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High–saturated-fat diet induces gestational diabetes and placental
vasculopathy in C57BL/6 mice
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Abstract

Gestational diabetes mellitus (GDM) is a commonly encountered disorder of mid to late pregnancy that is characterized by
hyperglycemia, hyperinsulinemia, and impaired glucose tolerance. Gestational diabetes mellitus is thought to be multifactorial in origin and
derives from both genetic and environmental factors. However, the mechanisms underlying GDM are incompletely understood; and current
GDM animal models do not appear to closely mimic the clinical situation in humans. The present study used environmental exposure to
high–saturated-fat diet (HFD) in an effort to develop a GDM mouse model that closely simulates metabolic abnormalities seen in human
GDM. This model was then used to determine the contributions of HFD-induced placental oxidative stress (OS) and vascular dysregulation,
which are observed in GDM patients and are believed to contribute to the pathogenesis of the disease. Pathologic manifestations of the
disease were quantified by evaluating the extent of placental lipid peroxidation and by determining protective effects of dietary antioxidant
quercetin supplementation to reduce HFD-associated placental OS. In this study, female C57BL/6 mice were fed HFD for 1 month before
conception and throughout gestation to mimic chronic maternal fast food consumption. Maternal body weight increased from gestation day
(GD) 0 to GD19 by 41% with HFD, as compared with 23% in control dams; HFD dams also developed insulin resistance (66% increase in
plasma insulin and 27% increase in plasma glucose levels by GD10) as compared with control dams. Placentas from HFD GD19 dams
demonstrated loss of trophoblasts and OS-mediated labyrinthine endothelial cellular damage, the latter of which was prevented with quercetin
supplementation. Our findings suggest that prenatal HFD alters glucose metabolism and elevates placental OS, which are believed to
collectively relate to improper formation of the conceptus and impaired birth outcome.
© 2010 Elsevier Inc. All rights reserved.
1. Introduction

Gestational diabetes mellitus (GDM) is characterized by
hyperglycemia, hyperinsulinemia, and insulin resistance, as
well as placental and fetal maldevelopment [1]. Approxi-
mately 2% to 10% of all pregnancies are affected by GDM,
and those mothers who experience GDM demonstrate
elevated long-term risk of type 2 diabetes mellitus later in
life [1]. Genetic predisposition and pregnancy hormones are
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thought to collectively contribute to the pathogenesis of this
disease by increasing insulin resistance, causing β-cell
dysfunction, and reducing insulin-mediated glucose trans-
port [2,3]. However, recent studies show that genetic and
hormonal factors are unable to fully explain development of
GDM. As such, other environmental factors, such as high–
saturated-fat diet (HFD), may enhance glucose intolerance
during pregnancy by reducing insulin-mediated glucose
transport in muscle and adipose tissue, and promote insulin
resistance and obesity in pregnancy [4]. Consumption of
HFD increases oxidative stress (OS) and adversely affects
endocrine homeostasis, resulting in poorly controlled
hyperglycemia, hyperinsulinemia, and insulin resistance
[4]. Consumption of HFD during pregnancy may also
elevate risk of GDM through similar mechanisms, and this
theory was investigated in the present proposal.
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Human GDM is associated with placental endothelial
dysfunction that impairs gas and nutrient transfer to the fetus
[5]; these changes are thought to be in part mediated by
elevated placental OS or antioxidant depletion. Increased
production of reactive oxygen species (ROS) in pregnancy is
thought to be caused in large part by increased oxygen intake
due to high tissue demands, which results in mitochondrial
dysfunction. Oxidative stress may be further exacerbated by
toxic substances, smoking, asphyxia, and consumption of an
HFD. Fatty acid consumption is thought to decrease
formation of superoxide dismutase, increase production of
superoxide by the mitochondrial electron-transport chain,
and generate excess ROS that damage cell membranes [6].
Diabetic and preeclamptic women exhibit placental vascular
damage due to increased superoxide, which underscores the
importance of mitigating OS to improve pregnancy outcome
[7]. Quercetin (Q) is a potent flavonoid antioxidant that is
commonly found in fresh fruits and vegetables. It contains 2
antioxidant pharmacophores that efficiently scavenge free
radicals [8]. Oral administration of Q is readily absorbed by
enterocytes, has a relatively long elimination half-life
(between 11 and 22 hours), and can readily pass through
the placenta, thus affecting both fetus and placenta [9]. In
this study, antioxidant effects of Q against HFD-induced
manifestations of GDM were examined.

