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Altered fetal environments, such as a high-fat milieu, induce metabolic abnormalities in offspring.
Different postnatal environments reveal the predisposition for adult diseases that occur during the
fetal period. This study investigates the ability of a maternal high-fat diet (HFD) to program
metabolic responses to HFD reexposure in offspring after consuming normal chow for 23 weeks
after weaning. Wild-type CD1 females were fed a HFD (H) or control (C) chow during pregnancy
and lactation. At 26 weeks of age, offspring were either reexposed (H-C-H) or newly exposed
(C-C-H) to the HFD for 19 weeks. Body weight was measured weekly, and glucose and insulin
tolerance were measured after 10 and 18 weeks on the HFD. The metabolic profile of offspring on
a HFD or C diet during pregnancy and lactation and weaned onto a low-fat diet was similar at 26
weeks. H-C-H offspring gained more weight and developed larger adipocytes after being rein-
troduced to the HFD later in life than C-C-H. H-C-H mice were glucose and insulin intolerant and
showed reduced gene expression of cox6a2 and atp5i in muscle, indicating mitochondrial dys-
function. In adipocytes, the expression of slc2a4, srebf1, and adipoq genes was decreased in H-C-H
mice compared with C-C-C, indicating insulin resistance. H-C-H showed extensive hepatosteatosis,
accompanied by increased gene expression for cd36 and serpin1, compared with C-C-H. Perinatal
exposure to a HFD programs a more deleterious response to a HFD challenge later in life even after
an interval of normal diet in mice. (Endocrinology 154: 3565–3576, 2013)

Many studies have shown that the intrauterine envi-
ronment has a fundamental impact on fetal devel-

opment with subsequent consequences on the onset of dis-
eases in adulthood (1–3). Maternal undernutrition during
pregnancy (IU) influences glucose metabolism and leads to
decreased glucose tolerance in adulthood in humans (4). In
addition, animal studies have revealed the impact of ma-
ternal caloric (5) and protein restriction (6) as well as the
effects of a high-caloric diet (2) on the development of
adult diseases. Undernutrition and overnutrition during

IU have been shown to alter glucose and lipid homeostasis
in offspring later in life.

In industrialized countries, overnutrition likely plays a
dominant role in the origin of metabolic diseases. A diet
high in calories from excess fat is commonly used to mimic
Western societies’ eating habits (7). Studies in mice have
investigated the impact of a high-fat diet (HFD) on disease
development when the diet was applied during IU and
lactation (L). In mice, offspring of dams exposed to a HFD
during IU and L and weaned onto a standard chow ex-
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hibited many features of the metabolic syndrome (3). In
these studies, mice developed hypercholesterolemia at the
age of 11 weeks (8), adiposity at the age of 3 months,
insulin resistance and hypertension at the age of 6 months
(9), and hepatosteatosis at the age of 3 months (10).

A study in adult men suggests that “catch-up” growth
is associated with an increased risk for developing the met-
abolic syndrome (11). We recently demonstrated that
male mice exposed to HFD IU � L were born small for
gestational age and exhibited catch-up growth (12). Sub-
sequently, the HFD IU � L mice weaned onto a standard
low-fat chow also exhibited increased adiposity and im-
paired glucose tolerance and insulin sensitivity compared
with offspring of wild-type (WT) dams on a control (C)
diet. In this study, CD1 WT dams and glucose transporter
4 heterozygote (GLUT4�/�) males, a genetic model of
peripheral insulin resistance (13), were used to generate
the WT male offspring.

The postweaning diet also appears to play an important
role in determining the phenotypic manifestation of the
programming brought about by exposure to HFD during
IU and L. Mice continuously exposed to a HFD through-
out IU into early adulthood developed increased adipos-
ity, hypercholesterolemia, and hepatosteatosis (14) com-
pared with mice exposed to this diet only during the
postweaning period. In a model of protein restriction
throughout IU and L, offspring developed hypertension
and hepatosteatosis when exposed to a “second hit” HFD
postweaning diet for 6 months as compared with those
exposed to a standard chow (15).

The “Barker hypothesis,” also known as the “fetal or-
igin of adult disease hypothesis,” postulates that the de-
termination of adult diseases occurs during fetal develop-
ment due to adverse changes of the intrauterine milieu
(16). A more detailed understanding of the hypothesis of
the developmental origin of disease encompasses the effect
of the intrauterine environment on the offspring’s re-
sponse to different postnatal diets (17, 18). Considering
the results of recent animal studies, and the fact that many
populations have access to obesogenic diets, we expanded
our study of a HFD applied during IU and L and conducted
a “2-hit” study. This study evaluated offspring exposed to
a maternal HFD during IU and L (“first hit”) that were
reexposed to a HFD after an interval of 23 weeks on a
regular chow (“second hit”). The 2-hit regime was used to
uncover programming effects that remain silent during the
phase of consuming a regular postnatal diet but may be-
come evident upon reexposure to a HFD. After reexposure
to a HFD, offspring exposed to HFD during IU and L
exhibited significant metabolic disturbances compared
with offspring exposed to a C diet during IU and L. The
results of this study show that in this CD1 mouse model,

the intrauterine developmental milieu brought about by a
maternal HFD results in a more pronounced deleterious
response to a postnatal HFD introduced later in life.

