from normal pregnant women and women with gestational

diabetes mellitus. J Clin Endocrinol Metab. 2004; 89(11):5627–33. doi: 10.1210/jc.2003-032097 PMID:

15531521

48. Lappas M, Permezel M, Rice GE. Leptin and adiponectin stimulate the release of proinflammatory cyto-

kines and prostaglandins from human placenta and maternal adipose tissue via nuclear factor-kappaB,

peroxisomal proliferator-activated receptor-gamma and extracellularly regulated kinase 1/2. Endocrinol-

ogy. 2005; 146(8):3334–42. doi: 10.1210/en.2005-0406 PMID: 15905315

49. Creely SJ, McTernan PG, Kusminski CM, Fisher f M, Da Silva NF, Khanolkar M, et al. Lipopolysaccha-

ride activates an innate immune system response in human adipose tissue in obesity and type 2 diabe-

tes. Am J Physiol Endocrinol Metab. 2007; 292(3):E740–7. doi: 10.1152/ajpendo.00302.2006 PMID:

17090751

50. Lassenius MI, Pietilainen KH, Kaartinen K, Pussinen PJ, Syrjanen J, Forsblom C, et al. Bacterial endo-

toxin activity in human serum is associated with dyslipidemia, insulin resistance, obesity, and chronic

inflammation. Diabetes care. 2011; 34(8):1809–15. PubMed Central PMCID: PMCPMC3142060. doi:

10.2337/dc10-2197 PMID: 21636801

51. Shintani Y, Fujie H, Miyoshi H, Tsutsumi T, Tsukamoto K, Kimura S, et al. Hepatitis C virus infection

and diabetes: direct involvement of the virus in the development of insulin resistance. Gastroenterology.

2004; 126(3):840–8. PMID: 14988838

52. Kawaguchi T, Yoshida T, Harada M, Hisamoto T, Nagao Y, Ide T, et al. Hepatitis C Virus down-regu-

lates Insulin Receptor Substrates 1 and 2 through up-regulation of Suppressor of Cytokine Signaling 3.

The American Journal of Pathology. 2004; 165(5):1499–508. doi: 10.1016/S0002-9440(10)63408-6

PMID: 15509521

53. Koga K, Cardenas I, Aldo P, Abrahams VM, Peng B, Fill S, et al. Activation of TLR3 in the trophoblast is

associated with preterm delivery. Am J Reprod Immunol. 2009; 61(3):196–212. PubMed Central

PMCID: PMCPMC2765929. doi: 10.1111/j.1600-0897.2008.00682.x PMID: 19239422

54. Kim S, Jin Y, Choi Y, Park T. Resveratrol exerts anti-obesity effects via mechanisms involving down-

regulation of adipogenic and inflammatory processes in mice. Biochem Pharmacol. 2011; 81(11):1343–

51. doi: 10.1016/j.bcp.2011.03.012 PMID: 21439945

55. Friedman JE, Kirwan JP, Jing M, Presley L, Catalano PM. Increased skeletal muscle tumor necrosis

factor-alpha and impaired insulin signaling persist in obese women with gestational diabetes mellitus 1

year postpartum. Diabetes. 2008; 57(3):606–13. PubMed Central PMCID: PMC4697130. doi: 10.2337/

db07-1356 PMID: 18083784

56. Wolf M, Sauk J, Shah A, Vossen Smirnakis K, Jimenez-Kimble R, Ecker JL, et al. Inflammation and glu-

cose intolerance: a prospective study of gestational diabetes mellitus. Diabetes care. 2004; 27(1):21–7.

PMID: 14693961

57. Xiong X, Elkind-Hirsch KE, Vastardis S, Delarosa RL, Pridjian G, Buekens P. Periodontal disease is

associated with gestational diabetes mellitus: a case-control study. J Periodontol. 2009; 80(11):1742–9.