Animal models of diabetes during pregnancy are crucial
to explore the pathophysiologic aspects of human GDM.
Although there are several animal models (genetic and
chemically induced) available for the study of GDM, none
closely mimic the pattern of disease initiation and develop-
ment seen in the clinical situation in humans. The nitrosourea
streptozotocin induces high hyperglycemia and hypoinsuli-
nemia by destruction of pancreatic β-cells, which more
closely approximates type 1 diabetes mellitus than GDM
[10,11]. Low-dose streptozotocin induces moderate, but
unpredictable, hyperglycemia [12-14]. Transgenic GDM
animal models develop hyperglycemia similarly to human
GDM [15], but human GDM patients do not express the gene
alterations that cause hyperglycemia in these knockout
strains [16,17].

The present study endeavors to develop a GDM mouse
model that closely simulates the common metabolic
abnormalities of human GDM, using HFD, and to explore
pathophysiologic mechanisms linking gestational HFD to
elevated OS, insulin resistance, and placental vasculopathy.
able 1
omposition of the HFD

igh-fat diet g % kcal %

rotein 26.2 20
arbohydrate 26.3 20
at 34.9 60
at composition %
aturated 32.1
onounsaturated 43
olyunsaturated 16.9
2. Materials and methods

2.1. Animals and diet

Six-week-old C57BL/6J mice were obtained from
Jackson Laboratories (Bar Harbor, ME). Mice were
acclimated in groups of 5 as such: fresh food and water ad
libitum, temperature (22.0°C ± 1°C), humidity (40%-60%),
and light (12-hour/12-hour light/dark) for 2 weeks. Experi-
ments were approved by the Virginia Tech Animal Care and
Use Committee and not initiated until approval was granted.
Female mice were arbitrarily assigned to 1 of 3 groups:
control, HFD, or HFD + Q, in a generalized randomized
complete block design, with 16 mice per group. Mice were
fed control rodent diet (Global Diet 2018: 18% protein, 5%
fat; Harlan Teklad, Madison, WI), HFD (20% protein, 60%
total fat, 32.1% saturated fat; Research Diets, New
Brunswick, NJ) (Table 1), or HFD supplemented with 66
mg/kg Q (HFD/Q). This level of Q supplementation
approximates a typical daily human Q consumption of 700
mg/d, given an average daily consumption of 5g food per
mouse per day [18]. After 1-month dietary intervention,
breeding was conducted overnight in a 1:2 ratio; mating was
confirmed by presence of a vaginal mucous plug the
following morning, which represented gestation day (GD) 0.

2.2. Body weight, blood glucose, and plasma insulin

Female body weight, blood glucose, and plasma insulin
were recorded before dietary intervention; after 4 weeks of
HFD; and at GD0, 10, and 19. Bodyweight was recorded on a
top-loading balance (Accu-622; Fisher Scientific, Suwanee,
GA), and nonfasting maternal blood samples were obtained
via tail venipuncture to determine insulin and glucose levels.
Blood glucose levels were determined by glucometer (Life-
scan Surestep; Johnson & Johnson, Langhorne, PA) and
plasma insulin levels were quantified by enzyme-linked
immunosorbent assay (ELISA; Alpco Diagnostics, Salem,
NH) according to the manufacturer's instructions.

2.3. Placental weight

Dams were euthanized on GD19 by intraperitoneal
injection of sodium pentobarbital (150 mg/kg), and placentas
were immediately collected. Placental weights were recorded
as average individual placental wet weights per litter on a
top-loading balance. Placentas were reserved for histopath-
ologic analysis, quantification of OS, and immunofluores-
cent staining of labyrinthine endothelial cells.

