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Abstract

Exercise during pregnancy may have long-lasting effects on offspring health. Musculoskeletal growth and
development, metabolism, and later-life disease risk can all be impacted by the maternal environment during
pregnancy. The skeleton influences glucose handling through the actions of the bone-derived hormone osteocalcin.
The purpose of this study was to test the effects of moderate maternal exercise during pregnancy on the bone and
body composition of the offspring in adult life, and to investigate the role of osteocalcin in these effects. Groups of
pregnant Wistar rats either performed bipedal standing exercise to obtain food/water throughout gestation but not
lactation, or were fed conventionally. Litters were reduced to 8/dam and pups were raised to maturity under control
conditions. Whole body dual-energy x-ray absorptiometry, and ex vivo peripheral quantitative computed tomography
scans of the right tibia were performed. At study termination blood and tissue samples were collected. Serum
concentrations of fully and undercarboxylated osteocalcin were measured, and the relative expression levels of
osteocalcin, insulin receptor, Forkhead box transcription factor O1, and osteotesticular protein tyrosine phosphatase
mRNA were quantified. Body mass did not differ between the offspring of exercised and control dams, but the male
offspring of exercised dams had a greater % fat and lower % lean than controls (p=0.001 and p=0.0008,
respectively). At the mid-tibial diaphysis, offspring of exercised dams had a lower volumetric bone mineral density
than controls (p=0.01) and in the male offspring of exercised dams the bone: muscle relationship was fundamentally
altered. Serum concentrations of undercarboxylated osteocalcin were significantly greater in the male offspring of
exercised dams than in controls (p=0.02); however, the relative expression of the measured genes did not differ
between groups. These results suggest that moderate exercise during pregnancy can result in lasting changes to the
musculoskeletal system and adiposity in offspring, in a sex-specific manner.
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Introduction

The Developmental Origins of Health and Disease (DOHaD)
paradigm suggests that the environment to which an organism
is exposed during prenatal development and early life can have
lasting health consequences [1]. Maternal undernutrition during
pregnancy has been widely studied in relation to later-life
health, and animal models used in controlled studies have
confirmed the long-lasting effects of undernutrition during
development. The pups of undernourished pregnant rats are

hypertensive, hyperphagic, and obese in mature life [2], and
both under- and over-nutrition during gestation result in earlier
reproductive maturation in female rat pups [3]. However, while
the effects of nutritional stress during fetal development on
long-term health have been well-proven, the effects on
offspring development of other environmental influences during
pregnancy have not been clearly defined.

Exercise during pregnancy may also affect later offspring
health. In humans, exercise during pregnancy affects fetal
growth through effects on placental size and blood flow in a
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type-, frequency-, and intensity-dependent manner [4]. Thus
mothers who begin a moderate exercise program in early
pregnancy will have larger babies [5], while those who continue
rigorous exercise throughout pregnancy have thinner, lighter
offspring [6]. Whether these effects on birth size result in later-
life health effects is not yet known, as no data are currently
available on the effects of exercise during pregnancy on human
offspring during adulthood. The results of studies that
investigated the effects of exercise during pregnancy on
childhood outcomes suggest that the children of exercising
mothers are cognitively advanced relative to controls and at 5
years old are slightly lighter than, but otherwise similar to,
controls in terms of physical development [7–9].

Research using animal models has shown a dose-response
effect of exercise on uteroplacental blood flow similar to that
seen in humans [10]. The effects of maternal exercise during
pregnancy on birth weight in rats have also varied with the type
and intensity of the exercise performed, with results ranging
from no change [11–13] to significant decreases [14–16] in
birth weight, the latter being associated with higher intensity
maternal exercise. Studies examining the effects of exercise
during pregnancy on factors other than birth weight have
shown increased brain-derived neurotrophic factor and
improved learning and memory in the pups of exercised rat
dams relative to those of controls [11,17]. Studies examining
the effects of maternal exercise during pregnancy on adult
health in rats are few, but the available data suggest that
maternal exercise can indeed have a long-term effect on the
health of the offspring: a recent study showed that maternal
treadmill running during pregnancy enhances insulin sensitivity
in the adult offspring [18].

