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Maternal high-fat diet triggers lipotoxicity
in the fetal livers of nonhuman primates

Carrie E. McCurdy,! Jacalyn M. Bishop,?2 Sarah M. Williams,2 Bernadette E. Grayson,?2
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Maternal obesity is thought to increase the offspring’s risk of juvenile obesity and metabolic diseases; however,
the mechanism(s) whereby excess maternal nutrition affects fetal development remain poorly understood.
Here, we investigated in nonhuman primates the effect of chronic high-fat diet (HFD) on the development of
fetal metabolic systems. We found that fetal offspring from both lean and obese mothers chronically consum-
ing a HFD had a 3-fold increase in liver triglycerides (TGs). In addition, fetal offspring from HFD-fed mothers
(O-HFD) showed increased evidence of hepatic oxidative stress early in the third trimester, consistent with
the development of nonalcoholic fatty liver disease (NAFLD). O-HFD animals also exhibited elevated hepatic
expression of gluconeogenic enzymes and transcription factors. Furthermore, fetal glycerol levels were 2-fold
higher in O-HFD animals than in control fetal offspring and correlated with maternal levels. The increased
fetal hepatic TG levels persisted at P180, concurrent with a 2-fold increase in percent body fat. Importantly,
reversing the maternal HFD to a low-fat diet during a subsequent pregnancy improved fetal hepatic TG levels
and partially normalized gluconeogenic enzyme expression, without changing maternal body weight. These
results suggest that a developing fetus is highly vulnerable to excess lipids, independent of maternal diabetes

and/or obesity, and that exposure to this may increase the risk of pediatric NAFLD.

Introduction

The prevalence of childhood obesity has increased dramatically
in the United States over the past several decades. According to
the most recent National Health and Nutrition Examination Sur-
vey (NHANES) data, almost one-third of children between 6 and
19 years of age are overweight, and 12% of infants are considered
overweight (1, 2). This represents a 2- to 3-fold rise in childhood
obesity since the initial NHANES data from 1971 to 1974 (3). Par-
alleling this disturbing trend is a dramatic rise in the diagnosis of
type II diabetes and nonalcoholic fatty liver disease (NAFLD) in
the juvenile population (4, 5). The increase in metabolic disorders
is attributed primarily to calorically dense foods and decreased
physical activity. However, prenatal metabolic events likely con-
tribute to the increased risk of childhood metabolic disorders (6).
Women with gestational diabetes (GDM) often have macrosomic
babies that are at higher risk for developing metabolic diseases
later in life (7-11). This increased risk in offspring of GDM moth-
ers is independent of genetics, as children born to diabetic moth-
ers are at significantly higher risk for future obesity and diabetes
than are their siblings born prior to the onset of maternal diabetes
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(12, 13). In addition, results of studies in numerous animal models
(rats, mice, and sheep) support the role of altered nutritional sta-
tus during pregnancy and the early postnatal period in predispos-
ing offspring to the development of metabolic disorders (14-24).
However, whereas most of these studies have focused on maternal
nutrient restriction, the vast majority of our population is expe-
riencing an environment of nutrient excess, and the increase in
maternal obesity is a new cause for concern.

While maternal hyperglycemia/hyperinsulinemia contributes to
increased fetal growth and the development of metabolic disorders
in offspring (25), recent work suggests that maternal pregravid
weight and triglyceride (TG) levels may be a better correlate of
excessive fetal growth (26-29). These findings imply that maternal
hyperlipidemia alone could contribute to the development of meta-
bolic disorders in offspring. Outside of pregnancy, hyperlipidemia
is often associated with hepatic and skeletal muscle fat accumu-
lation, leading to system-wide insulin resistance. Compromised
insulin signaling cascades have been implicated in this process (30,
31). There is increasing interest in the hypothesis that exposure to
maternal obesity during pregnancy, in the absence of diabetes, may
have adverse lifelong consequences in the offspring (32-35); how-
ever, the underlying mechanisms by which fetal metabolic systems
cope with excess fuels during intrauterine development remain rel-
atively unexplored. One hypothesis for the potential adverse effects
of excess fuels on fetal development may be a lack of white adipose
tissue (WAT) in most species until relatively late in pregnancy. For
example, in humans and nonhuman primates (NHPs), the develop-
ment of WAT occurs during the third trimester (36, 37). It is well
accepted that WAT is critical for storage of excess lipids and thata
lack of WAT results in whole-body insulin resistance and suscepti-
bility to fatty liver in adult humans (38-45).

To begin to address this issue, we used a NHP model to deter-
mine the effect of chronic maternal consumption of a high-
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Table 1
Nutrient specifications of control diet and HFD

Physical Metabolizable
composition energy

Control  HFD Control HFD

Protein (%) 20.6 17.1 26.8  16.1

Carbohydrate (%) 70.8 55.5 585 523

Fat (%) 55 14.9 147 316
Saturated (%) 1.69 2.46
Monounsaturated (%) 1.65 2.53
Polyunsaturated (%) 2.58 3.05

Metabolizable energy (kcal/g) 2.87 3.80

Cholesterol (ppm) 83 946

Nutrients are as reported by the manufacturers (see Methods).

calorie, high-fat diet (HFD) on the development of metabolic
systems in the fetal offspring. We demonstrate that only a por-
tion of the adult female monkeys chronically consuming the
HFD became obese and insulin resistant. However, regardless
of maternal obesity and insulin resistance, all fetal offspring of
HFD mothers (O-HFD animals) examined during the early third
trimester showed signs of NAFLD, including hepatic inflamma-
tion, oxidative stress and/or damage, TG accumulation, and
premature gluconeogenic gene activation. The elevation in
liver TG levels persisted in the O-HFD group compared with
control offspring measured at P30 and P180. The persistence
in hepatic TGs in the postnatal period was accompanied by a
2-fold increase in percent body fat of O-HFD animals compared
with control offspring, which suggested that the fetal pheno-
type did not reverse with development of WAT at the end of the
third trimester. Importantly, we also found that switching the
diet of mothers fed the HFD for 4 years to the control low-fat
diet during a subsequent pregnancy reduced many of the abnor-
malities in the fetal liver, even though some mothers remained
obese and insulin resistant. Our findings strongly implicate that
exposure to excess maternal lipids during early fetal develop-
ment may increase the risk for NAFLD and metabolic diseases
during postnatal life.