2.4. Histopathology

A portion of GD19 placentas from each group was
preserved in Bouin fixative for 18 hours, washed with 10
vol ddH2O, and stored in 70% EtOH. Placentas were
transected perpendicular to the long axis of the disc,
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Fig. 1. A, Blood glucose levels of C57BL/6 mice. Blood glucose
concentrations were measured before HFD, at the end of 4 weeks of HFD,
and during pregnancy (GD0, 10, and 19) in control, HFD, and HFD/Q
groups. The HFD group showed significantly higher blood glucose levels as
compared with control dams. The HFD/Q group was not significantly
different than HFD or controls. Values are given as means ± SEM.
*Significant difference, P b .05. B, Plasma insulin levels of C57BL/6 mice.
Plasma insulin concentrations were measured by ELISA before, after 4
weeks of HFD, and during pregnancy (GD0, 10, and 19). Mice in HFD
group became significantly hyperinsulinemic as compared with controls.
Quercetin supplementation was not significantly protective against HFD-
induced hyperinsulinemia. Values are given as means ± SEM. *Significant
difference, P b .05. C, Effect of HFD on maternal body weight. Female body
weight was measured before HFD, at the end of 4 weeks of HFD, and during
pregnancy (GD0, 10, and 19). The HFD-treated mice weighed significantly
more than the controls on GD0 and GD10. Body weight of mice in the HFD/
Q group was not significantly different as compared with that of HFD dams.
Values are given as means ± SEM. *Significant difference, P b .05.
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processed, and paraffin embedded; and 5-μm sections were
stained with hematoxylin-eosin (H&E) for morphologic
analysis by light microscopy. Viable trophoblasts at 1000×
magnification were enumerated (average 10 representative
microscopic fields). In addition, nonviable labyrinthine
endothelial cells from control and treatment placentas
were enumerated at 400× magnification (average 10
representative microscopic fields). Placentas from all groups
were also observed for overall evidence of necrosis,
inflammation, hemorrhage, and fibrosis.

2.5. Placental OS

A second portion of GD19 placentas from all groups was
stored at −70°C for measurement of malondialdehyde
(MDA), a common stable marker for OS-induced lipid
peroxidation. The degree of lipid peroxidation per milligram
total protein was measured (using BCA protein assay kit;
PIERCE, Rockford, IL, and Bioxytech MDA-586; Oxis
Research, Portland, OR). Briefly, placentas from each group
were homogenized in 0.1 mol/L phosphate-buffered saline
(PBS) and 0.5 mol/L butylated hydroxytoluene. Samples
(200 μL) were added to 640 μL of N-methyl-2-phenylindole,
vortexed, and then mixed with 150 μL of concentrated HCl
before incubation at 45°C for 60 minutes. The turbid samples
were centrifuged for 10 minutes at 10 000g; absorbance of
supernatant was measured at 586 nm (Beckman DU-640
spectrophotometer; International MI-SS, Corona, CA).

2.6. Immunofluorescence

A third portion of GD19 Bouin-fixed placentas from each
group was processed, paraffin embedded, and sectioned at
5 μm for CD31 immunofluorescence and confocal micro-
scopic evaluation. Placentas were deparaffinized in xylene
and rehydrated in serial alcohol solutions. Tissues were
dipped in unmasking solution (Vector Laboratories, Burlin-
game, CA) at 120°C in a pressure cooker for 5 minutes and
washed 3 times in 0.1 mol/L PBS for 5 minutes. Placental
sections were then blocked in 10% rabbit serum (Fisher
Scientific) for 30 minutes followed by incubation in CD31
1° antibody (M-20; Santa Cruz Biotechnology, Santa Cruz,
CA) diluted 1:300 in 1.5% serum overnight at 4°C. The
following day, the slides were washed 3 times for 10
minutes each in 0.1 mol/l PBS followed by incubation for
30 minutes in Alexa Fluor 594 rabbit anti-goat antibody
(Invitrogen, Carlsbad, CA) diluted 1:200 in 0.1 mol/L PBS.
After several washes in 0.1 mol/L PBS, slides were mounted
using mounting solution with DAPI (Vector Laboratories)
and visualized under confocal laser scanning microscopy
(Zeiss CLSM 510 META; Carl Zeiss Microimaging GmBH,
Gottingen, Germany).