Although there has been great interest in the long-term
metabolic effects of early life influences, the musculoskeletal
system may also be affected by environmental factors during
development. Recent research in mice has revealed that bone
is a key regulator of metabolism, and thus changes to the
skeleton may also affect metabolic health. Osteoblasts produce
osteocalcin (OC), the undercarboxylated form of which can act
as an endocrine hormone and regulate glucose handling by
stimulating insulin production and sensitivity [19,20].
Developmental influences that alter osteoblast activity may
result in changes to whole body glucose handling. It has also
been suggested that the skeletal disorder osteoporosis may fit
the DOHaD concept [21] and in humans there is a relationship
between birth weight and adult bone mass [23]; this may reflect
the associations of birth weight and infant growth with muscle
size and strength in later life [24,25]. However, there has been
very little research examining the effects of exercise during
pregnancy on the musculoskeletal system of the offspring in
adulthood. To our knowledge, the only data available on this
topic are those of Monteiro et al. [22], who investigated the
effects of both exercise during pregnancy and protein
malnutrition during pregnancy and lactation, and found that
only protein malnutrition, and not maternal exercise, affected
femur length in adult offspring.

Since maternal exercise during pregnancy may have
beneficial effects on the metabolism and musculoskeletal
system of the offspring in later life, we hypothesized that the

adult offspring of dams that exercised during pregnancy would
have improved musculoskeletal and metabolic health relative to
the adult offspring of control rats. Since bone and metabolism
are linked by the endocrine actions of the undercarboxylated
form of OC, we further surmised that serum concentrations of
this bone-derived hormone would differ in the adult offspring of
exercised and control dams. In this study, we utilized rising to
an erect bipedal stance [23], which we have previously shown
to be a non-stressful exercise for pregnant rats [13,24], to test
the long-term effects of maternal exercise during pregnancy on
the musculoskeletal and metabolic health of the offspring, and
to investigate the role of OC in these effects.

Materials and Methods

Animals
Twenty virgin female Wistar rats were randomly assigned to

one of two age- and weight-matched groups (exercise and
control). Rats in the exercise group (DAMEX) were habituated
to their bipedal stance exercise over a 5 day period, during
which the height of their cages was raised incrementally each
day until they had to stand on extended hindlimbs to reach the
feeder and water bottle in the cage lid, and then mated. Mating
took place in standard control height cages with a wire mesh
floor to facilitate identification of the semen plug. Once the plug
was observed the DAMEX rats were housed in raised cages
throughout gestation so that they had to achieve an erect
bipedal stance to obtain food and water as described
previously [25]. Rats in the control group (DAMCON) were
housed in cages of conventional height for the duration of the
trial. Fifteen (7 control and 8 exercised) of the 20 females gave
birth to litters of 8 or more live pups. Of the remaining 5 mated
females, three (1 DAMCON and 2 DAMEX) did not become
pregnant, and two (both DAMCON) had less than eight live
pups each. A detailed description of the dam exercise regime
and early-life pup outcomes from birth until weaning is provided
in Rosa et al. (2012) [13].

On the day after parturition litter sizes were reduced to 8 per
litter and bipedal stance exercise was stopped. All mothers and
pups were then housed in control housing throughout the
lactation period. Pups were weaned at lactation day 25. Male
pups were pair housed from weaning until day 98 ± 2, at which
time they were separated into individual cages to allow more
space for their larger body size and to prevent fighting. Female
pups were pair housed from weaning until study termination. All
rats were housed in a climate-controlled dedicated animal
facility with a 12:12 hour light:dark cycle. Feed (Research Diets
AIN-93G) and water were provided ad libitum. Rats were
bedded on kiln-dried wood shavings, and after weaning all
offspring were provided with PVC tubes to allow sheltering
behaviour and with marbles for enrichment.

