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Poor maternal diet can lead to metabolic disease in
offspring, whereas maternal exercise may have beneficial
effects on offspring health. In this study, we determined
ifmaternal exercise could reverse the detrimental effects
of maternal high-fat feeding on offspring metabolism of
female mice. C57BL/6 female mice were fed a chow (21%)
or high-fat (60%) diet and further divided by housing in
static cages or cages with running wheels for 2 weeks
prior to breeding and throughout gestation. Females were
bred with chow-fed sedentary C57BL/6 males. High fat–fed
sedentary dams produced female offspring with impaired
glucose tolerance compared with offspring of chow-fed
dams throughout their first year of life, an effect not pre-
sent in the offspring from high fat–fed dams that had
trained. Offspring from high fat–fed trained dams had nor-
malized glucose tolerance, decreased fasting insulin, and
decreased adiposity. Liver metabolic function, measured
by hepatic glucose production in isolated hepatocytes,
hyperinsulinemic-euglycemic clamps, liver triglyceride con-
tent, and liver enzyme expression, was enhanced in off-
spring from trained dams. In conclusion, maternal exercise
negates the detrimental effects of amaternal high-fat diet on
glucose tolerance and hepatocyte glucose metabolism in
female offspring. The ability of maternal exercise to improve
the metabolic health of female offspring is important, as this
intervention could combat the transmission of obesity and
diabetes to subsequent generations.

Obesity and type 2 diabetes are increasing at epidemic rates
in the U.S. and worldwide (1). One reason for the escalation
in the prevalence of diabetes is that risk patterns for both

obesity and type 2 diabetes are now known to originate be-
cause of poor maternal diet and maternal obesity (2–13).
Thus, obesity, prediabetes, and diabetes in individuals of re-
productive age can initiate a vicious cycle, increasing the risk
of development of type 2 diabetes and obesity to subsequent
generations (2–13). Understanding the mechanisms under-
lying the transmission of disease risk to offspring, as well as
means to prevent these detrimental effects on offspring
health, are important challenges for biomedical research.

Investigations of both rodents and nonhuman primates
have shown that maternal overnutrition results in offspring
with increased rates of obesity (6,11–13), increased adipos-
ity (11–13), and increased food intake (14,15). In addition,
maternal overnutrition can result in impaired glucose tol-
erance (16) and increased rates of cardiovascular disease
(15) in offspring. The increased rates of obesity and im-
paired glucose tolerance in offspring from overfed dams
have been linked to impaired b-cell (11) and liver (6) func-
tion. Relevant to altered liver function, it has been hypoth-
esized that excess fuels in the intrauterine environment are
taken up by the fetal liver (6), likely a consequence of white
adipose tissue not developing until later in pregnancy, lead-
ing to whole-body insulin resistance (17,18).

In contrast to the detrimental effects of maternal obesity
and overnutrition on offspring metabolic health, maternal
exercise in rodents has been shown to have beneficial effects
on the metabolic phenotype of adult offspring (19–25), in-
cluding enhanced glucose tolerance and/or insulin sensitiv-
ity (19–23,25). We and other groups (21,23–25) have found
that maternal exercise before and during pregnancy negates
the detrimental effects of a maternal high-fat diet on the
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metabolic health of the male offspring. The tissue or tissues
responsible for the improved metabolism in offspring of
exercise-trained dams is not well defined or investigated.
In some reports, improved skeletal muscle function has
been proposed (19,20,22), although our own studies do not
support a role for increased skeletal muscle glucose uptake
as a mechanism for improved glucose tolerance in male
offspring from exercise-trained dams that were fed a
chow or high-fat diet (21). In addition to investigations of
skeletal muscle, there is at least one report in rodents dem-
onstrating that gestational exercise protected high-fat diet–
fed male offspring from hepatic steatosis (23). Given the
fundamental role of the liver in glucose homeostasis as mea-
sured by glucose tolerance, we hypothesized that maternal
exercise may affect liver function in the adult offspring.

There has been increased recognition that numerous
metabolic insults and disease states can differentially affect
male and female health, and there are now strong efforts to
understand the effects of interventions and treatments in
both sexes (26). In regards to pregnancy, studies investigat-
ing the effects of maternal overnutrition on both male and
female offspring have frequently shown that the male off-
spring have a more pronounced detrimental phenotype
(8,13,15,27–29). In one report, maternal obesity in a rat
model resulted in impaired glucose tolerance at 6 months of
age in the male offspring but had no effect on female off-
spring (28). In studies examining maternal protein restric-
tion, skeletal muscle insulin resistance was present earlier in
male offspring than female offspring (27,29). These studies
indicate that the metabolic response to maternal diet may
be different in male and female offspring. In contrast to a
considerable number of investigations examining the effects
of maternal diet on both male and female offspring metab-
olism, with the exception of one study (22), the effects of
maternal exercise have almost exclusively been studied in
male offspring. The sole study that examined the effects of
maternal exercise in female offspring demonstrated that
voluntary wheel exercise in chow-fed rats resulted in in-
creased whole-body insulin sensitivity in the offspring
(22). The effect of maternal exercise in the presence of a
maternal high-fat diet in female offspring, as well as inves-
tigation into the effects of maternal exercise on female off-
spring tissue phenotype, have not been studied.