2.7. Statistical analysis

All data were presented asmean ± standard error. One-way
analysis of variance was used with Tukey-Kramer honestly
significant difference test (JMP; SAS Institute, Cary, NC) to
establish significant differences between groups. Data were
determined to be statistically different when P b .05.
3. Results

3.1. Blood glucose and plasma insulin

Blood glucose levels were determined before and after
HFD feeding and at GD0, 10, and 19 for all groups, and
showed a progressive increase at the end of HFD feeding and
during pregnancy in HFD but not control or HFD/Q groups



ig. 2. Histopathologic images of GD19 mouse placentas. The GD19
lacentas were stained with H&E for morphologic analysis under light
icroscopy. A, Control GD19 placenta was highly cellular, with minimal
vidence of necrosis, inflammation, or hemorrhage. B, HFD GD19 placenta
howed multifocal areas of fibrinonecrosis, cellular fragmentation, and
ypereosinophilia, which predominately targeted endothelium in the
byrinthine layer. The trophoblast cell layer displayed reduced cellularity
s compared with controls. C, HFD/Q GD19 placenta was highly cellular,
ith minimal evidence of necrosis, inflammation, or hemorrhage, which
as comparable to controls. LL indicates labyrinthine layer; ST,
pongiotrophoblast.
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(Fig. 1A). Blood glucose peaked at 229.3 mg/dL on GD10
and decreased by GD19 in the HFD group, and at 172.4 mg/
dL at GD10 in controls. The blood glucose level from HFD/
Q group did not differ from controls. Plasma insulin levels
were measured by ELISA at the same time points in all
groups, and increased at the end of HFD feeding by 58.3% in
the HFD group and continued to increase throughout
pregnancy; controls did not increase during this period
(Fig. 1B), and Q did not protect against HFD-associated
hyperinsulinemia. Together, Fig. 1A and B demonstrate a
parallel pattern of modification of prenatal blood glucose and
plasma insulin levels, and suggest insulin resistance in the
HFD and HFD/Q groups.

3.2. Body weight

Maternal body weight was determined at the same time
points as described above (Fig. 1C). Control maternal body
weight moderately increased throughout the pregnancy, from
a mean of 17.5 g before feeding trial to 19 g at GD0, 24.6 g at
GD10, and 34.8 g at GD19. In contrast, HFD dams rapidly
increased in body weight, from 23.5 g at GD0 to 32 g at
GD10 and 36.1 g at GD19. The HFD dam weight was
significantly increased as compared with that of controls and
HFD/Q at GD0 and 10, but not at GD19, perhaps because of
late-gestation lipolytic alterations in placental growth
hormone metabolism.

3.3. Placental histopathology

Placentas from GD19 dams of each treatment group were
evaluated by light microscopy for alterations in architecture
across treatment groups using 5-μm H&E sections (Fig. 2).
Placentas from HFD-treated dams (Fig. 2B) visually
displayed multifocal areas of hemorrhagic fibrinous necrosis
and mixed inflammation that predominated in the labyrin-
thine layer, with karyolysis and pyknosis, cellular fragmen-
tation, and hypereosinophilia, which are key indicators of
cellular necrosis. The trophoblastic cell layer appeared to
display a relative paucity of trophoblasts (Fig. 2B), whereas
control (Fig. 2A) and HFD/Q (Fig. 2C) trophoblast placentas
appeared highly cellular, with minimal evidence of labyrin-
thine necrosis, inflammation, or hemorrhage. This visual
inspection of HFD-induced placental alterations was fol-
lowed by efforts to quantify these treatment-associated
observed differences. Consequently, trophoblastic and
labyrinthine layers were inspected separately and evaluated
for average number of trophoblasts per 1000× magnification
field (average of 10 representative fields of spongiotropho-
blast) and average number of nonviable labyrinthine
endothelial cells per 400× magnification field (average of
10 representative fields of labyrinthine placenta), respec-
tively. Spongiotrophoblast examination revealed a signifi-
cantly reduced average number of viable trophoblast cell
numbers (53.40 per 1000× magnification field compared
with 69.73/field in control spongiotrophoblast, Fig. 3A).
Concurrent Q did not protect against HFD-associated loss of
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Fig. 3. A, Trophoblast numbers in GD19 C57BL/6 mouse placentas.
Trophoblast health was evaluated by enumeration of viable trophoblasts in
10 fields of 1000× magnification. The HFD group showed significantly
fewer viable trophoblast cells than controls. Quercetin did not significantly
protect against trophoblast loss. Values are given as means ± SEM. Bars
with different letters are significantly different, P b .05. B, Endothelial cell
necrosis in GD19 C57BL/6 mouse placentas. Nonviable labyrinthine
endothelial cells from different dams were enumerated in 10 fields of
400× magnification. The HFD group displayed significantly increased
necrotic endothelial cells as compared with controls. Quercetin supplemen-
tation showed protective effects against HFD-associated labyrinthine
endothelial cell loss. Values are given as means ± SEM. Bars with different
letters are significantly different, P b .05. C, Placental weight of GD19 mice.
Placental weights were measured immediately after euthanasia. Neither
HFD nor Q affected placental wet weight. Values are given as means ±
SEM. Bars with same letters are not significantly different, P N .05.