Materials and Methods

Animals and experimental design
Animals were housed in a barrier facility and maintained on

a 14-hour light, 10-hour dark cycle with ad libitum access to
chow and water. Age- and body weight (BW)-matched WT fe-
male mice (CD1 background) were maintained on PicoLab
Mouse Control Breeding Diet no. 5058 (CIU: 9% fat as soybean
oil and animal fat, 20% protein, and 53% carbohydrate; 3.59
kcal/g) (LabDiet, St Louis, Missouri) or a high-fat Bio-Serv Prod-
uct no. F3282 (HFIU: 35.5% fat as lard, 20% protein, and
36.3% carbohydrate; 5.29 kcal/g) (BioServ, Frenchtown, New
Jersey) 2 weeks before mating, throughout pregnancy and L.
Animals were mated to WT CD1 males. Pregnancy was con-
firmed by detection of a copulatory plug and defined as embry-
onic day 0.5. Male offspring were weaned onto PicoLab Mouse
Diet no. 5053 (C, low-fat diet: 4.5% fat as soybean oil, 20%
protein, and 54.8% carbohydrate; 3.4 kcal/g) (LabDiet) at post-
natal day 21 and kept on this diet for adolescence and early
adulthood until the age of 26 weeks. At the age of 26 weeks, mice
were age- and BW-matched and either reexposed to the same
HFD as during IU and L (H-C-H) or newly introduced to the
HFD (C-C-H) for 19 weeks until the age of 45 weeks. A cohort
of mice exposed to Control Breeding Diet during IU and L and
kept on regular diet after weaning until killing at 45 weeks of age
was kept as a control group (C-C-C). The second hit of the HFD
was applied between early adulthood (26 wk old) and the middle
age (45 wk of age) phase of mice. The study was terminated
before mice reached 12 months of age to avoid aging effects. A
schematic of the study design is illustrated in Figure 1. Mice were
killed using cervical dislocation, and tissues were harvested. To
circumvent the confounding effects of estrogens on adipocytes,
only male offspring were selected for this study (19). Addition-
ally, female mice might undergo changes in their hormonal status
when their breeding capacity is reduced around the age of 8
months (32 wk) (http://research.jax.org). This could potentially
influence metabolism and therefore was another rationale for
selecting male offspring, only, because the study was not termi-
nated before mice reached 45 weeks of age. Five mice per group
from 2 different litters were used in this study. All experiments
were performed sequentially on the same mice. Animal protocols
were approved by the Animal Institute at the Albert Einstein
College of Medicine.

Serum analysis
Fed-state blood samples were drawn from the orbital sinus

between 11 PM and 1 AM. Approximately 120 �L of blood were
taken at 26, 35, 38, 39, and 43 weeks of age. Blood glucose
concentrations were measured using a glucometer (Precision
Q.I.D., a gift from Abbott Laboratories, Chicago, Illinois). A
second portion of whole blood was centrifuged, and the serum
was stored at �80°C. A commercially available kit was used for
measuring serum concentrations of insulin (Linco Research, St
Charles, Missouri), glycerol and triglycerides (TGs) (Sigma, St

3566 Kruse et al Maternal Diet and Disease Programming Endocrinology, October 2013, 154(10):3565–3576

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/10/3565/2423751 by guest on 24 April 2024

http://research.jax.org


Louis, Missouri), nonesterified fatty acids (NEFA) (Wako
Chemicals, Neuss, Germany), and lactate (Trinity Biotech, St
Louis, Missouri) (12).

Intraperitoneal insulin tolerance test (ITT) and
glucose tolerance test (GTT)

For GTTs, overnight fasted mice received an ip injection of
D-(�)-glucose (1.5-g/kg BW) after 9 weeks of reexposing with
HFD (35 wk of age) (12). For ITTs, the same mice received an ip
injection of insulin (0.75-U/kg BW) (Humalog, Lilly, Indianap-
olis, Indiana) after 6 hours of fasting after 17 weeks of reexposing
with HFD (43 wk of age) as previously described (12). Blood was
collected from the tail vein, and glucose levels were determined
at the indicated times using a glucometer (Precision Q.I.D.). For
both, GTT and ITT, glucose concentrations were plotted over
time and expressed as a percentage of 0 minutes. Additionally,
the total area under the curve (AUC) for 90 minutes (AUC 90
min) for glucose concentrations in milligrams per deciliter was
calculated.