In the current study, we investigated the effects of maternal
exercise on the metabolic health of female offspring and
determined if maternal exercise could attenuate the detrimen-
tal effects of maternal high-fat feeding in female offspring. In
addition, we investigated the role of the liver in offspring
metabolic health. We found that maternal exercise prevents
the detrimental effects of high-fat feeding in adult female off-
spring and that the improved whole-body metabolic health
of the offspring is associated with improved liver function.

RESEARCH DESIGN AND METHODS

Mice and Training Paradigm
Six-week-old C57BL/6 virgin female mice were fed a chow
(21% kcal from fat; 9F5020; PharmaServ) or high-fat diet

(60% kcal from fat; Research Diets Inc.) for 2 weeks
preconception, during gestation, and until pup weaning.
Mice were additionally divided into four subgroups: trained
(mice housed with running wheels preconception and during
gestation); prepregnancy trained (housed with wheels pre-
conception); gestation trained (housed with wheels during
gestation); or sedentary (housed in static cages). All male
breeders were 10-week-old C57BL/6 mice maintained on
a chow diet and were sedentary. To control for potential
differences in sires, breeding was done as harems. Litters
were culled to five mice, and offspring were chow-fed and
housed in static cages (sedentary) from birth onwards.

In Vivo Metabolic and Body Fat Assessments
For intraperitoneal glucose tolerance tests (ipGTTs), mice
were fasted for 11 h (2200 to 0900 h) with free access to
drinking water. A baseline blood sample was collected from
the tails of fully conscious mice, followed by intraperitoneal
injection of glucose (2 g glucose/kg body weight), and blood
was taken from the tails for glucose measurements at 0, 15,
30, 60, and 120 min. For oral GTTs (oGTTs), mice were
fasted for 11 h (2200 to 0900 h) with free access to drinking
water. A baseline blood sample was collected from the tail of
fully conscious mice, followed by oral gavage of glucose (1 g
glucose/kg body weight), and blood was taken from the tail
for glucose measurements at 0, 15, 30, 60, and 120 min. For
insulin tolerance tests, mice were fasted for 4 h (1000 to
1400 h), and baseline blood samples were collected from the
tails of fully conscious mice. Insulin (1 unit/kg body weight)
(Humulin; Eli Lilly and Company, Indianapolis, IN) was
administered by intraperitoneal injection, and blood samples
were taken from the tail at 10, 15, 30, 45, and 60 min
postinjection. Hyperinsulinemic-euglycemic clamps were per-
formed at Sanford-Burnham Medical Research Institute
as previously described, with some minor modifications as
described below (Cardiometabolic Phenotyping Core Facility,
Sanford-Burnham Medical Research Institute) (30–32). The
clamps were performed over an ;6-week period with an
equal number of mice from each group clamped on a given
week. The mice were catheterized 5 days prior to the hyper-
insulinemic-euglycemic clamps. Catheters were surgically
placed in the carotid artery and jugular vein for sampling
and infusions, respectively. On the day of the clamp, mice
were fasted for 5 h starting at 0800 h, with the clamp (insulin
and glucose infusion) beginning at 1300 h [3-3H]Glucose was
primed and continuously infused between 290 and 0 min
at a rate of 2.5 mCi prime and 0.04 mCi/min continu-
ous. The clamp was initiated at 0 min with a continuous
insulin infusion (2.5 mU/kg/min) and maintained for
120 min. Arterial glucose was monitored every 10 min
to provide feedback to adjust the glucose infusion rate
(GIR). All groups were clamped at the same glucose level
(;150 mg/dL). This concentration was selected as the tar-
get glucose value because historically, this is the typical 5-h
fasting glucose level for a C57BL/6 mouse. [3-3H]Glucose
(0.06 mCi/mL) was added to the glucose infusate to clamp
both arterial glucose and glucose-specific activity. Plasma
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insulin concentrations were measured at basal (25 min)
and at the end of the clamp (120 min). Assessment of fat
and lean mass were determined by DEXA (Lunar PIXImus2
mouse densitometer; GE Healthcare) and offspring anesthe-
tized with ketamine/xylazine (50 mg/mL; injected 0.1
cc/10 g body weight).

Biochemical Methods
Blood was collected from the retro-orbital sinus after an
overnight fast (2200 to 0900 h). Plasma insulin and leptin
were measured using mouse ELISA kits (Crystal Chem
Inc., and triglyceride, cholesterol, and free fatty acid
were measured by colorimetric assay (Stanbio Labora-
tory). mRNA levels of various liver genes were mea-
sured by quantitative RT-PCR using primers shown in
Supplementary Table 1. Liver triglycerides were measured
as previously described (33). Tissue processing and immu-
noblotting were performed as previously described (34).
Antibodies used were GLUT4 (AB1346; Millipore) and HKII
(AB37593; Abcam).