ig. 4. Lipid peroxidation of GD19 C57BL/6 mouse placentas. Malondial-
ehyde levels were evaluated in GD19 placenta from each group as a
easurement of placental OS. The HFD group demonstrated significantly
igher MDA levels as compared with controls, indicating HFD-associated
levated placental OS. Quercetin supplementation significantly reduced
lacental lipid peroxidation. Values are given as means ± SEM. Bars with
ifferent letters are significantly different, P b .05.
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trophoblast, which suggested that OS was not the primary
mechanism of trophoblast cellular loss. Labyrinthine pla-
centas from gestational HFD dams displayed significantly
increased necrosis of labyrinthine endothelial cells (average
of 14.48 necrotic cells per ten 400× magnification fields, as
compared with 1.87 in control placentas; Fig. 3B). Quercetin
was protective against HFD-induced endothelial cell loss and
significantly decreased endothelial necrosis to 5 per 400×
magnification field, suggesting that changes in labyrinthine
placenta may have resulted from HFD-induced elevations in
OS (Fig. 3B). These changes were accompanied by an
insignificant loss in GD19 HFD dam placental weight (78%
of controls, Fig. 3C). The HFD/Q placental weight was also
not different from that of controls.

3.4. Placental OS

Maternal dietary Q reduced labyrinthine placental
necrotic lesions, which anecdotally suggested OS-mediated
disruption of late-gestation placental health. To more
precisely quantify OS-mediated placental damage, GD19
placentas from all groups were evaluated for levels of the
lipid peroxidation product MDA. Results of this study
determined that HFD dams showed increased MDA levels as
compared with controls, suggesting increased lipid perox-
idation and elevated OS due to gestational dietary HFD
(Fig. 4). Quercetin supplementation decreased placental
MDA levels, which supported the hypothesis that HFD
causes OS-mediated lesions and touted beneficial antiox-
idative effects of Q against HFD-induced labyrinthine
placental vascular damage. These data supported the cellular
changes observed via histopathologic examination of GD19
placentas in this study.

3.5. CD31 immunofluorescence

CD31 immunofluorescent staining intensity was evaluat-
ed in GD19 placentas. Placentas from HFD dams (Fig. 5A,
panel b) showed decreased overall levels of CD31
immunostaining intensity of labyrinthine endothelium as
compared with control (A), which indicate endothelial
necrosis and placental cellular and vascular pathology
secondary to gestational HFD. Placenta from HFD/Q dams
(C) showed near-control intensity of CD31 immunostaining,
demonstrating antioxidant protection of labyrinthine vascu-
lar integrity. High-magnification CD31 immunostaining
intensity of labyrinthine layer capillaries from control (Fig.
5B, panel a), HFD (B), and HFD/Q (C) placentas showed
markedly stronger CD31 staining intensity in control vs HFD
labyrinthine capillaries. Capillary CD31 immunofluorescent
staining in HFD/Q labyrinthine placenta was comparable to
controls, providing a potential mechanistic explanation that
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Fig. 5. A, CD31 immunofluorescence staining of GD19 mouse placenta. CD31 immunofluorescently stained placentas from control, HFD, and HFD/Q groups
were observed via confocal microscopy. Placentas from control dams showed visibly stronger CD31 staining intensity (a) as compared with HFD placentas,
which were largely devoid of CD31 labyrinthine endothelial cell staining (b). Placenta from HFD/Q (c) dams exhibited near-control level CD31 staining
intensity. B, CD31 immunofluorescence staining of GD19 mouse labyrinthine placenta capillary endothelium. Control labyrinthine placental capillary
endothelium displayed high intensity CD31 staining (a) as compared with HFD labyrinthine placental capillary endothelium (b). The HFD labyrinthine placental
capillary endothelial cells showed dramatically decreased CD31 staining intensity; and concurrent Q supplementation exhibited near-control level CD31
immunofluorescence staining (c), suggesting possible protective effects of antioxidant supplementation against HFD-induced labyrinthine placental
vasculopathy.
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Q supplementation protects against HFD-elevated OS and
labyrinthine placental damage.
4. Discussion