BW and body composition
BW was taken weekly for the first 7 weeks of life and at week

17, 21, and 26 of life. After exposing mice to the HFD at week
26, BW was taken weekly until killing. BW was measured at 9 AM

on the same day of the week. Body composition (% body fat) and
lean mass (% lean mass) (n � 3–5 per group) were determined in
conscious mice by magnetic resonance spectroscopy using an
ECHO magnetic resonance spectroscopy instrument (Echo
Medical Systems, Houston, Texas) (20). Body composition was
taken before changing the diet (26 wk of age) and at killing (45
wk of age).

Quantitative real-time PCR analysis
mRNA expression analysis was performed using quantitative

real-time PCR on epididymal white adipose tissue, gastrocne-
mius muscle, and liver as previously described (21). Gene ex-

pression analysis was performed in
adipose tissue for glucose transport
(slc2a4), lipid metabolism (srebf1, pln1,
pparg, and lpl), adipokines (adipoq, retn,
and lep), and inflammatory markers (il6,
ccl2, tnf, and emr1); in muscle for glu-
cose transport (slc2a1 and slc2a4), fatty
acid transport (cd36), transcription fac-
tors (ppard and ppargc1a), insulin resis-
tance (scd1 and dgat1), mitochondrial
markers (cox6a2 and atp5i), and inflam-
matory markers (serpin1 and tnf); and in
liver for glucose transport (slc2a2), fatty
acid transport (cd36, slc27a2, and
slc27a5), transcription factors (ppara,
cpt1a, srebf1, and mlxip), fatty acid syn-
thesis (fas), gluconeogenesis (g6pc), and
inflammatory markers (serpin1 and il6).
Primers were designed using Primer Ex-
press software (Applied Biosystems, Fos-
ter City, California). Primer sequences
are listed in Supplemental Table 1, pub-
lished on The Endocrine Society’s Jour-
nals Online web site at http://endo.endo-

journals.org. Data are expressed relative to the C-C-C group.
The constitutively expressed genes ubiquitin or cyclophilin B
were used as loading controls.

Histology
White adipose tissue and liver were fixed in 10% buffered

formalin, embedded in paraffin, sectioned at 5 �m, and stained
with hematoxylin and eosin. Adipocyte size was measured using
SPOT Advance and ImageJ software (http://rsbweb.nih.gov/ij/)
according to a modified method described previously (22). In
epididymal fat, 3 different areas with 75 adipocytes in each area
per mouse were analyzed in 3 mice per group. Average adipocyte
size per animal was subsequently calculated.

Sections of mouse liver tissue were stained with hematoxylin
and eosin, Gomori, and periodic acid-Schiff with diastase diges-
tion (PAS-D) using standard protocols. To address the extent of
hepatic steatosis, liver sections were graded based on a modified
semiquantitative scoring system (23): 0 � normal (parenchymal
involvement of steatosis �5%); 1 � mild (5%–20%); 2 � mod-
erate (�20%–50%); and 3 � severe (�50%). Steatosis grading
included macrovesicular steatosis, characterized by large fat vac-
uoles pushing nuclei of hepatocytes to the periphery, as well as
microvesicular steatosis, characterized by small fat vacuoles with
hepatocyte nuclei remaining central (23). Localization of steato-
sis was also examined: zone 3, perivenular zone; and zone 1,
periportal zone. Lobular inflammation was scored based on the
number of inflammatory foci per 10 high-power fields (HPFs):
0 � 0 per 10 HPF, 1 � 1–2 per 10 HPF, 2 � more than 2 per 10
HPF. Sections were evaluated by a pathologist who was blind to
sample identity.

Data analysis
Data represents the mean � SEM. Statistical analyses were

performed using IBM SPSS Statistics 20 software (IBM Corp,
Armonk, New York). The combination of the intra uterine diet

Figure 1. Schematic of dietary intervention for the groups investigated from pregnancy to the
end of the study at 45 weeks. Experimental procedures are indicated according to the age of the
mice. Exposure to either a regular rodent chow (C) or a HFD (H) during IU and L resulted in 3
experimental groups (C-C-C, C-C-H, and H-C-H). The first letter indicates the diet during IU and
L, the second letter indicates the diet during the first 23 weeks of life, and the third letter
indicates the diet during the last 19 weeks of life.
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and the diet applied in adulthood was considered a fixed fac-
tor resulting in the 3 experimental groups. BW, serum param-
eters, ITT and GTT experiments, and real-time PCR results
were analyzed by Kruskal-Wallis test with Bonferroni post
hoc tests. Experimental results were considered significant
when P � .05.

Results

BW and body composition
Observations from our previous

studies (12) showed that WT CD1
damns fed a HFD gained more
weight and consumed more kilocal-
ories per day during the first half of
pregnancy compared with dams on
C chow.