Glucose Production in Isolated Hepatocytes
Glucose production was measured from primary hepato-
cytes as previously described (35). Briefly, primary hepato-
cytes were isolated by liver perfusion with type II collagenase,
grown on collagen-coated plates, and subjected to glucose
production assays (36–38). Glucose in culture medium was
measured and normalized to total protein levels, and the
normalized values were used as an index to estimate glucose
production.

Statistical Analysis
The data are means 6 SEM. Statistical significance was
defined as P , 0.05 and determined by one- or two-way
ANOVA, with Tukey and Bonferroni post hoc analysis. For
experiments that were carried out at various ages (12, 24,
and 52 weeks of age), statistical analyses were determined
based on the control group at that specific time point, and
comparisons among ages were not analyzed.

RESULTS

Characterization of Dams
The pregnant dams ran an average of 6 km/day during the
prepregnancy period and 4 km/day during gestation, and
there was no effect of high-fat feeding of dams on running
distance (Supplementary Table 2). The dams responded to
the wheel running with training adaptations to the triceps
muscle as indicated by significant increases in protein ex-
pression of hexokinase II (arbitrary units: chow-fed, seden-
tary = 1.0 6 0.2; chow-fed, trained = 2.5 6 0.3 [P , 0.05];
high fat–fed, sedentary = 1.0 6 0.3; and high fat–fed,
trained = 2.6 6 0.3 [P , 0.05]) and total GLUT4 (arbitrary
units: chow-fed, sedentary = 1.0 6 0.1; chow-fed, trained =
1.5 6 0.4 [P , 0.05]; high fat–fed, sedentary = 0.8 6 0.1;
and high fat–fed, trained = 1.76 0.3 [P, 0.05]) (21). Body
weights of the high fat–fed dams were lower in dams that
were trained before and during gestation (trained) and in
gestation-only trained dams (Supplementary Table 2).

The high fat–fed dams had impaired glucose tolerance at
gestational day 15 (P, 0.01) with the prepregnancy-trained
high fat–fed dams having significantly impaired glucose tol-
erance compared with all other groups (Supplementary
Fig. 1A). There was no difference among pregnant chow-
fed dams in rate of conception (data not shown), sex dis-
tribution, or litter size, but there was an overall effect of
high-fat feeding to decrease litter size (Supplementary Table
3). Many of the dams and male breeders used in the current
study were parents to offspring reported in our previous
investigation (21).

Detrimental Effects of a Maternal High-Fat Diet on
Female Offspring Are Negated by Maternal Exercise
Although several investigations have determined that ma-
ternal exercise improves the metabolic health of adult male
offspring (19–21,23–25), the effects of maternal exercise on
adult female offspring have been less studied. In order to
determine if maternal exercise affects the metabolic health
of female offspring, we compared offspring from dams that
were sedentary or trained and fed a chow or high-fat diet.
At 8 weeks of age, the offspring from chow-fed trained dams
had an improved glucose tolerance measured by ipGTT com-
pared with offspring from chow-fed sedentary dams; al-
though as the offspring aged, this effect was no longer
present (Fig. 1A). High-fat feeding of the dams resulted in a
marked impairment in glucose tolerance in female off-
spring, an effect evident as the mice reached 36 and 52
weeks of age (Fig. 1A). Strikingly, maternal exercise com-
pletely negated the detrimental effects of a maternal high-
fat diet on offspring impaired glucose tolerance, as shown
by area under the glucose excursion curve (Fig. 1A) and, as
an example, the glucose excursion curve at 52 weeks of age
(Fig. 1B). oGTTs were also performed in a subset of female
offspring aged 46–56 weeks. Similar to the results of the
ipGTT, offspring from dams that were sedentary and fed a
high-fat diet had an impaired oral glucose tolerance, an
effect reversed if dams were exercise-trained. There was
also a main effect of maternal high-fat diet to impair oral
glucose tolerance (Fig. 1C and D).

Fasting plasma insulin concentrations measured at
52 weeks of age were significantly lower in female offspring
from trained dams regardless of the maternal diet. High-fat
feeding of dams resulted in significantly higher insulin
concentrations in the offspring at 52 weeks, an effect that
was not present if the dams were trained (Fig. 1E). In
contrast to the changes in offspring insulin with dam
high-fat feeding, serum concentrations of triglycerides, cho-
lesterol, free fatty acids, or leptin were not different among
offspring groups (Table 1). There were no differences in
food intake among offspring from chow or high fat–fed
dams (Table 1).