The present study demonstrated that diets rich in saturated
fats before and during pregnancy may result in pathologic
manifestations in mice similar to the human condition of
GDM. This dietary intervention elevated midgestational
body weight, insulin resistance, placental OS, and placental
vasculopathy, which together are thought to contribute to
adverse consequences of fetal development and impaired
birth outcome. Maternal hyperglycemia, hyperinsulinemia,
and insulin resistance were observed in the present study
after 4-week HFD before breeding and throughout pregnan-
cy, suggesting that chronic HFD, which approximates the
macronutrient content of fast food, increases plasma free
fatty acid (FFA) concentrations and induces an insulin-
resistant state that results in obesity and non–insulin-
dependent diabetes [19-21]. Elevated plasma FFA levels in
humans cause insulin resistance by inhibiting glucose
transport and/or phosphorylation activity and reducing the
rate of both muscle glycogen synthesis and glucose
oxidation [22]. Studies show that preferential use of
increased fatty acids for oxidation blunts insulin-mediated
reduction of hepatic glucose output and reduces glucose
uptake or utilization in skeletal muscle leading to compen-
satory hyperinsulinemia, a common feature of insulin
resistance [23-25]. Our study suggests that the dynamic
relationship between insulin resistance and compensatory
increases in β-cell glucose metabolism was disrupted by
HFD, causing β-cell compensation to fail, glucose levels to
rise, and impaired glucose tolerance.
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Our discovery of a possible link between HFD and
insulin production offers new information that may
improve understanding of etiopathogenic mechanisms
triggering early stages of GDM. Ohtsubo et al [26] found
that HFD suppresses activity of pancreatic Mgat4a-encoded
GlcNAcT-IV glycosyltransferase and leads to type 2
diabetes mellitus in mice due to failure of pancreatic β-
cells. GlcNAcT-IV glycosyltransferase normally maintains
glucose transporters on the surface of pancreatic β-cells,
such as glucose transporter 2. Glucose transporter 2 plays a
crucial role in allowing β-cells to sense circulating glucose
levels and in the transport of glucose into pancreatic β-
cells, which then triggers insulin secretion. Results of the
present study may suggest GlcNAcT-IV glycosyltransfer-
ase or glucose transporter 2 dysfunction; additional studies
are now required to explore this pathophysiologic mech-
anism of HFD-induced insulin resistance.