Mice exposed to a HFD during IU
and L had a slightly smaller BW up to
the age of 6 weeks that was signifi-
cant at 1 and 4 weeks of age (Figure
2A). From 6 weeks on, there was no
longer a difference in BW. Along this
line, no significant differences were
observed in adiposity at the age of 26
weeks (Table 1). After HFD was re-
introduced (26 wk of age), H-C-H
mice compared with C-C-H mice
displayed a significant increase in
BW after 12 weeks on the HFD (38
wk of age) (Figure 2B), and this re-
mained significant until the mice
were killed after being on the diet for
19 weeks (45 wk of age) (Figure 2B).
Increases in BW at 45 weeks of age
were reflected of alterations in body
composition. At killing, H-C-H mice
displayed increased adiposity com-
pared with C-C-H mice (Table 2). H-

C-H had the highest ratio of organ weight normalized to
lean body mass for epididymal and renal fat depots, liver,
and heart compared with C-C-C. Although C-C-H had a
trend for an increased ratio for epididymal and renal fat
depots and liver compared with C-C-C, this did not
achieve significance. There was no significant difference in
organ weight normalized to lean body mass for heart be-
tween C-C-C and C-C-H and for kidney between all
groups. Detailed organ measurements are provided in
Supplemental Table 2.

Serum parameters
Mice exposed to a HFD during IU and L and control

mice did not show a significant difference in fed blood
glucose and serum levels of insulin, TGs, NEFA, or glyc-
erol at 21 weeks of age. However, serum lactate levels were
significantly reduced in mice exposed to a HFD during IU
and L (Table 1). After mice had been reexposed to HFD,
mice exposed to a HFD during IU and L (H-C-H) showed
a significant elevation in fasted and fed blood glucose and

Figure 2. (A) Growth curve for selected time points of mice exposed to either a C diet (C IU and
L, white bars) or a HFD (HF IU and L, black bars) during IU and L. *, P � .05; n � 10 per group.
(B) Growth curve of mice exposed to either a C diet (C) or a HFD (H) during IU and L, both
weaned onto a standard diet (C) until the age of 26 weeks and then either reexposed to the
same HFD (H) or kept on the C diet (C). ‡P � .05 compared with C-C-C; #, P � .05 compared
with C-C-H and P � .005 compared with C-C-C; n � 5 per group. White circles, C-C-C; white
triangles, C-C-H; black squares, H-C-H.

Table 1. Adiposity and Metabolites of Offspring
Before Reexposure to a HFD

C diet during
IU and L

HFD during
IU and L

Adiposity (%) 25.2 � 2.20 23.8 � 1.37
Glucose (mg/dL) 140.7 � 8.43 140.3 � 6.8
Insulin (ng/mL) 3.95 � 1.20 4.39 � 0.84
TGs (mg/dL) 97.33 � 13.00 122.19 � 13.90
NEFA (�Eq/mL) 1.45 � 0.09 1.62 � 0.08
Lactate (mg/dL) 35.40 � 2.62 22.73 � 2.01a

Glycerol (mg/dL) 33.69 � 2.62 35.77 � 1.71

Adiposity (26 wk of age), fed blood glucose, and serum concentrations
of insulin, TGs, NEFA, lactate, and glycerol (21 wk of age) of mice
exposed to either a C or HFD during IU and L; n � 10 per group.
a P � .005 compared with C diet during IU and L.
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fasted serum insulin levels compared with C-C-C mice
after 9 weeks on the diet (35 wk of age) (Table 2). In
addition, H-C-H mice showed a significant decrease in fed
serum lactate and fasted serum glycerol and NEFA levels
compared with C-C-C mice. Both C-C-H and H-C-H mice
showed a significant decrease in fasted and fed serum TGs
compared with C-C-C mice.

Intraperitoneal GTT and ITT
Peripheral glucose tolerance (Figure 3, A and B) and

insulin sensitivity (Figure 3, C and D) were assessed by ip
GTT and ITT, respectively. After being reexposed to the
HFD for 9 weeks (35 wk of age), H-C-H mice had an
increased glucose excursion compared with C-C-C mice,
as shown by an increase in the total AUC for glucose (Fig-
ure 3A). Interestingly, C-C-H mice showed no significant
decrease in glucose disposal compared with C-C-C at this
age. However, when normalized to 0 minutes, these dif-
ferences were no longer apparent, which is likely due to the
significantly higher fasting blood glucose of H-C-H and
C-C-H compared with C-C-C (Figure 3B). An ITT was
performed when mice were reexposed to a HFD for 17
weeks (43 wk of age). Results of this test clearly showed
diminished peripheral insulin sensitivity in H-C-H mice
compared with C-C-C mice (Figure 3C): H-C-H mice had
the highest total AUC for glucose that is significantly dif-
ferent compared with C-C-C but not C-C-H mice. When
normalized to 0 minutes, both H-C-H and C-C-H have
significantly diminished glucose disposal at the 60-minute
time point compared with C-C-C (Figure 3D).

Quantitative real-time PCR analysis
Quantitative real-time PCR analysis was performed to

investigate whether the more severe insulin resistance and
glucose intolerance seen in H-C-H mice was accompanied
by altered expression of genes associated with lipid me-
tabolism, inflammation, glucose transport, or mitochon-
drial dysfunction.