High-fat feeding of dams resulted in impaired insulin
tolerance in offspring at 52 weeks of age, and training of
high fat–fed dams reversed this effect (Fig. 1F). Offspring
from high fat–fed trained dams had decreased body weight
compared with all other groups, but only at 52 weeks of age
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Figure 1—Maternal exercise negates the detrimental effects of a maternal high-fat diet on offspring metabolic health. A and B: ipGTT was
measured over a 52-week period in offspring of dams that were sedentary or trained and fed a chow or high-fat diet. Offspring were injected with
2 g glucose/kg body weight. Glucose area under the curve (AUC) (A) and glucose excursion curve (B) of female offspring from sedentary and
trained dams fed a chow or high-fat diet. Data are expressed as means6 SEM (n = 10–20/group). Symbols represent differences compared with
sedentary control groups (*P < 0.05; ***P < 0.001; #P < 0.05 high fat–fed sedentary vs. chow-fed sedentary). C and D: For oGTTs, 46- to 56-
week-old female offspring were gavaged with 1 g glucose/kg body weight. Glucose AUC (C) and glucose excursion curve (D) of female offspring
from sedentary and trained dams fed a chow or high-fat diet. Data are expressed as means 6 SEM (n = 3–7/group). Symbols and letters
represent statistical differences (#P < 0.05 high fat–fed vs. all chow-fed groups; aP < 0.05 chow-fed trained vs. high fat–fed sedentary; bP <
0.05 chow-fed sedentary vs. high fat–fed sedentary; cP < 0.05 high fat–fed trained vs. high fat–fed sedentary). E: Fasting serum insulin
concentrations at 52 weeks of age. Data are expressed as means 6 SEM (n = 23–25/group). F: For insulin tolerance tests, mice were injected
with 1 unit insulin/kg i.p. and data expressed as glucose for female offspring. Data are expressed as means6 SEM (n = 10–20/group). Symbols
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(Fig. 1G). Maternal exercise, regardless of diet, resulted in
decreased percentage body fat in female offspring at 52 weeks
of age compared with offspring from sedentary controls
(Fig. 1H). Taken together, these data indicate that maternal
exercise fully ablates the pronounced glucose intolerance
and insulin resistance in female offspring of high fat–fed
dams.

Enhanced Glucose Tolerance in Female Versus Male
Offspring
To determine if there are sex differences in glucose tolerance,
ipGTT data from female offspring at 52 weeks of age were
compared with our previously reported (21) ipGTT data
from their male siblings (Fig. 2) (21). For offspring from
sedentary chow-fed dams, the glucose excursion curve in
female offspring was significantly lower at all time points
postglucose injection compared with male offspring, and
glucose area under the curve was ;40% lower in the fe-
males (Fig. 2A). Training of chow-fed dams resulted in
improved glucose tolerance in male offspring. Female off-
spring of trained chow-fed dams did not have improved
glucose tolerance, most likely because aging during the first
year of life did not result in any deterioration of glucose
tolerance in female offspring (Fig. 1A and B). High-fat feed-
ing of dams resulted in impaired glucose tolerance in both
female and male offspring, although glucose tolerance was
significantly worse in male offspring (Fig. 2C). Exercise
training of dams fed a high-fat diet resulted in a similar de-
gree of improvement in glucose tolerance in female (;38%)
and male (;40%) offspring (Fig. 2D), although female mice
still maintained an enhanced glucose tolerance compared
with males. These data demonstrate that female offspring
are more glucose tolerant compared with male offspring
under all maternal conditions, and both female and male
offspring respond to maternal exercise training.

Maternal Exercise Before and During Pregnancy
Is Necessary for Improved Metabolic Health
in Female Offspring
The effects of maternal exercise to improve metabolic health
of female offspring were observed in offspring from dams
who exercised both prior to and during gestation. To de-
termine if the timing of maternal exercise was critical for
metabolic improvements in the female offspring, we also
compared offspring from dams that exercised prepreg-
nancy only, during gestation only, and both prepreg-
nancy and during gestation. Because exercise training of
chow-fed dams had minimal effects on glucose tolerance
of female offspring, we only report data from offspring
of fat-fed dams. Female offspring from sedentary high
fat–fed dams had a significant worsening of glucose toler-
ance with age, and this was negated only in offspring from
dams that trained before and during pregnancy (Supple-
mentary Fig. 2A). Circulating insulin concentrations and
insulin tolerance were improved in offspring from high
fat–fed trained and gestation-trained dams but not in off-
spring from high fat–fed dams that were only trained pre-
gestation (Supplementary Fig. 2B and C). Body weight and
percentage fat mass were significantly decreased only in
offspring from high fat–fed dams that were trained both
before and during gestation (Supplementary Fig. 2D and E).
Taken together, these data indicate that maternal exercise
before and during pregnancy is essential to observe the
improvements in insulin sensitivity and metabolic health
of the female offspring.