Table 2
Maternal third-trimester data

Control HFD-R HFD-S
n 17 8 10
Weight (kg) 8.9+04 95+04 10.6 + 0.54
Insulin (wU/ml) 24951 32.1+£14.0 28.3+4.6
Glucose (mg/dl) 47.0+3.7 39.4+37 471 +45
Insulin AUC 3,882 + 692 4103 +766 8,009 + 1,5454
Glucose AUC 4,053 £ 170 3461310 3,914 280
Leptin (ng/ml) 254 +49 55.1+11.4 54.7 + 10.04
Total TGs (mg/ml) 0.55+0.07 0.63 +0.09 0.83+0.14
True TGs (mg/ml) 0.56 + 0.05 0.64 +0.07 0.73+0.11
Glycerol (mg/ml) 0.15+0.03 0.11£0.02 0.26 + 0.064

Results

HED feeding induces obesity and insulin resistance in adult nonpregnant
female macaques. Adult female Japanese macaques, starting at
5-7 years of age, were placed on either a control diet or the HFD
(Table 1) for 2-4 years. Because the animals were socially housed,
individual food intake, activity, and energy expenditure could
not be determined. Animals fed the HFD were divided into 2
groups based on body weight gain and insulin resistance. Animals
were considered sensitive to the HFD (HFD-S) if they displayed
increased AUC for insulin secretion at least 2 SD above the mean
of the controls during i.v. glucose tolerance tests (GTTs) by the end
of the first year on the diet. While there was an apparent decrease
in insulin sensitivity by the end of the first year, most animals did
not display significant weight gain until the end of the second year
on the HFD. In contrast, animals resistant to the HFD (HFD-R)
displayed no significant weight gain and had normal insulin secre-
tion during the i.v. GTT throughout the 4 years on the diet. Approx-
imately 60% of the animals were HFD-S. The metabolic phenotype
of all of the adult animals that became pregnant during these
studies is summarized in Supplemental Table 1 (prepregnancy
data; supplemental material available online with this article;
doi:10.1172/JCI32661DS1) and Table 2 (maternal third trimester
data); the HFD group includes animals fed the HFD for 2-4 years.
As a group, the HFD-S nonpregnant animals had significantly
increased body weight and significantly increased insulin secre-
tion during i.v. GTT compared with the control group; however,
basal fasting insulin levels were not different. Neither fasting glu-
cose nor glucose clearance (glucose AUC) during the i.v. GTT was
different between the 3 groups prior to pregnancy. HFD-S animals
also had increased leptin and glycerol levels; however, the differ-
ence was only significant in pregnant HFD-S animals versus con-
trols because of animal-to-animal variability. The HFD-R animals
did not show significant differences in any of the measures com-
pared with the age-matched, control diet-fed group.

By the completion of these studies, a subset of animals had been
on the HFD for 4 years; the basic phenotype in these 7 animals is
summarized in Supplemental Table 1. By the fourth year on the
HFD, the HFD-S group had a 35% increase in body weight, a greater
than 3-fold increase in insulin AUC during GTT, a more than 5-fold
increase in leptin levels, and a near doubling in body fat as deter-
mined by dual energy X-ray absorptiometry (DEXA; Supplemental

HFY4-R HFY4-S HFREV-R HFREV-S
3 4 3 4
8.50+£0.45 11.28 +1.098 9.68+0.69 12.51+0.93¢
40.0 £ 26.2 31482 11.9+27 206 +4.0
43.0+£35 428 4.2 46.0£1.7 41370
4541 +1,268 11,300 + 2,664° 2,430+ 785 8,375+ 3,139C
3,663 + 545 4,283 + 297 3,875+523 4,894 £ 692
65.0+28.3 542 +16.5 209+144 244:140
0.82+£0.14 0.80£0.29 0.55+0.08 0.43:0.14
0.76 £0.12 0.74 £0.21 0.59+0.07 0.49+0.11
0.16 +0.03 0.26 +0.07 0.13+0.03 0.11+0.03

Values (mean + SEM) are only from adult animals that became pregnant. Animals in the HFD group had been fed HFD for 2—4 years at the time of data
collection. The control group represents a separate group of age-matched animals maintained on a standard chow diet. AP < 0.05 among control, HFD-R,
and HFD-S (ANOVA with Tukey’s post-hoc analysis). BP < 0.05 versus HFY4-R (2-tailed Student’s ¢ test). °P < 0.05, combined HFY4 versus combined
HFREV groups (paired 2-tailed Student’s t test). PP < 0.01 versus HFY4-R (2-tailed Student’s t test).
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Table 1) compared with the control and HFD-R groups. Fasting
glucose levels were not significantly elevated in either the HFD-S
group or the HFD-R group, even by the end of the fourth year
(data not shown), although the HFD-S group had an increase in
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Figure 1

HFD-fed pregnant female macaques display hyperinsulinemia and
hyperglycerolemia independent of weight gain. All data in this figure
were obtained from animals at G130. (A) Weight gain during pregnancy
was similar in all 3 groups. Data were analyzed using 1-way ANOVA
with Bonferroni post-hoc analysis. (B) Insulin secretion and glucose
clearance during i.v. GTT for control, HFD-R, and HFD-S groups.
The HFD groups are from animals fed HFD for 2—4 years and were
obtained during the early third trimester. *P < 0.05 versus control. (A
and B) n = 17 (control); 10 (HFD-S); 8 (HFD-R). (C) Insulin secretion
and glucose clearance during i.v. GTT for HFY4 and HFREV groups.
#P < 0.05 versus HFY4-R; tP < 0.05 versus HFY4-S, 2-tailed Student’s
ttest. n =3 (HFY4-R and HFREV-R); 4 (HFY4-S and HFREV-S).

homeostasis model assessment of insulin resistance (HOMAIR, see
Methods and refs. 46, 47; control, 2.53 + 0.50; HFD-R, 2.81 + 0.70;
HFD-S, 7.87 + 1.50; P < 0.05, HFD-S versus control). The HFD-R
animals retained body weight and metabolic phenotype similar to
that of the controls throughout the entire 4 years.

Chronic consumption of a HFD provokes insulin resistance and hyperlep-
tinemia in pregnant macaques. In the present study, all animals had
similar weight gain during pregnancy (Figure 1A). Additionally,
all animals displayed pregnancy-induced fasting hyperleptinemia
(Table 2 and Supplemental Table 1), which was most evident dur-
ing the third trimester. There was a greater increase in leptin levels
in both HFD-R and HFD-S animals during pregnancy; however,
only the increase in HFD-S was significant (Table 2). Insulin AUCs
during third-trimester i.v. GTT significantly increased in HFD-S
animals compared with control and HFD-R animals (Figure 1B
and Table 2). There was no difference in insulin AUC between
HFD-R and control groups. Fasting glucose or glucose AUC, diag-
nostics for GDM, were not different between any of the groups.
Finally, while levels of serum free fatty acids and TGs were not sig-
nificantly elevated in the HFD groups, glycerol levels during the
third trimester were significantly elevated only in HFD-S animals
(Table 2 and Supplemental Table 1). All groups consisted of ani-
mals undergoing their first, second, or third pregnancies.

Table 2 summarizes the phenotypic data from 7 animals that
were maintained on the HFD through their fourth-year pregnancy
(HFY4) and were switched back to the control diet approximately
1-3 months prior to becoming pregnant in the fifth year (HFREV).
HFREV animals did not show any decrease in body weight; in fact,
the third-trimester body weights of these animals were higher than
those of the HFY4 group (Table 2). In spite of the increased body
weight, the HFREV group did have slightly, but significantly, lower
insulin AUC during the i.v. GTT (Table 2 and Figure 1C). Fasting
insulin, leptin, and glycerol levels were also lower; however, the dif-
ferences were not significant (Table 2).