In epididymal adipose tissue, glucose transporter 4
(slc2a4), sterol regulatory element-binding protein-1c
(srebf1), adiponectin (adipoq), and resistin (retn) gene ex-
pression was significantly down-regulated in H-C-H com-
pared with C-C-C adipose tissue with an intermediate
level of expression observed in C-C-H adipose tissue (Fig-
ure 4A). In C-C-H compared with C-C-C, expression of
these genes tended to be down-regulated. Perilipin (plin1)
gene expression was significantly down-regulated in H-
C-H compared with both C-C-C and C-C-H adipose tis-
sue. In contrast, exposure to HFD in adulthood, indepen-
dent of IU diet, led to a significant increase in expression
of the inflammation markers monocyte chemoattractant
protein-1 (ccl2), TNF-� (tnf), and F4/80 (emr1), as well as
leptin (lep). No differences in expression of peroxisome
proliferator-activated receptor (PPAR)�2 (pparg), lipo-
protein lipase (lpl), and IL-6 (il6) could be measured (data
not shown).

Next, we investigated expression of gene expression in
skeletal muscle. H-C-H muscle showed a significant de-
crease in glucose transporter 1 (slc2a1) gene expression
compared with C-C-C and C-C-H, but surprisingly, there
was no difference in glucose transporter 4 (slc2a4) expres-

Table 2. Adiposity and Metabolites of Offspring After Exposure/Reexposure to a HFD

C-C-C C-C-H H-C-H

Adiposity (%) (45 wk of age) 16.69 � 4.30 29.34 � 2.79a 40.44 � 1.04cd

Fasted metabolites (35 wk of age)
Glucose (mg/dL) 126 � 12 162 � 7a 202 � 9cd

Insulin (ng/mL) 0.78 � 0.18 1.15 � 0.44 2.28 � 0.18bd

TGs (mg/dL) 113.32 � 20.14 61.29 � 6.61a 65.27 � 4.29a

NEFA (�Eq/mL) 1.86 � 0.15 1.39 � 0.05 1.02 � 0.08b

Lactate (mg/dL) 19.20 � 2.04 21.98 � 4.01 17.02 � 1.80
Glycerol (mg/dL) 35.50 � 3.15 25.32 � 1.31a 24.18 � 1.29a

Fed metabolites (39 wk of age)
Glucose (mg/dL) 118 � 8 223 � 43 282 � 54a

Insulin (ng/mL) 7.57 � 1.88 32.16 � 10.50a 41.31 � 6.88a

TGs (mg/dL) 152.31 � 13.76 64.07 � 7.61 79.81 � 8.03b

NEFA (�Eq/mL) 1.21 � 0.19 1.03 � 0.11 1.07 � 0.13
Lactate (mg/dL) 42.48 � 6.01 35.04 � 3.11 26.48 � 1.07a

Glycerol (mg/dL) 30.53 � 5.10 36.34 � 3.24 36.62 � 2.67

Adiposity (at killing, 19 wk on HFD, 45 wk of age), overnight fasted (9 wk on HFD, 35 wk of age), and fed (13 wk on HFD, 39 wk of age) blood
glucose levels and serum concentrations of insulin, TG, NEFA, lactate, and glycerol; n � 5 per group.
a P � .05 compared with C-C-C.
b P � .005 compared with C-C-C.
c P � .0005 compared with C-C-C.
d P � .05 compared with C-C-H.
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sion among the groups (Figure 4B). Expression of plas-
minogen activator inhibitor-1 (PAI-1) (serpin1) was in-
creased 3.97-fold (P � .05) in H-C-H mice compared with
C-C-C mice and showed a trend towards increased ex-
pression in C-C-H muscle, although not significant com-
pared with controls. Expression for TNF-� (tnf) was sig-
nificantly increased in both C-C-H and H-C-H muscle.
Only H-C-H muscle showed a significant decrease in ex-
pression of the mitochondrial markers (24) cox6a2 and
atp5i when compared with C-C-C muscle (2.03- and 2.47-
fold reduction, respectively, both P � .05). An interme-
diate level of expression of these genes, as well as PAI-1
(serpin1), was observed in C-C-H muscle. Both groups
that were exposed to a HFD in adulthood showed signif-
icant increases in expression of the fatty acid transporter
Cluster of Differention 36 (CD36) when compared with
C-C-C muscle. Expression of peroxisome proliferator-ac-
tivated receptor � coactivator-1� (ppargc1a) was signifi-
cantly decreased in H-C-H compared with C-C-H muscle

and tended to be decreased when compared with C-C-C
muscle. There was no difference in expression of stearoyl-
Coenzyme A desaturase 1 (scd), PPAR� (ppard), or diac-
ylglycerol O-acyltransferase 1 (dgat1) in muscle in any of
the groups studied (data not shown).