Maternal Exercise During Pregnancy Improves Liver
Function and Alters Gene Expression in Offspring
Changes in glucose tolerance are often the consequence of
differences in liver metabolism (39). This coupled with pre-
vious studies showing that maternal diet and obesity can

Table 1—Physiological and metabolic profile of offspring at 52 weeks

Female offspring

Dams fed chow diet Dams fed high-fat diet

Dam treatment
Sedentary
(n = 23)

Trained
(n = 25)

Prepregnancy
trained (n = 24)

Gestation
trained
(n = 23)

Sedentary
(n = 24)

Trained
(n = 24)

Prepregnancy
trained (n = 25)

Gestation
trained (n = 23)

Triglycerides (mg/dL) 64 6 5 79 6 8 72 6 4 98 6 8 68 6 10 67 6 8 72 6 7 66 6 7

Cholesterol (mg/dL) 100 6 6 92 6 7 94 6 6 102 6 10 95 6 6 103 6 10 89 6 8 92 6 9

FFA (mEq/L) 0.9 6 0.1 0.9 6 0.1 1.1 6 0.2 0.8 6 0.2 1.2 6 0.2 0.9 6 0.2 1.0 6 0.1 1.0 6 0.2

Leptin (ng/mL) 35 6 2 36 6 4 28 6 6 37 6 9 34 6 9 33 6 2 42 6 12 46 6 9

Food intake
(g/2 weeks) 24.2 6 0.8 21.3 6 0.7 24.6 6 1.2 24.0 6 1.4 22.3 6 1.2 23.2 6 0.8 21.9 6 1.3 24.2 6 1.0

Serum lipid concentrations and food intake data for female offspring at 52 weeks of age (n = 23–25/group). FFA, free fatty acid.

represent differences compared with sedentary control groups (*P < 0.05, #P < 0.05 high fat–fed sedentary vs. chow-fed sedentary). Body
weight (G) and percent fat mass (H) of female offspring at 52 weeks. Data are expressed as means6 SEM (n = 23–25/group). Asterisks represent
differences compared with sedentary control groups (*P < 0.05, high fat–fed sedentary vs. chow-fed sedentary).
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alter liver metabolic function of offspring (6,23) led us to
hypothesize that maternal exercise results in improved liver
metabolism in offspring. To determine the effects of ma-
ternal exercise on liver function, we initially measured he-
patocyte glucose production in isolated hepatocytes from
female offspring at 6, 12, and 24 weeks of age (Fig. 3A
and D). Hepatocyte glucose production was not measured
in 36- and 52-week-old mice because hepatocytes isolated
from the older offspring failed to culture. Basal rates of
hepatocyte glucose production were lower in offspring of
chow-fed dams that had exercise-trained compared with
offspring of sedentary chow-fed dams. High-fat feeding of
sedentary dams resulted in marked increases in basal he-
patic glucose production in the offspring, especially at
24 weeks of age. Remarkably, basal hepatocyte glucose pro-
duction was not impaired in hepatocytes isolated from off-
spring of high fat–fed dams that were exercise trained.
Importantly, these improvements in hepatocyte glucose
production in offspring from trained dams occurred several
weeks before the improvements in whole-body metabolic
health and glucose tolerance were observed, suggesting
that alterations in the liver could be responsible for the
improved metabolic health as the offspring age.

Insulin’s ability to decrease hepatic glucose production
was impaired in hepatocytes isolated from offspring of high

fat–fed sedentary dams (Fig. 3B and D). In fact, hepatocytes
isolated from high fat–fed sedentary offspring had in-
creased glucose production in the presence of insulin com-
pared with all other groups at 6, 12, and 24 weeks of age.
Hepatocytes isolated from offspring from sedentary chow-
fed dams had increased glucose production in the presence
of insulin compared with offspring from chow- or high fat–
fed trained dams (Fig. 3B and D). These data demonstrate
that offspring from sedentary dams have increased insulin
resistance in isolated hepatocytes compared with offspring
from trained dams fed a chow or high-fat diet.

Glucagon stimulates gluconeogenesis in the liver and in
isolated hepatocytes. Glucagon-mediated hepatocyte glucose
production was significantly higher in offspring from chow-
fed sedentary dams compared with offspring from chow- or
high fat–fed trained dams at 24 weeks of age (Fig. 3C and
D). Isolated hepatocytes from offspring of high fat–fed sed-
entary dams exhibited significantly higher rates of gluca-
gon-stimulated hepatic glucose production at 12 weeks of
age and dramatically higher rates at 24 weeks of age. The
detrimental effects of maternal high-fat feeding on offspring
hepatocytes were not present if the dams had exercise-trained.
These data indicate that maternal exercise protects against
impaired hepatic function and hepatic insulin resistance in
offspring from sedentary dams.