PubMed Central PMCID: PMCPMC3011834. doi: 10.1902/jop.2009.090250 PMID: 19905944

Resveratrol and GDM

PLOS ONE | DOI:10.1371/journal.pone.0173373 March 9, 2017 17 / 18

http://dx.doi.org/10.1530/JOE-14-0179
http://www.ncbi.nlm.nih.gov/pubmed/24829218
http://dx.doi.org/10.1016/j.placenta.2005.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16242770
http://dx.doi.org/10.1093/molehr/gat015
http://dx.doi.org/10.1093/molehr/gat015
http://www.ncbi.nlm.nih.gov/pubmed/23475986
http://dx.doi.org/10.1111/aji.12334
http://www.ncbi.nlm.nih.gov/pubmed/25329354
http://dx.doi.org/10.1210/en.2006-0692
http://www.ncbi.nlm.nih.gov/pubmed/17038556
http://dx.doi.org/10.1210/jc.2003-032097
http://www.ncbi.nlm.nih.gov/pubmed/15531521
http://dx.doi.org/10.1210/en.2005-0406
http://www.ncbi.nlm.nih.gov/pubmed/15905315
http://dx.doi.org/10.1152/ajpendo.00302.2006
http://www.ncbi.nlm.nih.gov/pubmed/17090751
http://dx.doi.org/10.2337/dc10-2197
http://www.ncbi.nlm.nih.gov/pubmed/21636801
http://www.ncbi.nlm.nih.gov/pubmed/14988838
http://dx.doi.org/10.1016/S0002-9440(10)63408-6
http://www.ncbi.nlm.nih.gov/pubmed/15509521
http://dx.doi.org/10.1111/j.1600-0897.2008.00682.x
http://www.ncbi.nlm.nih.gov/pubmed/19239422
http://dx.doi.org/10.1016/j.bcp.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21439945
http://dx.doi.org/10.2337/db07-1356
http://dx.doi.org/10.2337/db07-1356
http://www.ncbi.nlm.nih.gov/pubmed/18083784
http://www.ncbi.nlm.nih.gov/pubmed/14693961
http://dx.doi.org/10.1902/jop.2009.090250
http://www.ncbi.nlm.nih.gov/pubmed/19905944


58. Timmers S, Konings E, Bilet L, Houtkooper RH, van de Weijer T, Goossens GH, et al. Calorie restric-

tion-like effects of 30 days of resveratrol supplementation on energy metabolism and metabolic profile

in obese humans. Cell Metab. 2011; 14(5):612–22. PubMed Central PMCID: PMCPMC3880862. doi:

10.1016/j.cmet.2011.10.002 PMID: 22055504

59. Movahed A, Nabipour I, Lieben Louis X, Thandapilly SJ, Yu L, Kalantarhormozi M, et al. Antihyperglyce-

mic effects of short term resveratrol supplementation in type 2 diabetic patients. Evid Based Comple-

ment Alternat Med. 2013; 2013:851267. PubMed Central PMCID: PMCPMC3773903. doi: 10.1155/

2013/851267 PMID: 24073011

60. Lager S, Jansson N, Olsson AL, Wennergren M, Jansson T, Powell TL. Effect of IL-6 and TNF-alpha on

fatty acid uptake in cultured human primary trophoblast cells. Placenta. 2011; 32(2):121–7. doi: 10.

1016/j.placenta.2010.10.012 PMID: 21144584

61. Jones HN, Jansson T, Powell TL. IL-6 stimulates system A amino acid transporter activity in trophoblast

cells through STAT3 and increased expression of SNAT2. Am J Physiol Cell Physiol. 2009; 297(5):

C1228–35. doi: 10.1152/ajpcell.00195.2009 PMID: 19741197

62. Ehrenberg HM, Mercer BM, Catalano PM. The influence of obesity and diabetes on the prevalence of

macrosomia. American journal of obstetrics and gynecology. 2004; 191(3):964–8. doi: 10.1016/j.ajog.

2004.05.052 PMID: 15467573

63. Ategbo JM, Grissa O, Yessoufou A, Hichami A, Dramane KL, Moutairou K, et al. Modulation of adipo-

kines and cytokines in gestational diabetes and macrosomia. The Journal of clinical endocrinology and

metabolism. 2006; 91(10):4137–43. doi: 10.1210/jc.2006-0980 PMID: 16849405

64. O’Tierney-Ginn P, Roberts V, Gillingham M, Walker J, Glazebrook PA, Thornburg KL, et al. Influence of

high fat diet and resveratrol supplementation on placental fatty acid uptake in the Japanese macaque.