Chronic maternal HFD feeding impacts fetal growth and results in early-
onset obesity. In our evaluation of the fetuses, we focused on gesta-
tional day 130 (G130), during the early third trimester. This period
was chosen to determine the metabolic consequences in the fetus
prior to and during important developmental stages in multiple
organs. Our hypothesis was that the fetus would be susceptible to
lipotoxicity prior to the development of WAT, which occurs later in
the third trimester (36, 37). Third-trimester fetuses were collected
by cesarean section from mothers chronically consuming the HFD
for 2-4 years (n = 6 [2 yr]; 4 [3 yr]; 8 [4 yr]); 8 were offspring from
HFD-R mothers (O-HFD-R), and 10 were from HFD-S mothers
(O-HFD-S). Control fetal offspring (n = 17) were collected from
Number 2 325
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Table 3
Fetal third-trimester data

Control 0-HFD-R 0-HFD-S
n 17 8 10
Weight (g) 355.6 + 6.43 321.1£10.9* 330.8+8.8~
Liver weight (g) 9.57+0.19 9.38+0.39 10.19+0.46
Retro pad weight (mg) 1,19.1 +21.2 137.3+51.0 126.3+16.3
Insulin (uwU/ml) 5.28 + 0.80 3.55+0.85 6.21+1.08
Glucose (mg/dl) 115.1+10.8 105.7 +14.2 90.7+8.2
NEFAs (mEq/l) 0.11£0.02 0.13+0.03 0.13£0.02
Leptin (ng/ml) 0.54 £0.02 0.54 +0.03 0.54 +0.03
Total TGs (mg/ml) 0.22 +0.02 0.32+0.05~  0.40 + 0.06A8
True TGs (mg/ml) 0.31+0.01 0.36 £ 0.03 0.39+0.04
Glycerol (mg/ml) 0.09 £ 0.01 0.15+0.04~  0.18 £+ 0.0378

Values are mean + SEM. Control offspring were from age-matched animals (9 female, 8 male). The combined
O-HFD group had 10 females and 8 males; the combined O-HFREV group had 5 females and 2 males. All

O-HFD-S and O-HFD-R groups
compared with control offspring
(Table 3). Fetal glycerol levels

0-HFREV-R  O-HFREV-S were also significantly correlated
3 4 with maternal glycerol levels (12,
363.3+13.6 354.3+10.8 0.143; P < 0.03); however, none of’
9.76+1.12 10.41+0.34 the other parameters tested were
106.7£133 101.3+13.9 significantly correlated, includ-
6.82+017  6.33+1.87 ing insulin, leptin, glucose, and
1173+48 12884827 TGs. To determine the relative

0.15+0.01 0.13+0.03 . . . .
impact of circulating cytokines,

<0.50 <0.50 d the P Profil

0.24:0.08 0.238:+0.07 we used the froteome Froter
031+005  0.30+0.05 Cytokine Panel (see Methods) to
0.07+002  0.08=0.03 determine plasma cytokine lev-

els. Of the 36 cytokines probed,
16 were significantly upregulated
as a result of maternal HFD

offspring were singleton births. Data from the O-HFREV group were only compared with those from controls

obtained during the same breeding season. NEFAs, nonesterified fatty acids. AP < 0.05, combined O-HFD

group versus control. BP < 0.05, O—HFD-S versus control (ANOVA).

age-matched females. There was no significant effect of age or time
on the diet (i.e., between 2 and 4 years) for any of the outcomes
measured. All of the groups were balanced with respect to fetal
gender and maternal diet sensitivity (Table 3). With this cohort,
there was no evidence of gender-specific effects.

As a group, the O-HFD (combined O-HFD-R and O-HFD-S)
animals weighed 10% less than did control fetal offspring (Table 3).
This decreased body weight was evident for both O-HFD-R and
O-HEFD-S groups, but the decrease was only significant when the
groups were combined and compared with controls by 2-tailed
Student’s ¢ test. This decrease was likely due to decreased lean
body mass, because very little WAT was evident in G130 fetuses
(Table 3), and the fat pad weight was less than 0.5% of total body
mass at this gestational age. This conclusion was supported by our
finding of nearly undetectable levels of leptin in all G130 fetuses
(Table 3), for which the detection limits of the assay are 0.5 ng/ml.
This is consistent with human fetuses, in which WAT development
occurs during the third trimester and circulating leptin levels are
low until the mid-third trimester (36, 37). The low leptin levels
observed in the third-trimester fetus suggest that little or no mater-
nal leptin crosses the placenta. No differences were found in fetal
serum insulin or free fatty acid levels among the groups (Table 3).
Fetal total TG and glycerol levels were significantly higher in both

Figure 2

Maternal HFD feeding during pregnancy and the perinatal period
increases offspring adiposity and liver TG levels. (A) Body weights
of O-HFD and control offspring at P30, P90, and P180. There was
no statistical difference between the groups at any age. (B) Whole
body fat composition, as determined by DEXA analysis, at all 3 ages
in both groups. (C) Liver TG levels in O-HFD and control offspring at
P30 and P180. For TG analysis of P30 offspring, n = 4 for both control
and O-HFD (2 male and 2 female). Liver samples were obtained from
these offspring at the time of termination. A separate group of animals
was used to obtain the serial data in A and B and the P180 liver TGs
in C. The control group consisted of 4 animals (2 male and 2 female),
while the O-HFD group consisted of 7 animals (4 male and 3 female).
Liver samples were obtained from these animals by biopsies obtained
through laparoscopic surgery. *P < 0.05 versus respective control,
2-tailed Student’s t test.

326 The Journal of Clinical Investigation

hetp://www.jci.org

consumption (P < 0.05), with §
more showing a near-significant
increase (Supplemental Table 2).

To determine whether maternal
HFD and/or metabolic phenotype affected growth and adiposity
that persisted into the postnatal period, a subset of pregnancies was
carried to full term, and a cohort of control offspring and O-HFD
animals (n = 4 per group) was investigated at P30. The P30 O-HFD
group had slightly higher body weights (control, 700 + 34 g; O-HFD,
797 + 26 g) and increased leptin levels (control, 1.84 + 0.05 ng/ml;
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O-HFD, 2.16 + 0.1 ng/ml), but the differences were not significant.
These P30 O-HFD animals were similar in adiposity compared with
control offspring based on DEXA analysis. These data suggest that
O-HFD animals transitioned from 10% smaller in utero to normal
body weight at P30.