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
Massey University Animal Ethics Committee approved the
study protocol and all animal procedures (permit number:
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10/72). All rats were anesthetized prior to imaging procedures
with a mixture consisting of 0.5 mL ketamine (100 mg/mL), 0.2
mL acepromazine (2 mg/mL), 0.1 mL xylazine (100 mg/mL),
and 0.2 mL sterile water injected intraperitoneally at a dose
rate of 0.6 mL/100 g live weight via a 25 g needle. Every effort
was made to minimize animal suffering.

Feed Intake and Puberty Assessment
The female offspring were visually inspected once daily from

day 27 until vaginal opening (indicating the onset of puberty)
was observed. The rats were weighed weekly except when the
daily feed intake and live weight gain of all rats was recorded
over a one week period beginning when the rats were 98-101
days old; measurement of food intake was started two days
after the males were moved to single housing to allow them to
adjust to the cage change. Since the females were pair-
housed, individual feed efficiencies were obtained for only male
rats.

Grip Strength
Forelimb grip strength was measured using a grip strength

meter for rats (Columbus Instruments, Columbus, Ohio, USA)
when the rats were 167 - 172 days old. Rats were allowed to
grasp a metal bar connected to the force meter and were then
held at the base of the tail and pulled slowly backwards until
they released their grasp. Grip strength testing was repeated 5
times with a rest period of 15-30 seconds between each test.
All tests were performed by the same handler, and grip
strength was defined as the mean value of all successful
measurements.

Imaging
Dual-energy X-ray absorptiometry (DXA) was used to

measure bone and soft tissue parameters as described
previously [25]. Male rats were scanned twice during the trial,
once at 114–118 days old and a second time 2 weeks prior to
euthanasia (age 187–193 days). Female rats underwent only
one DXA scan at age 227–232 days; also 2 weeks prior to
euthanasia. Peripheral quantitative computed tomography
(pQCT) scans of the right tibia were performed ex vivo. Scans
were made at the proximal tibial metaphysis 5 mm distal to the
tibial plateau, and at the midpoint of the tibia as described
previously [13]. The CV for ex vivo pQCT bone parameters
ranged from 0.5%–2.6%.

Sample collection
Male rats were euthanized at 201–207 days of age, and

female rats were euthanized at 242–249 days of age. The rats
were fasted for 12 hours prior to euthanasia and were killed by
anesthetic overdose followed by terminal blood collection as
described previously [13]. All sample collection was performed
between 0800 and 1200 hours to minimize the effects of
circadian variation on measured parameters. Blood glucose
was immediately assessed using an Accu-check Advantage
blood glucose meter (Roche Diagnostics GmbH, Mannheim,
Germany). Blood samples were collected into plain and Ca-
ethylenediaminetetraacetic acid vacutainer tubes and

immediately placed on ice; both serum and plasma were
separated and stored at -80°C within one hour of collection.
Immediately following euthanasia, nose-tail, head and spine
length (from the occipital condyles to the palpable ischiatic
tuberosity of the pelvis) were measured, and samples of bone
and soft tissues were collected for future gene expression
analysis; these were snap frozen in liquid nitrogen and stored
at -80°C. The right tibia and both kidneys were fixed in 4%
paraformaldehyde for one week and then stored in 70%
ethanol. All tissue samples were collected within 20 minutes of
death. Because several rats had evidence of renal pathology
on post mortem examination, the kidneys of all rats were
examined by a veterinary pathologist and scored from 1–4 for
degree of nephropathy where 1 = 0–10% glomeruli affected, 2
= 10–40% glomeruli affected, 3 = 40–80% glomeruli affected, 4
= end-stage renal disease (80–100% glomeruli affected). Rats
with nephropathy scores ≥ 3 were excluded from all post-
weaning analyses.