Placenta. 2015; 36(8):903–10. PubMed Central PMCID: PMCPMC4529757. doi: 10.1016/j.placenta.

2015.06.002 PMID: 26145226

65. Hornstra G, Al MDM, Houwelingen ACv, Foreman-van Drongelen MMHP. Essential fatty acids in preg-

nancy and early human development. European Journal of Obstetrics & Gynecology. 61(1):57–62.

66. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic endotoxemia initiates

obesity and insulin resistance. Diabetes. 2007; 56(7):1761–72. doi: 10.2337/db06-1491 PMID:

17456850

67. Hawkesworth S, Moore SE, Fulford AJ, Barclay GR, Darboe AA, Mark H, et al. Evidence for metabolic

endotoxemia in obese and diabetic Gambian women. Nutrition & diabetes. 2013; 3:e83. PubMed Cen-

tral PMCID: PMC3759130.

68. Mrizak I, Arfa A, Fekih M, Debbabi H, Bouslema A, Boumaiza I, et al. Inflammation and impaired endo-

thelium-dependant vasodilatation in non obese women with gestational diabetes mellitus: preliminary

results. Lipids in health and disease. 2013; 12:93. PubMed Central PMCID: PMC3706389. doi: 10.

1186/1476-511X-12-93 PMID: 23805905

69. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, et al. Resveratrol improves health and

survival of mice on a high-calorie diet. Nature. 2006; 444(7117):337–42. doi: 10.1038/nature05354

PMID: 17086191

70. Poulsen MM, Vestergaard PF, Clasen BF, Radko Y, Christensen LP, Stodkilde-Jorgensen H, et al.

High-dose resveratrol supplementation in obese men: an investigator-initiated, randomized, placebo-

controlled clinical trial of substrate metabolism, insulin sensitivity, and body composition. Diabetes.

2013; 62(4):1186–95. PubMed Central PMCID: PMCPMC3609591. doi: 10.2337/db12-0975 PMID:

23193181

71. Yoshino J, Conte C, Fontana L, Mittendorfer B, Imai S, Schechtman KB, et al. Resveratrol supplemen-

tation does not improve metabolic function in nonobese women with normal glucose tolerance. Cell

Metab. 2012; 16(5):658–64. PubMed Central PMCID: PMCPMC3496026. doi: 10.1016/j.cmet.2012.09.

015 PMID: 23102619

Resveratrol and GDM

PLOS ONE | DOI:10.1371/journal.pone.0173373 March 9, 2017 18 / 18

http://dx.doi.org/10.1016/j.cmet.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22055504
http://dx.doi.org/10.1155/2013/851267
http://dx.doi.org/10.1155/2013/851267
http://www.ncbi.nlm.nih.gov/pubmed/24073011
http://dx.doi.org/10.1016/j.placenta.2010.10.012
http://dx.doi.org/10.1016/j.placenta.2010.10.012
http://www.ncbi.nlm.nih.gov/pubmed/21144584
http://dx.doi.org/10.1152/ajpcell.00195.2009
http://www.ncbi.nlm.nih.gov/pubmed/19741197
http://dx.doi.org/10.1016/j.ajog.2004.05.052
http://dx.doi.org/10.1016/j.ajog.2004.05.052
http://www.ncbi.nlm.nih.gov/pubmed/15467573
http://dx.doi.org/10.1210/jc.2006-0980
http://www.ncbi.nlm.nih.gov/pubmed/16849405
http://dx.doi.org/10.1016/j.placenta.2015.06.002
http://dx.doi.org/10.1016/j.placenta.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26145226
http://dx.doi.org/10.2337/db06-1491
http://www.ncbi.nlm.nih.gov/pubmed/17456850
http://dx.doi.org/10.1186/1476-511X-12-93
http://dx.doi.org/10.1186/1476-511X-12-93
http://www.ncbi.nlm.nih.gov/pubmed/23805905
http://dx.doi.org/10.1038/nature05354
http://www.ncbi.nlm.nih.gov/pubmed/17086191
http://dx.doi.org/10.2337/db12-0975
http://www.ncbi.nlm.nih.gov/pubmed/23193181
http://dx.doi.org/10.1016/j.cmet.2012.09.015
http://dx.doi.org/10.1016/j.cmet.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23102619