Figure 2—Maternal exercise negates the detrimental effects of a maternal high-fat diet on the metabolic health of both male and female offspring
metabolic health. A–D: Glucose tolerance was measured at 52 weeks of age in offspring of dams that were sedentary or trained and fed a chow
or high-fat diet. For GTTs, offspring were injected with 2 g glucose/kg body weight, intraperitoneal. Glucose excursion curve and glucose area
under the curve (AUC) of male and female offspring from sedentary, chow-fed dams (A); trained, chow-fed dams (B); sedentary, high fat–fed
dams (C); and trained, high fat–fed dams (D). Data are expressed as means6 SEM (n = 10–20/group). Asterisks represent differences compared
with sedentary control groups (*P < 0.05, **P < 0.01; ***P < 0.001).
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Figure 3—Maternal exercise improves hepatic function in isolated hepatocytes regardless of diet. Hepatic glucose production was measured in
isolated hepatocytes after 4 h in the basal state (A), after incubation with insulin (B), or after stimulation with glucagon (C). Data are expressed as
means 6 SEM (n = 12/group). Symbols represent differences compared with sedentary control groups (***P < 0.001; #P < 0.05 high fat–fed
sedentary vs. chow-fed sedentary). D: Data represent basal, insulin-suppressed, and glucagon-stimulated data at the 24-week time point.
Symbols represent differences compared with basal state (#P< 0.001; $P< 0.05 vs. basal) or sedentary control groups (***P< 0.001) or versus
all other groups (%P < 0.001).
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Hyperinsulinemic-euglycemic clamps were performed to
measure insulin sensitivity and hepatic glucose production
in vivo in offspring at 52 weeks of age (Table 2). Consistent
with the GTT data in which there was no difference between
offspring from sedentary and trained chow-fed dams, there
were no differences in GIRs (Fig. 4A and B), rates of glucose
appearance (EndoRa) (Fig. 4C), basal rates of glucose disap-
pearance (Rd), or insulin-stimulated rates of glucose disap-
pearance (Fig. 4D). Endogenous glucose suppression was
higher in offspring from chow-fed trained dams (Fig. 4E),
and there was an overall effect of maternal exercise to in-
crease percentage endogenous glucose suppression.

There was no change in GIRs or basal or insulin-stimulated
rates of glucose disappearance in offspring from high fat–fed
sedentary dams compared with offspring from high fat–fed
trained dams (Fig. 4A, B, and D). There was, however, a
significant decrease in basal insulin concentrations (P ,
0.001) and a trend toward a decrease in insulin concentra-
tions during the clamped state (P = 0.09) in offspring from
high fat–fed trained dams compared with offspring from
high fat–fed sedentary dams (Fig. 4F). Because of this large
difference in insulin concentrations, we normalized Rd by
insulin concentrations (Fig. 4G) and found that offspring
from high fat–fed trained dams had a significant increase in
Rd/insulin compared with offspring from high fat–fed sed-
entary dams. This applies to the basal EndoRa values as
well, because basal EndoRa equals basal Rd. The increase
in Rd/insulin from the clamp data are consistent with the
increased glucose tolerance and increased insulin sensitivity
in isolated hepatocytes in the offspring of high fat–fed
trained dams. Rd/insulin was not different between off-
spring from chow-fed sedentary and trained dams (Fig. 4G).

Elevated lipid concentrations in tissues can affect
metabolic function; therefore, we determined the effects of
maternal exercise training on triglyceride concentrations in

livers from offspring at 52 weeks of age. Interestingly,
offspring from high fat–fed dams did not have an eleva-
tion in liver triglyceride concentrations, but there was a
significant decrease in liver triglycerides in offspring from
trained chow- and high fat–fed dams (Fig. 5A). Decreased
liver triglycerides in the offspring from the trained dams
may also play a role in improved hepatic function and pro-
tect against the development of metabolic disease during
adulthood.

To determine the effects of maternal exercise on hepatic
gene expression, we measured several genes involved in
gluconeogenesis (Fig. 5B), Krebs cycle activity (Fig. 5C and
D), and oxidative phosphorylation (Fig. 5E) in offspring
livers at 52 weeks of age. Offspring from chow-fed trained
dams had significantly increased expression of several genes
involved in pyruvate metabolism (Fig. 5C), Krebs cycle ac-
tivity (Fig. 5D), and fatty acid transport and oxidation (Fig.
5E) compared with all other groups. There were dramatic
effects of high-fat feeding of dams on offspring gene ex-
pression with almost every gene measured reduced by
;50% (Fig. 5B–E) compared with offspring from chow-fed
sedentary dams. Importantly, training of dams fed a high-
fat diet rescued these dramatic effects of maternal diet on
gene expression, as offspring from high fat–fed trained dams
had similar gene expression to offspring from chow-fed
sedentary dams (Fig. 5B–E). Expression of housekeeping
genes (both Gapdh and Tbp) was not different among groups
(Fig. 5F). These data demonstrate that maternal exercise
can prevent the detrimental effects of a maternal high-fat
diet on offspring hepatic gene expression.