A second cohort of pregnancies and the offspring was investi-
gated for changes in body composition at P30, P90, and P180, and
liver biopsies were obtained at the latest age. While body weights
were not different at any age, there was a trend toward an increase
by P180 (Figure 2A). However, the animals’ percent body fat, as
determined by DEXA, nearly doubled in the O-HFD group at P90
and P180 (Figure 2B). These animals were not terminated at P180,
so further verification of body fat was not possible.

Chronic maternal HFD feeding triggers fatty liver and oxidative stress
in the fetal liver that persists into the postnatal period. There is limited
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Figure 3

Maternal HFD feeding leads to lipid accumulation and activation of
oxidative stress in the fetal liver. (A—D) Oil Red O staining (A and B)
and HNE staining (C and D) in the fetal livers of controls (A and C)
and O-HFD animals (B and D). Original magnification, x20. (E) Fetal
liver TGs were significantly elevated in both O-HFD-R and O-HFD-S
groups. *P < 0.05 versus control (1-way ANOVA with Bonferroni
post-hoc analysis). (F) As a group, O-HFD animals had a significant
increase in the ratio of p-JNK1 to total JNK1 levels. Representative
Western blots are also shown. *P < 0.05 (2-tailed Student’s t test). (G)
There was a significant correlation between TG levels and the ratio of
p-JNK1 to total JNKT1 in the fetal livers. n = 6 (O—HFD-R); 9 (control
and O-HFD-S).

capacity for de novo lipogenesis in the fetus, which suggests that
the precursors for fetal fat accretion are primarily supplied trans-
placentally and consist of maternal substrates derived from lip-
ids rather than from glucose (48-51). The significantly elevated
plasma glycerol we observed in O-HFD fetuses is suggestive of
increased maternal lipolysis. Figure 3 shows Oil Red O staining
for lipids in the fetal liver of control offspring (Figure 3A) and
O-HFD-S animals (Figure 3B). This histological analysis showed
a dramatic increase in Oil Red O staining in the O-HFD group,
whereas all 15 fetal offspring qualitatively displayed increased
staining for lipids. Furthermore, liver TG levels were significantly
increased in both O-HFD-S and O-HFD-R groups compared with
control offspring (Figure 3E).

It is well known that chronic exposure to a HFD in adult life
causes oxidative stress and/or damage in the liver (52-55). To
determine whether exposure to a maternal HFD caused oxidative
stress or damage in the fetal liver, we used qualitative histological
analysis with 2 markers: 8-hydroxy-deoxyguanisine (8-OH-DG),
a nuclear marker; and 4-hyroxy-2-nonenal (HNE), a cytoplasmic
marker (56, 57). All samples from the O-HFD animals showed
either a modest or a high level of 8-OH-DG (data not shown) and
HNE staining (Figure 3, C and D), while minimal staining was evi-
dent in samples from controls. Furthermore, immunoblot analysis
showed an increase in p-JNK1, with no change in total JNK1 pro-
tein levels. While there was not a significant increase in the ratio
of p-JNKI1 to total JNK1 in the O-HFD-S or O-HFD-R groups
compared with controls as determined by ANOVA, there was a sig-
nificant increase in the O-HFD group as a whole compared with
controls when using 2-tailed Student’s ¢ test (Figure 3F). Further-
more, the changes in p-JNK1 levels correlated to liver TG levels
(Figure 3G). Therefore, our combined findings of increased liver
TGs and markers of oxidative stress are consistent with O-HFD
NHPs showing early signs of NAFLD.

To further investigate the persistence of the fatty liver into the
postnatal period, liver samples were analyzed from P30 and P180
animals. Even though P30 O-HFD animals did not have increased
body weight or percent body fat, their liver TG levels significantly
increased, and this persisted in the O-HFD group at P180 (Fig-
ure 2C). It should be noted that within the control group, there
were 2 female and 2 male offspring; within the HFD group, there
were 4 male and 3 female offspring, with a balance between HFD-S
and HFD-R. Moreover, 1 animal was removed from this data set
because of failure to thrive as a result of extremely low liver TGs
(3.5 mg TG/g wet wt), while another was removed from the data
set because of extremely high liver TGs (22.58 mg TG/g wet wt),
which was 2 SD beyond the mean of the group.
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Figure 4

Maternal HFD feeding leads to increased expression of genes in the gluconeogenic pathway in the fetal liver. (A—D) As a group, O-HFD fetuses
had significantly elevated levels of G6P (A), FBP1 (B), PCK1 (C), and PGC1A (D) mRNA in the liver. *P < 0.05 (2-tailed Student’s t test). (E)
PCK1 mRNA expression significantly correlated with fetal liver TG levels. (F) The ratio of nuclear acetylated PGC1a (acPGC1a) to total PGC1a
protein was significantly decreased in both O—-HFD-R and O—HFD-S groups. *P < 0.05 versus control (1-way ANOVA with Bonferroni post-hoc
analysis). (G) Representative Western blot of acetylated PGC1a. (H) As a group, O-HFD animals had significantly elevated HNF4a. protein levels
in the fetal liver. *P < 0.05 (2-tailed Student’s t test). (I) Representative Western blot of HNF4a. n = 6 (O—-HFD-R); 9 (control and O—HFD-S).

Chronic maternal HFD feeding reprograms the fetal hepatic gluconeo-
genic pathway. Hepatic gluconeogenesis is normally absent during
fetal development, which is primarily attributed to the appearance
of the rate-limiting enzyme phosphoenolpyruvate carboxykinase
(PCK1I) at the time of birth (58-62). Quantitative PCR demon-
strated increased expression in 4 key enzymes in the gluconeogenic
pathway in the O-HFD group: glucose 6 phosphatase (G6P), fruc-
tose 1,6-bisphosphatase 1 (FBP1), PPARy coactivator la (PGCIA,
which encodes PGCla), and PCK1 (2-tailed Student’s ¢ test, Fig-
ure 4, A-D). The increase in these genes was 2- to 3-fold higher
in both O-HFD-R and O-HFD-S groups compared with control
offspring, but expression was lower than that found in the adult
liver (Supplemental Figure 1). Not surprisingly, fetal liver TGs were
significantly correlated with the increases in these genes, and the
correlation with PCK1 mRNA was the strongest (Figure 4E).

As further confirmation of activation of the gluconeogenic genes,
we performed immunoblot analysis on key transcriptional regula-
tors in this pathway. While total tissue PGClo protein expression
was not altered (Supplemental Table 3), there was a significant
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reduction in the acetylated form of PGCla in nuclear extracts of
both O-HFD-S and O-HFD-R groups compared with control off-
spring (Figure 4, F and G), which is suggestive of an increase in
PGCla activity in the O-HFD liver (63). PGCla also requires inter-
action with hepatocyte nuclear factor 40 (HNF4a) to induce glu-
coneogenic gene expression. As shown in Figure 4, H and I, HNF4a.
protein levels were modestly, but significantly, increased in the liver
of O-HFD animals compared with controls. No major impact was
found on the levels of total or phosphorylated FOXO1, CCAAT/
enhancer-binding protein 3, and phosphorylated or total cAMP-
responsive element-binding protein (Supplemental Table 3).
Taken together, these results suggest that HFD feeding induced
a premature gluconeogenic gene expression program in fetal liver
associated with posttranslational modification of PGCla and
increased HNF4a. In the absence of fetal hyperglycemia or hyper-
insulinemia, however, hepatic glucose production may be limited
by the availability of gluconeogenic precursors, such as lactate and
certain amino acids, at this stage of development (58). Interest-
ingly, immunoblot analysis failed to detect changes in the protein
Number 2
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abundance or phosphorylation of the major components of the
insulin signaling cascade, such as Akt, p85, and IRS1, or changes
in several lipogenic transcription factors, such as PPARy, SREB-
P1C, and LXR (Supplemental Table 3).