In liver, H-C-H mice showed a 4.15-fold increase in
CD36 (cd36) and a 4.29-fold increase in PAI-1 (serpin1)
expression compared with C-C-C and C-C-H mice (both
P � .005) (Figure 4C). Glucose transporter 2 (slc2a2) ex-
pression was significantly increased in H-C-H liver com-
pared with C-C-C with an intermediate level of expression
observed in C-C-H. Exposure to a HFD in adulthood re-
sulted in increased expression of PPAR� (ppara) and car-
nitine palmitoyltransferase-1� (cpt1a) in C-C-H and H-
C-H liver compared with C-C-C. Interestingly, no
significant differences in SREBP-1c (srebf1) or fatty acid
synthase (fas) were identified in liver among the groups
studied. Similarly, no differences in expression of carbo-
hydrate responsive element binding protein (mlxip), glu-

Figure 3. Intraperitoneal GTT (A and B) and ITT (C and D). A GTT was performed after 9 weeks of reexposing mice to a HFD (35 wk of age), and
an ITT was performed after 17 weeks of reexposing mice to a HFD (43 wk of age). Total AUC for glucose in milligrams per deciliter (mg/dL) was
calculated for the GTT (A) and the ITT (C). Absolute glucose levels were normalized and expressed as a percentage of 0 minutes for the GTT (B)
and the ITT (D). *, P � .05 compared with C-C-C; #, P � .005 compared with C-C-C. White circles, C-C-C; white triangles, C-C-H; black squares,
H-C-H.
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cose-6-phosphatase (g6pc), fatty acid transport protein 2
(slc27a2), FATP5 (slc27a5), or IL-6 (il6) were measured in
liver among the groups studied (data not shown).

Adipocyte size
Figure 5 shows the size of adipocytes (Figure 5, A–C)

and histograms of the distribution of adipocyte cell sizes
(Figure 5, D–F) in epididymal fat depots. Both H-C-H and
C-C-H mice showed an increase in the amount of large
adipocytes with a small increase in cell size in H-C-H (Fig-
ure 5C) compared with C-C-H (Figure 5B). This is repre-
sented by H-C-H epididymal adipose tissue showing a
more pronounced “right shift” in the bars shown in the
histogram for cell size (Figure 5F) compared with C-C-H
mice (Figure 5E). The size of adipocytes of C-C-C is shown
in Figure 5 A with the corresponding histogram shown in
Figure 5D.

Liver histology
As shown in Figure 6 and Supplemental Table 3, com-

pared with the C-C-C group (median grade, 0) (Figure
6A), the grade of steatosis was significantly higher in C-
C-H (median grade, 2; P � .012) (Figure 6B) and H-C-H
(median grade, 3; P � .005) (Figure 6C) liver. The change
in lipid accumulation in both groups was predominantly
localized to the acinar zone 2 and 3 (perivenular) and was
largely represented as a microvesicular (small lipid drop-
lets) pattern. However, all H-C-H livers also showed ma-
crovesicular (large lipid droplets) steatosis (arrows in Fig-
ure 6D) in the acinar zone 1 (periportal), whereas only 1
out of 5 livers from the C-C-H group displayed macrove-
sicular steatosis. Although this indicates a difference in the
type of steatosis between groups, changes in the steatosis
grade did not reach statistical significance (P � .155).

Figure 4. Gene expression levels in epididymal adipose tissue (A), gastrocnemicus muscle (B), and liver (C). Kruskal-Wallis test with Bonferroni
post hoc test was used; groups that do not share the same letter are significantly (P � .05) different from each other; n � 5 per group. White
bars, C-C-C; striped bars, C-C-H; black bars, H-C-H.
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However, the HFD-induced steatosis observed in H-C-H
livers was associated with more lobular inflammatory foci
compared with C-C-H livers (P � .017). Referring to the
different types of nonalcoholic fatty liver disease
(NAFLD) proposed by Matteoni et al (25), the C-C-H
livers showed a type 1 pattern (steatosis), whereas the
H-C-H livers exhibited a type 2 pattern (steatosis and in-
flammation). Although these are still early stages of
NAFLD (with no significant fibrosis or hepatocellular bal-
looning detectable), the findings nevertheless indicate that
H-C-H mice are more susceptible to development of non-
alcoholic steatohepatitis (nonalcoholic steatohepatitis
[NASH], NAFLD type 4).

Discussion

The main finding of this study is that male offspring after
exposure to a maternal HFD during IU and L exhibit a
metabolic phenotype characteristic of the metabolic syn-

drome when reexposed to an obesogenic diet in mature/
middle age adulthood. Our results suggest that male
offspring are programmed by the hypercaloric HF intra-
uterine milieu to be more susceptible to the deleterious
effects of an adult HFD.