DISCUSSION

It is well established that maternal obesity is a major factor
in the development of obesity and diabetes in offspring as
they age, initiating a vicious cycle that likely contributes to

Table 2—Hyperinsulinemic-euglycemic clamps in offspring at 64 weeks of age

Dams fed chow Dams fed high fat

Sedentary Trained Sedentary Trained

Body weight (g) 48.5 6 3.2 47.4 6 2.5 43.4 6 4.2 38.8 6 2.7*

Basal glucose (mg/dL) 130 6 7 148 6 7 138 6 7 138 6 7

Clamped glucose (mg/dL) 154 6 3 146 6 3 155 6 3 147 6 3

Basal insulin (ng/mL) 2.5 6 0.3 3.9 6 0.4 2.9 6 0.4 1.5 6 0.2**,##,$,%

Clamped insulin (ng/mL) 5.2 6 0.8 5.6 6 0.4 4.5 6 0.7$ 3.2 6 0.3$

GIR (mg $ kg21 $ min21) 22.0 6 4.9 33.3 6 3.1 30.5 6 3.1 32.7 6 4.2

Basal EndoRa (mg $ kg21 $ min21) 15.4 6 0.9$ 15.9 6 1.2$ 17.5 6 1.4 19.8 6 2.0

Clamp EndoRa (mg $ kg21 $ min21) 5.7 6 2.2 25.1 6 2.4## 2.1 6 1.7 22.2 6 3.9##

Rd (mg $ kg21 $ min21) 28.3 6 3.0 28.6 6 1.6 32.9 6 2.3 31.2 6 1.8

Percent EndoRa suppression 60.4 6 14.1 132.9 6 15.0# 88.2 6 9.5 105.6 6 21.1#

Basal Rd/insulin 7.7 6 1.7 4.7 6 1.1*,% 7.0 6 1.2$ 14.5 6 2.3*,$

Clamp Rd/insulin 6.5 6 1.3$ 5.2 6 0.4$ 8.6 6 1.6 10.5 6 1.3

Body weight, basal, and insulin-stimulated data during a hyperinsulinemic-euglycemic clamp in adult female offspring (n = 7 to 8/group).
*P , 0.05; **P , 0.01, sedentary chow vs. trained chow or sedentary high fat vs. trained high fat. #P , 0.05; ##P , 0.01, sedentary vs.
trained. $P , 0.05, chow vs. high fat. %P , 0.05, trained chow vs. trained high fat.
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the current rise in rates of obesity and diabetes (2–13).
Regular exercise is a primary therapeutic tool to combat
obesity and improve metabolic health, but the role that
exercise during pregnancy may play on the health of the

offspring is poorly understood, in part because of the dif-
ficulty of performing exceptionally complex longitudinal
research investigations. Fortunately, rodent models of ex-
ercise during pregnancy have recently been used to begin to

Figure 4—Hyperinsulinemic-euglycemic clamps in offspring. A–E: Hyperinsulinemic-euglycemic clamps were performed in 52-week-old
female offspring from sedentary or trained dams fed a chow or high-fat diet. There was no difference in GIR (A and B), EndoRa (C), Rd (D), or
percentage of endogenous glucose suppression (E). F: Fasting insulin was significantly reduced in the basal state in offspring from trained high
fat–fed dams. When normalized for fasting insulin, rate of glucose disappearance (Rd/Insulin) (G) was significantly increased in offspring from
trained high fat–fed dams. Data are expressed as means6 SEM (n = 8/group). Symbols represent differences compared with sedentary control
groups (**P < 0.05) or to basal state (#P < 0.01).
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address these questions, with most studies showing that
maternal exercise results in health benefits to male off-
spring (21,23–25). In the current investigation, we find

that maternal exercise also confers benefits to female off-
spring. Moreover, the disturbances in metabolic health of
the female offspring in response to maternal high-fat

Figure 5—Maternal exercise alters hepatic composition and gene expression. Liver triglyceride concentration (A) was measured at 52 weeks of
age in female offspring. Gene expression of hepatic genes involved in gluconeogenesis (B), pyruvate metabolism (C), Krebs cycle activity (D),
fatty acid transport and oxidation (E), and liver housekeeping genes were measured at 52 weeks of age (F). Data are expressed as means 6
SEM (n = 8/group). Symbols represent differences compared with sedentary control groups (*P< 0.05; **P< 0.01; ***P< 0.001; #P< 0.05 high
fat–fed sedentary vs. chow-fed sedentary; $P < 0.05 high fat–fed sedentary vs. high fat–fed trained). A.U., arbitrary units.
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feeding are fully prevented if the dams are simultaneously
exercise-trained. In fact, maternal exercise fully compen-
sated for the detrimental effects of a maternal high-fat diet
on glucose metabolism, insulin tolerance, circulating insulin,
and body weight in female offspring. These data demonstrate
that maternal exercise is critical to improve the metabolic
health of adult female offspring.