In this study, placental OS and labyrinthine placental
endothelial damage were increased with HFD feeding before
and throughout gestation, similar to human GDM. In human
GDM, increased blood glucose is accompanied by either
reduced superoxide dismutase production [27] or overpro-
duction of ROS such as superoxide by the mitochondrial
electron-transport chain, which results in vascular complica-
tions and DNA damage associated with embryonic dysmor-
phogenesis [28]. This serves as a plausible etiopathologic
mechanism of placental vascular damage in human GDM
and our GDM mouse model. Elevated placental OS, blood
glucose, and plasma insulin due to increased plasma FFA
concentration secondary to HFD likely resulted in dimin-
ished placental blood flow, disrupted labyrinthine endothe-
lium, and vasculopathy, similar to what has been reported in
the human literature [29]. In this study, we also observed a
trend of decreased placental weight in HFD group caused by
OS-induced trophoblast loss and endothelial necrosis.
Results of placental histopathology, MDA measurement,
and CD31 immunoflourescent staining data further demon-
strated that OS-induced vasculopathy of placenta may
significantly contribute to symptoms of GDM of C57BL/6
mice. CD31, or platelet-endothelial cell adhesion molecule–
1, is an integral membrane glycoprotein found at endothelial
intercellular junctions that is involved in angiogenesis and
wound healing and is a commonly used biomarker of
endothelial viability. Decreased expression of CD31 indi-
cates endothelial dysfunction and vasculopathy [30]. Re-
duced placental CD31 has been suggested to be a reliable
biomarker for OS-mediated reduction of trophoblast inva-
sion, as in preeclampsia [31]. CD31 immunofluorescent
staining intensity was evaluated in GD19 placentas in an
effort to mechanistically explain a link between HFD,
elevated OS, and reduced placental functionality to support
proper fetal development. Our research suggested that HFD
treatment decreased CD31 staining intensity of labyrinthine
placental capillary endothelium, which further supported
histologic evidence of vascular damage associated with HFD
during pregnancy.
It is noted that despite significantly increased maternal
body weight during pregnancy and clinical signs of GDM
associated with HFD, GD19 fetuses from HFD dams were
not macrosomic, as might be expected with maternal
overnutrition and hyperglycemia, and in fact were slightly
lighter than control fetuses [32]. This apparently unexpected
finding is easily explainable by understanding that murine
pancreatic insulin-producing capacity matures postnatally, in
contrast to human fetuses whose β-cells are fully functional
prenatally; because maternal insulin cannot cross placenta
but glucose can, human fetuses respond to maternal
overnutrition through insulin-mediated glucose uptake and
accelerated growth, whereas fetal mice respond less
exquisitely to maternal glucose [33]. Consequently, we
believe that our fetuses may have responded more
exquisitely to the HFD-induced OS and placental insuffi-
ciency, rather than the GDM-associated hyperglycemia and
overnutrition. In addition, microcomputed tomographic
image analysis of GD19 fetuses from HFD dams revealed
significant delay of fetal skeletal development associated
with OS-mediated dysregulation of osteogenic signaling
[32]. According to the Barker theory, the “developmental
origins of health and disease,” poor gestational environment
causes epigenetic changes in fetal programming that cause
small-for-gestational-age neonates and permanently altered
phenotype. These offspring also exhibit elevated risk of
adult-onset skeletal, metabolic, and endocrine diseases
because of postnatal “catch-up growth” and are at higher
risk for type 2 diabetes mellitus, obesity, hypertension, and
osteoporosis because of permanently altered signaling
pathways during fetal life [34,35]. These findings collec-
tively suggest the importance of proper prenatal nutrition in
proper birth outcome and long-term good health.

Quercetin is a potent ROS scavenger that is ubiqui-
tously found in fruits and vegetables and is a common
nutritional supplement [36]. Studies show that Q is
absorbed from the diet as glycosides, and it is detected
in plasma from nonsupplemented humans at individual
levels in the range of 0.5 to 1.6 μmol/L [37]. Quercetin is
thought to convey beneficial health effects, partly via
antioxidant protection of cellular components against ROS
[38]. Quercetin readily passes through the placenta and, as
such, may influence fetal development both indirectly
(placental effects of Q exposure) and directly (transpla-
cental Q delivery) after maternal Q ingestion [9]. Our
laboratory's previous studies show that Q protects against
fetal and placental pathologies induced by methylnitro-
sourea [39]. Several key placental genes that influence
placental development and fetal osteogenesis (Hgf, Kit1,
IFNα4, Ifrd, and IL-1β) are altered by methylnitrosourea
and largely normalized by Q [39]. In this study,
antioxidant effects of Q were noteworthy: our results
showed that the GDM-induced placental OS and endothe-
lial necrosis were significantly mitigated by Q supplemen-
tation. Results from this report also revealed that Q
supplementation partially decreased maternal hyperglyce-
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mia and hyperinsulinemia, and offer additional information
about preventive and therapeutic management of GDM.

In conclusion, our data suggested that a diet high in
saturated fat before and during pregnancy alters glucose
metabolism and results in gestational hyperglycemia,
development of insulin resistance, and placental OS. This
novel method of GDM development in rodents may
provide a useful tool for improving mechanistic under-
standing of OS and metabolic effects of HFD in GDM.
Further study of maternal, fetal, and neonatal sequelae of
this dietary intervention will offer more complete avenues
for novel treatments and preventions of adverse conse-
quences of GDM.
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