A HFD is commonly used to investigate the impact of
overnutrition during the perinatal period, even if mice are
less mature at birth compared with humans. The effects on
BW gain in HF offspring placed on a C low-fat diet after
weaning, however, are controversial and appear to be spe-
cies, strain, and diet specific. A study conducted in rats
showed that a 27% HFD fed to female rats before mating
and during IU and L led to a significantly higher BW in
male offspring at 12 months of age (26). In contrast, an-
other study in rats found no difference in BW between
3-month-old male offspring of mothers fed either a 59%
HFD until birth and C diet (27). However, the ratio be-
tween total body fat mass and lean mass was significantly
increased. Results obtained in our present study show that

Figure 5. HFD changes the size of adipocytes in epididymal adipose tissue. Hematoxylin and eosin staining (A–C) and distribution of adipocyte
size (D–F). Cell size was determined by calculating the mean area of 75 cells in 3 independent areas in the specimen using SPOT Advance and
ImageJ software (n � 3 per group). Scale bars represent 50 �m (A–C).
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male offspring of HFD CD1 mothers do not differ in BW
at 26 weeks of age compared with C mice. However, their
BW is significantly less than C mice at 4 weeks of age, and
they undergo catch-up growth and achieve the same BW
as C mice by 6 weeks of age (Figure 2A).

Animal studies revealed that catch-up growth, associated
with a mismatch between the perinatal and postweaning
diet, is usually seen in cases of poor maternal nutrition that
cause low birth weight and induce obesity later in life (28,
29). The reason for a reduced BW during the early post-
natal life of rodents exposed to a HFD during IU seen by
us and others (30) remains unclear. In our previous mouse
study, HFD WT females and GLUT4�/� males, a model
of altered peripheral substrate use (13, 31), were mated to
produce WT offspring. These offspring, exposed to a HFD
during IU and L and a C chow after weaning, exhibit
catch-up growth, obesity, and impaired glucose and insu-
lin tolerance despite consuming a normal low-fat chow
after weaning (12). In the present study, both the fathers
and the mothers were WT CD1 mice. The offspring ex-
posed to a HFD during IU and L showed catch-up growth
from 4 to 6 weeks of age similar to the previous study.
However, unlike in the previous study that was terminated
at 12 weeks of age, no differences in BW were seen among
the offspring up to 26 weeks of age (23 wk on the low-fat
chow) (Figure 2A). The different offspring outcomes in

our 2 studies of WT male offspring,
weaned to a C low-fat diet, may be
due to the different genetic and met-
abolic profiles of the WT CD1 fa-
thers used this study and the insulin
resistant GLUT4�/� fathers used in
the previous study (12). In both stud-
ies, the male offspring exposed to a
maternal HFD are programmed to
develop characteristics of the meta-
bolic syndrome. However, the re-
sults of this study show that off-
spring of WT fathers, with normal
insulin sensitivity, require reexpo-
sure to a HFD later in life in order to
provoke the deleterious effects of
their maternal HFD programming.
Indeed, recent studies have illus-
trated the programming effects that
paternal nutrition and metabolic
status on offspring influences sus-
ceptibility to metabolic dysfunc-
tion (32, 33).

Even though there was no differ-
ence in BW between mice exposed to
a HFD during IU and L and control

mice at 26 weeks of age, in consideration of our previous
study, we hypothesized that offspring exposed to a ma-
ternal HFD were “programmed” to respond differently to
reexposure to a HFD later in life. Most studies investigate
the effects of a HFD during IU and L and during the
postweaning period with continuous consumption of
HFD throughout the study. However, a time frame where
mice are placed on a regular chow is of particular interest
in terms of metabolic disease susceptibility because some
“programming effects” may become evident only after a
stressor (second hit) occurs. As shown in this study, H-
C-H mice are programmed to store more of the calories
consumed in their adipose tissue when reexposed to a
HFD compared with C-C-H mice.

Increased adiposity influences blood glucose and serum
insulin levels, which are surrogate markers of impaired
glucose metabolism (34). H-C-H mice developed signifi-
cantly increased fasting glucose and insulin compared
with C-C-H and C-C-C mice (Table 2), whereas fed glu-
cose was increased in H-C-H and C-C-H mice compared
with C-C-C. This indicates reduced glucose and insulin
tolerance in H-C-H mice as also indicated by the GTT and
ITT (Figure 3) for total AUC (Figure 3, A and C). How-
ever, when blood glucose levels were normalized and ex-
pressed as a change from 0 minutes, the differences in GTT
were no longer evident, because H-C-H and C-C-H dis-

Figure 6. Fat accumulation in liver. Hematoxylin and eosin staining (A–D). C-C-C showed
normal liver histology (A). HFD induced steatohepatosis in mice fed a C diet during IU and L (C-C-
H) (B) and to a greater extent in mice fed a HFD during IU and L (H-C-H) (C) and (D), respectively.
H-C-H livers also displayed macrovesicular steatosis (arrows). V, central vein; PF, portal field. Scale
bars represent 100 �m (A–C) and 50 �m (D).

doi: 10.1210/en.2012-1877 endo.endojournals.org 3573

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/10/3565/2423751 by guest on 24 April 2024



played increased fasting blood glucose levels compared
with C-C-C mice (Figure 3B and Table 2). Because insulin
tolerance decreases with age, we cannot completely rule
out partial age effects. In addition, significantly decreased
serum lactate levels in H-C-H offspring might also suggest
hepatic insulin resistance, because decreased lactate levels
have been reported in mice associated with increased glu-
coneogenesis (35).