There may be adaptations to numerous tissues in the
offspring that mediate the beneficial effects of maternal
exercise and the detrimental effects of poor maternal nutri-
tion on offspring glucose tolerance and insulin sensitivity.
Given the marked effects of maternal high-fat feeding and
exercise on glucose tolerance in the offspring in our study
and the critical role the liver plays in glucose homeostasis, we
hypothesized that there were adaptations to the offspring
liver. Indeed, we found that maternal high- fat feeding
resulted in liver metabolic dysfunction in offspring and that
exercise training of dams reversed these detrimental effects.
A striking finding was that basal, insulin-suppressed, and
glucagon-stimulated glucose production were all improved in
hepatocytes from offspring of trained dams and impaired
with dam high-fat feeding. These effects, measured in isolated
hepatocytes, occurred as early as 6 weeks of age, whereas
changes in glucose tolerance in vivo were not present until
later in life. It is likely that multiple factors contribute to
changes in glucose tolerance in the intact animals and that
the whole-body metabolic homeostasis can be maintained
by compensation from many other organs. Nevertheless,
these findings suggest that defects in offspring liver metab-
olism may be an early phenotype that contributes to the pro-
nounced changes in glucose tolerance that occur in vivo as the
animals age.

Maternal high-fat diet feeding has been suggested to
increase lipid transfer to the fetus regardless of the level of
maternal obesity (6,40–43). Because the maternal high-fat
diet in the current study consisted of 60% kcal from fat, it
is likely that increasing maternal lipid as a source of calories
in the diet contributed to changes in the fetus, and these
changes may have been independent of increases in adipos-
ity or insulin resistance in the dams. In adult humans, diet-
induced obesity inundates the white adipose tissue, and as a
result, fat accumulates in liver and skeletal muscle, causing
insulin resistance (6,44–50). It is possible that maternal
exercise negated the increase in lipid transfer to the fetus
because the excess maternal lipids were used during exer-
cise. It is important to note that in rodents, adipose tissue
develops mainly during the postnatal weaning period,
whereas in humans and nonhuman primates, adipose tissue
develops during the third trimester. Thus in humans, it is
possible that surplus fatty acids might be stored in the
developing adipose tissue depots instead of liver, skeletal
muscle, or brown adipose tissue. Our findings showing ef-
fects of maternal high-fat feeding are consistent with a
study in primates in which high-fat feeding of mothers
resulted in 26-week-old offspring with impaired liver func-
tion as measured by increased lipid accumulation and im-
paired gene expression (6). In addition, high-fat feeding of

dams in a mouse model resulted in impaired expression of
hepatic genes involved in peroxisome proliferator–activated
receptor signaling, fatty acid metabolism, Krebs cycle ac-
tivity, and mitochondrial biogenesis in 7-day-old male
and female offspring (51). Our findings are also consis-
tent with a recent study in rats that found that maternal
exercise reduced susceptibility to metabolic impairments in
offspring liver (23). Taken together, we conclude that a
maternal high-fat diet impairs liver function in female off-
spring, whereas maternal exercise restores liver function in
these animals. Opposite of poor maternal nutrition, mater-
nal exercise must alter the intrauterine environment in a
way that mediates beneficial effects on offspring liver me-
tabolism. In future studies, it will be important to investi-
gate epigenetic changes in the liver, which may be essential
to fully understand the effects of maternal exercise on off-
spring health.

In contrast to male offspring from chow-fed sedentary
dams, we found that as female offspring of chow-fed dams
age, there is little worsening of glucose tolerance (Fig. 1A).
The lack of impairment in glucose tolerance with aging in
the female offspring from chow-fed dams might explain
why there was no effect of dam exercise training in these
offspring. Although glucose tolerance was not changed as
the female offspring of trained, chow-fed dams aged, we
found that these mice had lower circulating insulin concen-
trations at 1 year of age. This demonstrates that exercise
training of dams results in enhanced insulin sensitivity in
female offspring in adulthood. As has been previously re-
ported in male offspring (19,21,22,25), we found that high-
fat feeding of sedentary dams increased overnight-fasted
insulin concentrations of female offspring. Not surprisingly
then, the effects of dam training on offspring insulin con-
centrations were even more pronounced if the dams were
fed a high-fat diet. Because insulin is altered in both male
and female offspring in response to maternal exercise, in-
sulin sensitivity may be a critical factor in determining how
maternal exercise influences the metabolic health of adult
offspring. These data have significant translational ramifi-
cations suggesting that maternal exercise, even in the pres-
ence of a high-fat diet, improves offspring insulin sensitivity.
Maternal exercise before and during pregnancy may lead to
enhanced pancreatic function and peripheral insulin sensitiv-
ity in the offspring.

In summary, maternal exercise during pregnancy signif-
icantly improves the metabolic health of female offspring
and counteracts the detrimental effects of a maternal high-
fat diet. This improvement in metabolic health is likely
because of several mechanisms, including improvements in
liver metabolism and decreased circulating insulin in the
adult offspring. These findings suggest that maternal exercise
before and during pregnancy could be an important tool to
combat obesity and type 2 diabetes in future generations.
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