Fetal hepatic steatosis is attenuated by a bealthy maternal diet. As
described previously, 7 of the HFY4 females that became pregnant
also became pregnant during the HFREV phase, thus allowing for
a paired analysis between sequential fetuses. O-HFREV animals
had body weights that were comparable to the control fetal off-
spring and slightly higher than their O-HFY4 siblings (Table 3);
however, the difference was not significantly different. The
O-HFREV group also had normal glycerol and total TG levels.
Reflecting the changes in plasma lipids, O-HFREV animals had a
37% reduction in liver TG accumulation compared with O-HFY4
animals (Figure 5A); however, liver TG levels, although reduced,
did not return to levels found in control fetuses from healthy
mothers never exposed to an energy-dense HFD. Additionally,
expression of gluconeogenic genes (G6P, FBP1, PCK1, and PGCIA
mRNA) in the O-HFREV group was partially reversed, with values
that were not significantly different from the control or O-HFD
groups (Figure 5, B-E).

Discussion

The most notable finding of this study is that chronic maternal
HFD consumption, independent of maternal obesity or diabetes,
significantly increased the risk of NAFLD in the developing NHP
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fetus that persisted into the postnatal period. The evidence for
NAFLD includes a 3-fold increase in liver TG levels, activation of
several markers of oxidative stress, and premature activation of
genes in the gluconeogenic pathway. It has been demonstrated
in numerous models, including rodents, sheep, and NHPs, that
manipulation of the maternal diet or hormone environment can
affect the development of metabolic systems in the offspring
(15-18, 22-24, 64). Using NHP models, Nathanielsz and col-
leagues have demonstrated a broad range of metabolic and devel-
opmental defects in the offspring of mothers with nutritional
restriction (65-70). These broad effects are surprising, because
the animals are nutritionally restricted by only 30%. This sug-
gests that primate pregnancies can be affected by subtle changes
in nutrition. In the current studies, the animals were fed a diet
that derived 35% of its calories from fat and was also high in
total calories; this diet is similar to the typical American diet (71).
Several studies in rodents have also investigated the effects of
a maternal HFD on the development of metabolic abnormali-
ties in the offspring (21, 24, 72-79). While these studies describe
a broad range of metabolic abnormalities, only a few describe
increased TGs in the liver of adult offspring of pregnant rats fed
a HFD; however, none of them determined whether the fatty liver
develops prior to or after the development of obesity.

It is well recognized that maternal diabetes, obesity, and even gly-
cemic control within ranges considered normal can markedly affect
the developing fetus, thereby increasing the risk of metabolic dis-
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ease later in life (7-11, 25, 80). One of the most important outcomes
of this study was the fatty liver phenotype observed in the liver of
O-HFD-S and O-HFD-R animals, which suggests that chronic
HFD consumption may result in greater lipid transfer to the fetus
regardless of maternal obesity. Because of the observational design
of our study, we cannot conclude that maternal hyperlipidemia is
the sole cause of the adverse outcomes observed; however, such a
relationship is plausible. The strong correlation between maternal
and fetal glycerol levels suggests that simply increasing maternal
lipid as a source of calories in the diet can contribute to changes in
the fetus, independent of adiposity or level of insulin resistance in
the mother. The increase in liver TGs does not appear to be caused
by an increase in de novo lipogenesis, as there was no change in
mRNA or protein expression of any of the lipogenic enzymes ana-
lyzed (Supplemental Table 3). Indeed, the combination of increased
lipid exposure, low fetal insulin, and no change in hepatic enzymes
involved in lipogenesis suggests that excess lipid accumulation is
a result of increased maternal lipid transfer. Although alterations
in glucose metabolism are often considered the primary metabolic
adaptations during pregnancy, substantial alterations occur in
lipid metabolism as well. In human and rodent pregnancies, there
is a shift toward increased lipolysis during the third trimester, and
this is thought to be attributable, at least in part, to the normal
insulin resistance that occurs during this period in pregnancy.
Lipolysis from maternal adipose tissue increases plasma glycerol
concentration and elevates fatty acids. Combined with fatty acids
from dietary lipids and hepatic TGs, this leads to an increase in
TG-rich lipoproteins in maternal circulation available for delivery
to the placenta and ultimately provides an increased flux of fatty
acids to the fetus (48-50). It is possible that insulin resistance in the
HFD-fed NHPs may contribute to greater shunting of lipids to the
fetus; however, evidence of marked NAFLD was observed in both
the O-HFD-S and O-HFD-R animals. Interestingly, fetal liver TG
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Figure 6

Effects of increased maternal/fetal lipid supply on hepatic
lipotoxicity in the fetus. An increase in the availability of lipids
to the fetus during early development prior to adipose tissue
accretion results in lipid accumulation in nonadipose fetal tis-
sues, leading to toxic effects. In O-HFD fetal liver, there was a
significant increase in fetal hepatic TG accumulation that cor-
related with increased JNK activation. Liver staining revealed
substantial elevations in markers of oxidative stress and dam-
age in O-HFD livers. It is likely that the elevated TG levels lead
to macrophage infiltration and contribute to the liver inflam-
mation. Liver TG accumulation and inflammation are impor-
tant events underlying NAFLD. The elevation in liver stress
activates heat shock proteins (HSPs), which have previously
been shown to be involved in chromatin remodeling (epigen-
etic programming; ref. 98). Oxidative stress and JNK activation
triggers transcription for genes involved in gluconeogenesis as
well as inflammation. Upregulation of inflammatory cytokines
likely contributes to the progression of NAFLD, while early acti-
vation of gluconeogenic genes, such as PCK1, in fetal liver
may predispose offspring for increased hepatic gluconeogen-
esis and insulin resistance.

levels were not significantly correlated with maternal or fetal circu-
lating glycerol or TG levels. This suggests that there may be some
intrahepatic mechanisms, such as reduced TG export, decreased
FA oxidation, or other factors, that increase the risk for steatosis
during fetal development. Further study is needed to identify such
factors. Furthermore, we recognize that the HFD also has a higher
caloric density and more saturated fat; thus it is not possible to
definitively identify the major contributor — lipid or total calories
— to the fetal lipotoxicity.