H-C-H offspring exhibit increased adiposity and some-
what larger adipocytes compared with C-C-H mice. This
could account for the decreased serum TGs seen in H-C-H
due to enhanced clearance and storage in enlarged adi-
pocytes (Table 2) (36). The difference in mass and size of
the H-C-H adipocytes was also reflected in differences in
expression of genes important in adipocyte function.
GLUT4, the insulin sensitive glucose transporter, is down-
regulated in adipocytes in the state of insulin resistance
(31). H-C-H adipocytes exhibited a significant decrease in
GLUT4 (slc2a4) mRNA compared with controls (Figure
4A). Adiponectin (adipoq), which is exclusively expressed
in adipocytes and is important for insulin signaling in liver
(37), and resistin (retn), which paradoxically shows de-
creased gene expression in obese rodents (38), were sig-
nificantly down-regulated in H-C-H adipose tissue. Ad-
ditionally, SREBP-1c (srebf1), an important transcription
factor in adipogenesis that is down-regulated in obesity
and type 2 diabetes mellitus (39), was down-regulated in
H-C-H adipose tissue. Expression of the proinflammatory
cytokines monocyte chemoattractant protein-1 (ccl2) and
TNF-� and F4/80 (emr1), a marker of macrophage infil-
tration (40), were significantly up-regulated in C-C-H and
H-C-H adipocytes. Overall, these findings suggest adi-
pocytes of H-C-H mice have a gene expression profile
programmed by a maternal HFD that results in an altered
metabolic response to reexposure to a HFD.

As expected, the livers of mice that consumed HFD
accumulated lipids. However, the second hit led to a more
severe type of NAFLD in H-C-H compared with C-C-H
liver (NAFLD type 2 vs type 1), even though a fully de-
veloped NASH was not yet observed. Similar results have
been described by Bruce et al (14), whereby offspring ex-
posed to a maternal HFD developed NAFLD. In this
study, consumption of a HFD during the first 30 weeks of
life was required for the offspring to develop NASH. Com-
bined, these results suggest that offspring exposed to a
HFD during IU and L that subsequently consume a HFD
at anytime in their lives are more susceptible to develop
NASH.

We observed a robust increase in expression of the fatty
acid transporter CD36 (cd36) in liver in H-C-H compared
with C-C-H mice along with a significant increase in ex-
pression of genes of fatty acid oxidation (cpt1a and

ppara). However, this compensatory increase in expres-
sion of genes of fatty acid oxidation in the H-C-H mice was
not able to use the excess fatty acids of the second hit
challenge with a HFD at 26 weeks of life, and hepatoste-
atosis resulted. This development is further supported by
the significant increase in expression of PAI-1 (serpin1), an
inflammatory marker elevated in hepatic steatosis (41), in
H-C-H liver compared with C-C-H and C-C-C. Further-
more, expression of GLUT2 (slc2a2) was significantly in-
creased in H-C-H liver compared with controls. Hepatic
GLUT2 expression is up-regulated during conditions of
increased gluconeogenesis, insulin resistance, and hepatic
steatosis (42). Thus, our data reveal that the H-C-H liver
displays an altered programmed metabolic response that
is unable to attenuate the deleterious effects of a prolonged
HFD challenge later in life.

Expression of the fatty acid transporter CD36 was also
significantly increased in C-C-H and H-C-H muscle. This
suggests an increase in fatty acids available for oxidation.
Fatty acid oxidation occurs in the mitochondria, and cy-
tochrome c oxidase subunits can be used as markers of
mitochondrial function (43). We measured the expression
of the heart/muscle-specific isoform cox6a2 (43) and ATP
synthase isoform atp5i (44) mRNAs, and found that both
were significantly decreased in H-C-H compared with C-
C-C muscle, suggesting that H-C-H muscle is compro-
mised in its ability to use the excess fat energy contained
in the HFD.

In conclusion, we have demonstrated that exposure to
a HFD during IU and L programs male offspring to be
more vulnerable to the metabolic disturbances brought
about by the consumption of a HFD later in life. The H-
C-H offspring were unable to offset the deleterious met-
abolic consequences of a HFD even after an interval of 23
weeks consuming a C low-fat diet. H-C-H offspring
gained the most weight, exhibited greater increases in fast-
ing blood glucose and serum insulin and liver TGs, and
showed adipocyte and mitochondrial dysfunction. This
study uses male mice, because the hormonal status of fe-
male mice (estrogens) could potentially interfere with the
metabolic profile (19). Because gender differences have
been observed in several in utero programming studies
(45, 46), future studies should include both male and fe-
male offspring in order to define gender-specific re-
sponses. The manifestation of adult disease resulting from
disturbances in the fetal environment has been linked to
underlying changes in the epigenome (47). Our results
suggest that in this CD1 mouse model, an altered meta-
bolic program, possibly associated with perinatal epige-
netic changes, persists into adulthood and is revealed on
resumption of a HFD in adulthood.
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