One hypothesis for the potential adverse effects of excess lipids
on the fetal liver during development relates to the lack of WAT
during the early third trimester (36, 37), which could be used to
buffer the excess lipids. In adults, for example, diet-induced obe-
sity overwhelms the WAT stores, and fat accumulates in ectopic
organs, such as liver and skeletal muscle, causing insulin resistance.
This is illustrated nicely in the “fatless mouse” models as well as in
patients with lipodystrophy; in the latter, in the absence of WAT,
fat is stored in the liver and muscle, leading to severe insulin resis-
tance (38-45). With transplantation of wild-type WAT into this
model, lipids dissipate from the liver and deposit in fat pads, and
insulin resistance resolves. Therefore, it is possible that as WAT
develops during the third trimester in the primate fetus, the fat
in the liver will be mobilized and stored in the WAT. However, in
O-HFD animals carried to full term and studied at P30 and P180,
the fatty liver persisted; although the relative differences were nota-
bly less during the postnatal period than during the fetal period,
the elevated hepatic TGs were accompanied by a 2-fold increase in
percent body fat in O-HFD. The persistence of the fatty liver may
not be surprising, given that the offspring are kept with mothers
who remain on the HFD and are concurrently breastfeeding. This
reduction in liver TG levels could be caused by several factors in
the postnatal period, including the development of WAT, but may
also be caused by increased physical activity and fuel utilization
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of the animals as they become independent from their mothers.
Juvenile monkeys are very active, especially in group or social hous-
ing. Further studies are needed to determine whether the fatty liver
persists when O-HFD animals are switched to a low-fat diet during
the postnatal period. Studies in rodents have shown that feeding a
HED to pregnant rats throughout pregnancy and during lactation
causes a fatty liver phenotype in male offspring that persists into
adulthood, even after animals return to a standard chow diet (79).
These rats also displayed abnormalities in the insulin signaling
cascade in the liver and were obese and insulin resistant; however,
neither the gluconeogenic pathway nor the early development of
fatty liver in the fetal or newborn pups was investigated.

One of the primary concerns about lipid accumulation within
the liver is lipotoxicity, which can lead to insulin resistance, oxi-
dative stress and/or damage, activation of proinflammatory
cytokines, and ultimately liver fibrosis and permanent tissue dam-
age (81-84). In the current study, we observed no hyperinsulinemia
or any abnormalities in the insulin signaling cascade (either by
gene expression or by protein phosphorylation); however, prelimi-
nary microarray studies and confirmatory PCR studies identified
increased expression of several genes involved in the oxidative stress
pathway and proinflammatory cytokines (D. Marks, unpublished
observations). The activation of the oxidative stress pathway was
confirmed by immunohistochemistry and immunoblot analysis.
Furthermore, we also observed elevations in a wide range of inflam-
matory cytokines in fetal circulation (Supplemental Table 2).
Our current understanding of the mechanisms responsible for the
development of pediatric nonalcoholic steatohepatitis (NASH)
remains limited. Whether this disorder has a fetal componentas a
result of the marking or “memory” of the liver during fetal life is
as yet unknown. The data shown here suggest that the accumula-
tion of excess lipids in the fetal liver is not benign and is associ-
ated with increased stress activation (p-JNK) and inflammatory
cytokine gene activation, both pathophysiological features found
in pediatric patients with NASH. Investigation of the consequenc-
es of these histological and biochemical changes on the offspring
are underway and may lead to a better understanding of the patho-
physiology of pediatric fatty liver disease.

An important question raised by our results and those of others is
whether the fatty liver phenotype can be prevented by dietary inter-
vention. In the current study, we chose a straightforward interven-
tion of switching animals that had been on the HFD for more than
4 years (both HFD-S and HFD-R animals) to the low-fat standard
chow diet specifically during the fifth-year pregnancy. During the
diet reversal protocol, all animals showed a slight improvement of
glucose tolerance; however, obese animals remained obese and were
still substantially insulin resistant. In spite of this, there was marked
improvement, but not complete normalization, in fetal hepatic TGs
and partial normalization of the expression of the gluconeogenic
enzymes in the O-HFREV group. These results suggest that simply
changing to a normal low-fat diet, specifically during pregnancy,
can lower, but not eliminate, the risk for fetal hepatic steatosis. Age,
parity, or increased prepregnancy BMI could not account for the
higher than normal fetal TG accumulation, as the control animals
on the standard chow diet had similar numbers of pregnancies, and
the effect of the diet reversal was similar in both O-HFREV-S and
O-HFREV-R groups. These results imply that a chronic high-calo-
rie, HFD could have long-term effects on maternal/fetal fuel metab-
olism in future pregnancies. The biological mechanisms through
which this HFD during one pregnancy may modify the risk for fetal
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steatosis in subsequent pregnancies remains unclear. However, the
failure of the diet reversal to completely normalize fetal hepatic TGs
suggests that the supply or type of endogenous fatty acids may play
an important role in addition to the maternal diet. It is well known
that maternal obesity and even glucose in the normal range can have
a substantial impact on fetal development and health; our current
studies did not determine the relative contribution of maternal obe-
sity to the fatty liver phenotype in the offspring. Nevertheless, there
were major benefits associated with the diet reversal, which suggests
that this is at least a reasonable strategy to help improve the meta-
bolic health of the developing fetus.

Our results also demonstrate that chronic exposure to lipids
during pregnancy triggered increased gluconeogenic gene expres-
sion associated with PGCla deacetylation and increased HNF4a
expression in the fetal liver, suggesting an important early molecu-
lar mechanism by which excess lipids may reprogram hepatic lipid
and glucose metabolism in the fetus. The deacetylation of PGCla
has been shown previously to increase PGCla activity to induce
PCK1 transcription and hepatic glucose output in transgenic mice
(61, 62). PGCla, along with increased HNF4a, is associated with
increased PCK1 and G6P mRNA (85, 86), and may therefore play an
important role in coordinating the premature induction of genes
involved in gluconeogenesis that was observed in the O-HFD
group. HNF4a can be directly modulated by fatty acyl-CoA deriva-
tives (87, 88), emphasizing its unique role in transcriptional regula-
tion by nutrients and hormones. Moreover, HNF4a. can function-
ally bind to the promoters of up to 12% of all hepatic genes (89),
suggesting that HNF4a has broad activities and may contribute to
amuch larger regulatory network of essential metabolic processes
in the liver. Although the increases in gluconeogenic gene expres-
sion at G130 were relatively small compared with expression in
adult liver, in transgenic mice engineered to overexpress hepatic
PCK1 at birth, a 2-fold increase was sufficient to induce hepatic
glucose production, insulin resistance, and impaired glucose toler-
ance in adults (69), suggesting that relatively small increases dur-
ing development could prove to be significant in the evolution of
diabetes. These data would be greatly strengthened by measures of
increased hepatic glucose production; however, this was not tech-
nically feasible in the NHP fetus. While there could be evidence
for greater gluconeogenesis after birth, most studies suggest that
this evolves over time, and our animals are in the process of post-
weaning development. Further studies are currently underway to
examine direct binding to the PCK1 promoter and to determine
whether increased hepatic glucose production is present during
the first year of life in these animals.

In utero adaptations, now referred to as fetal metabolic program-
ming, were initially documented by Hales, Barker, and colleagues,
who described increased cardiovascular mortality and impaired
glucose tolerance in association with poor fetal growth (90). In
recent years, the number of babies born large for gestational age
has risen dramatically, and along with larger size comes greater
risk for developing metabolic syndrome in adulthood (12, 13, 19).
Interestingly, these heavier babies are often born to mothers who
are insulin resistant and obese, suggesting a crucial role for mater-
nal overnutrition (33, 91, 92). Here we illustrated an expanded
concern for maternal HFD consumption and risks for NAFLD in
offspring independent of maternal obesity or insulin resistance.
While the fetuses from HFD-fed NHP mothers weighed slightly
less than controls during the early third trimester, at P30 they were
normal size and by P90, the animals were significantly fatter (but
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not heavier), emphasizing the importance of a shift in body com-
position imposed by early exposure to the HFD.

In summary, our data suggest that exposure to maternal lipid-
derived fuels during early pregnancy leads to an excess of lipid
accumulation in the liver of the fetal and neonatal offspring (Fig-
ure 6). Lipid accumulation in the liver is associated with lipotoxic-
ity, likely leading to macrophage infiltration and increased inflam-
matory cytokine production. This inflammation likely drives the
activation of the oxidative stress pathway, which in turn can acti-
vate the transcriptional regulators of hepatic gluconeogenesis.
Our group has previously demonstrated an increase in heat shock
proteins, histone acetylation, and histone deacetylase activity in
these fetal livers, suggesting long-term modifications in transcrip-
tion (93). Furthermore, offspring had increased adiposity and
liver TGs, which indicates that the fatty liver does persist beyond
the development of WAT stores. Of great concern is our popula-
tion of NHP mothers who were neither obese nor insulin resistant
prior to pregnancy, but with exposure to a chronic HFD showed
a fetal pattern of metabolic abnormalities identical to that of the
fetuses from mothers with increased weight gain and insulin resis-
tance. Although our study focused on the fetal liver, it is highly
likely that the lipotoxicity is not limited to the fetal liver. Indeed,
an increase in aortic fatty streaks has previously been observed in
human fetuses from mothers with chronically or acutely elevated
cholesterol, despite the lack of correlation between maternal and
fetal cholesterol levels (94). Our findings of increased fetal steato-
sis and subsequent adiposity support what we believe to be a previ-
ously unrecognized risk of fetal programming of obesity resulting
from early exposure to excess maternal lipids in utero. Finally, the
current dietary guidelines for lowering blood glucose in pregnancy
include substituting lipids for carbohydrates (95); however, the
results of the current study emphasize the need to carefully bal-
ance carbohydrate and fat intake during pregnancy to reduce the
risk of both hyperglycemia and hyperlipidemia during this criti-
cal developmental phase. Failure to recognize that maternal diet
and maternal obesity play a critical role in fetal programming of
adult disease may ultimately lead to an acceleration in the obesity
epidemic through successive generations, independent of further
genetic or environmental factors (96).

Methods

Experimental design. All animal procedures were in accordance with the
guidelines of the Institutional Animal Care and Use Committee of the
ONPRC. Age- and weight-matched young adult female Japanese macaques,
5-6 years of age at the start of the studies, were socially housed in indoor/
outdoor enclosures in groups of 5-9 with 1-2 males per group. Animals
were separated into 2 groups: the control group was fed standard monkey
chow that provides 14% of calories from fat (Monkey Diet no. 5052; Lab
Diet), and the HFD group was fed a diet that supplied 32% of calories from
fat (Custom Diet SA1F; Test Diet) and included calorically dense treats (see
Table 1). Both diets are sufficient in vitamin, mineral, and protein content
for normal growth. Prior to this study, all animals were maintained on
standard monkey chow in large outdoor enclosures and were naive to any
experimental protocols.

Because these animals are socially housed, individual food intake and
energy expenditure could not be measured. Bimonthly, body weights were
measured and blood samples were taken for hormone analysis after an
overnight fast. Animals were also checked for pregnancies by palpation
and confirmed and aged by ultrasound. Twice a year, once during the
nonbreeding season (August to September) and once during the third tri-
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mester of pregnancy (as determined by ultrasound), animals underwent
an iv. GTT to determine insulin sensitivity (see below). All of the above
procedures were done under ketamine sedation (5-10 mg/kg).

The animals in the study were allowed to breed naturally. For the experi-
ments involving fetuses, pregnancies were terminated by cesarean section,
performed by ONPRC veterinarians, at G130 as determined by ultrasound.
Both groups consisted of primiparous and multiparous pregnancy ani-
mals. All pregnancies were singleton. For the experiments involving post-
natal offspring, the pregnancies were allowed to progress to natural birth.
The offspring were maintained with their birth mothers on the same diet
as consumed during pregnancy. To minimize stress during the perinatal
period, offspring were not weighed until P30. In a preliminary study, a
small cohort of animals was terminated at P30. In the follow-up study, off-
spring were weighed and body composition determined by DEXA at P30,
P90, and P180. Liver biopsies were obtained by laparoscope at P180.

During the fifth year, HFREV animals were switched back to the stan-
dard monkey chow specifically during the breeding/pregnancy season
(starting in October). The control group was maintained on the standard
chow diet through this period.

Fetuses delivered from animals maintained on the control diet or HFD
for 2-4 years were used. This time period correlates with changes in body
weight in the HFD-S adult females. Immediately after cesarean section, the
fetuses were delivered to necropsy, where they were weighed and measured.
The fetuses were deeply anesthetized with sodium pentobarbital (>30 mg/
kgiv.) and exsanguinated. Organs from these animals were quickly removed
and weighed. The organs were dissected and either frozen in liquid nitrogen
or fixed in 4% paraformaldehyde in phosphate buffer (pH 7.4).

Maternal insulin sensitivity. We performed i.v. GTTs twice a year on preg-
nant (early third trimester) and nonpregnant females after an overnight
fast. Animals were sedated with ketamine (10 mg/kg) and administered a
glucose bolus (50% dextrose solution) at a dose of 0.6 g/kg via the saphe-
nous vein. Baseline blood samples were obtained prior to the infusion,
and 1-ml blood samples were taken at 1, 3, 5, 10, 20, 40, and 60 min after
infusion via the femoral artery. Glucose was measured immediately using
a OneTouch Ultra Blood Glucose Monitor (LifeScan), and the remainder
of the blood was kept in heparinized tubes on ice for insulin measure-
ment. After i.v. GTT, samples were centrifuged, and plasma was stored
at -80°C until assayed. Insulin was assayed in plasma by RIA (catalog
no. RI-13K; Linco). HOMAIR was determined as previously described by
Bonora et al. and Matthews et al. (46, 47), calculated as fasting serum
insulin (WU/ml) x fasting plasma glucose (mmol/1)/22.5.

Immunoblot analysis. Liver sections were homogenized in ice-cold lysis
buffer containing 20 mM Tris, pH 7.5; 150 mM NaCl; 1% Igepal; 20 mM
NaF; 2 mM EDTA; 2.5 mM sodium pyrophosphate; 20 mM f-glycerophos-
phate; 10% glycerol; and inhibitors (Pefabloc and Mini-Complete protease
inhibitor; Roche; and Phosphate Inhibitor cocktail 1/2; Sigma-Aldrich).
Homogenates were solubilized for 1 h at 4°C and then centrifuged at
12,000 g for 15 min to remove insoluble material. Protein concentration
was determined using the BCA Protein Assay kit (Pierce). Nuclear extracts
for PGC1 IP were prepared using a nuclear extraction kit (Pierce). For IP,
anti-rabbit PGCla (Santa Cruz Biotechnology Inc.) was added to 100 ug
nuclear lysates and allowed to rotate overnight at 4°C. Protein A Sepharose
beads (Amersham Biosciences) prewashed in PBS were added, rotated for
2 hat 4°C, and then centrifuged at 12,000 g. The antibody bead lysate was
resuspended in 50 ul Laemlli sample buffer and heated at 70°C for 10 min.
For immunoblot analysis, whole tissue homogenates (50 ug) or nuclear IPs
were run on 7% Tris-Acetate precast gels (Invitrogen) and then transferred to
polyvinylidene difluoride membranes (BioRad Laboratories). After transfer,
membranes were exposed to the appropriate primary and secondary anti-
bodies (BioRad Laboratories). The following antibodies were used: p-JNK
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(catalog no. 9251; Cell Signaling Technology), acetylated lysine (catalog
no. 9441; Cell Signaling Technology), PGCla. (catalog no. SC13067; Santa
Cruz Biotechnology Inc.), HNF4a. (catalog no. SC6556; Santa Cruz Bio-
technology Inc.), GAPDH (catalog no. SC20357; Santa Cruz Biotechnology
Inc.), and JNK (catalog no. AF1387; R&D Systems). Immunoreactive prod-
ucts were detected using Western Lightning enhanced chemiluminescence
(Perkin Elmer) and exposure to X-OMAT sheet film (Eastman Kodak Co.).
Protein levels were quantified using a FlurChem Q analysis system (Alpha-
Innotech) and expressed relative to an internal standard run on every gel in
duplicate. GAPDH was measured as a loading control.

TG analysis. Liver TGs were measured by a modified Folch method that
was described previously (97). Briefly, fetal livers were homogenized in 2:1
chloroform/methanol, and TGs were extracted overnight. The following
day, organic and inorganic layers were separated by adding 0.6% NaCl,
then the samples were thoroughly vortexed and centrifuged at 13,400 g at
4°C for 5 min. The organic phase was carefully isolated and dried under
nitrogen, and samples were resuspended in 200 ul isopropanol. TG con-
centration was determined using the Serum Triglyceride Determination
Kit (catalog no. TR0100; Sigma-Aldrich). An internal standard of 1 mM
tripalmitin was run during every extraction to calculate percent recovery.

RNA and quantitative RT-PCR. Total RNA was isolated from liver tis-
sue derived from G130 fetuses from control diet- and HFD-fed mothers
using TRIZoOL (Invitrogen). mRNA was measured by real-time quantitative
RT-PCR using a PRISM 7700 Sequences Detector System (Applied Bio-
systems). The following gene expression assays designed against human
mRNA sequences were purchased from Applied Biosystems: PGCIA (assay
no. Hs00173304_m1), PCK1 (assay no. Hs00159918_m1), G6P (assay no.
Hs00978991_g1), and FBPI (assay no. Hs00983318_m1).

Morphological analysis. Fresh-frozen liver was sectioned at 10 um, fixed
in 10% zinc formalin at 4°C for 10 min, and stained with Oil Red O and
hematoxylin (American Master Tech Scientific Inc.). Liver tissue postfixed
in 10% zinc formalin was embedded in paraffin and sectioned at 20 um.
The sections were deparaffinized with xylene and ethanol, blocked in 2%
normal donkey serum, and incubated with mouse anti-HNE at 1:4 (catalog
no. MHN-100P; Jaica) or goat anti-8-OH-DG diluted 1:500, followed by
biotinylated donkey anti-mouse (catalog no. 715-066-150; Jackson) or don-
key anti-goat (catalog no. 705-065-147; Jackson), respectively, both diluted
1:600. Sections were then incubated with Vectastain ABC Elite kit (catalog
no. PK-6100; Vector Laboratories) followed by nickel DAB for 6 minutes.
Finally, HNE sections were counterstained with hematoxylin for 1 min, and
8-OH-DG sections were counterstained in neutral red for 30 seconds. For
all histochemistry, a qualitative analysis was done by an observer blinded
to the treatment group. The observer scaled the samples as having low,
modest, or high staining.

Plasma hormone measurements. Blood samples were collected in heparinized
Vacutainer tubes (BD) from the fetal aorta and centrifuged at 200 g for 20 min.
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Plasma insulin was measured using an in-house assay on a Roche Diagnostics
Elecsys 2010 clinical assay platform, and leptin levels were measured using an
RIA kit directed against human leptin (catalog no. PL-84K; Linco).

Proteome profiler cytokine array. Relative expression of plasma cytokines
was quantified using the Proteome Profiler Human Cytokine Array, Panel A
Array Kit (R&D Systems). The array was performed according to the man-
ufacturer’s exact specifications using 250 ul plasma (»n = 3 [control diet];
4 [HFD]). For maximum sensitivity of the assay, overnight incubation of
blots with the plasma was used. ECL incubation was performed for 5 min
using the SuperSignal West Femto Chemiluminescent Kit (Thermo Sci-
entific Pierce), and then images were captured and analyzed using Fluoro-
Chem FC2 Imaging Illuminator coupled with AlphaEaseFC software (ver-
sion 4.0; Alpha Innotech).

Statistics. Data are expressed as mean = SEM. For the maternal and fetal
data, differences between the 3 groups (control, HFD-S, and HFD-R) were
tested by 1-way ANOVA with Bonferroni post-hoc analysis. Animals were
classified as HFD-S or HFD-R based on weight gain, response to i.v. GTT, and
percent body fat change in the nonpregnant state, as described in Results.
When comparable changes were observed in O-HFD-S and O-HFD-R
groups, the 2 groups were combined, and a 2-tailed Student’s ¢ test was
used to compare values with offspring of control mothers. To investigate
the effects of maternal diet reversal on gene expression, samples from the
HFREV and control groups were run in the same assays and compared by
2-tailed Student’s ¢ test. A P value less than 0.05 was considered significant.
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