Osteocalcin assay
Serum levels of carboxylated (cOC) and undercarboxylated

(uOC) osteocalcin were measured using commercially
available, highly sensitive, rat-specific EIA kits (MK 126 and
146, Takara Bio Inc., Otsu, Japan). All samples were assayed
in duplicate and the average result for each sample was used
for statistical analysis. The intra-assay CVs were 5.3% and
3.5% for the cOC and uOC assays, respectively.

Gene Expression
At euthanasia the left femur was removed, cleaned of soft

tissue, cut into equal length thirds with a small hacksaw,
flushed clean of bone marrow using saline, and snap frozen in
liquid nitrogen. Prior to RNA extraction the cleaned femoral
diaphyses were pre-crushed using a MicroCryoCrusher
(BioSpec, Oklahoma, USA) with liquid nitrogen cooling, and
then 50 mg samples were homogenized by agitation in a Mini-
Beadbeater-16 (BioSpec, Oklahoma, USA) in 1 ml of Tri-
Reagent (T9424, Sigma-Aldrich, Auckland, New Zealand).
RNA was extracted using chloroform with isopropanol
precipitation and the RNA pellet resuspended in 50 µL of
diethylpyrocarbonate treated water. The extracted RNA was
DNase-treated with TURBO-DNA free (Ambion, Life
Technologies, Texas, USA) according to the manufacturer’s
instructions. RNA concentration and purity was determined
using a Nanodrop ND-1000 Spectrophotometer
(Thermoscientific, Wilmington, USA) and Qubit 2.0 (Life
Technologies, Carlsbad, USA) followed by storage at -80°C
prior to further analysis.

The RNA was converted to cDNA using the Roche
Transcriptor cDNA synthesis kit (Roche Applied Science,
Mannheim, Germany) as per the manufacturer’s instructions. A
mix of 2.5 µM oligo(dT), 60 µM random hexamers, 1 mM each
dNTP, 20 U RNase Inhibitor, 10 U reverse transcriptase, 5X
reaction buffer, 250 ng RNA, and water, up to a final volume of
20 µL, was added to each tube. Samples were incubated at
25°C for 10 min, 55°C for 30 min and 85°C for 5 min. Real time
quantitative polymerase chain reaction (qPCR) analyses for
hydroxymethylbilane synthase (Hmbs), ß-actin (ActB),
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osteocalcin (OC), insulin receptor (InsR), Forkhead box
transcription factor O1 (FoxO1), and osteotesticular protein
tyrosine phosphatase (Esp) were performed using the StepOne
Real-Time PCR system (Applied Biosystems, California, USA)
and Taqman® primer/ probe sets (Applied Biosystems, Life
Technologies, Texas, USA). Each qPCR reaction mix
contained 1X Taqman® gene expression assay (Applied
Biosystems, Life Technologies, Texas, USA), 1X Taqman®
gene expression master mix (Applied Biosystems, Life
Technologies, Texas, USA), 3 µL cDNA and H2O, up to a final
volume of 10 µL. Thermal cycling conditions included an initial
hold at 50°C for 2 minutes, 95°C for 10 minutes, and then 40
cycles of 95°C for 15 seconds and 60°C for 1 minute. All
samples were assayed in duplicate. Standard curves were
performed to determine the efficiency and R2 of the primer/
probe combinations, which were as follows: OC (assay ID
Rn00566386_g1) 95.6% efficiency, R2=1.00; InsR (assay ID
Rn00690703_m1) 94.0% efficiency, R2=0.98, FoxO1 (assay ID
Rn01494868_m1) 95.1% efficiency, R2=0.98; Esp (assay ID
Rn00583620_m1) 101.6% efficiency, R2=0.99; Hmbs (assay ID
Rn00565886_m1) 95.1% efficiency, R2=0.99; and ActB (assay
ID Rn00667869_m1) 95.4% efficiency, R2=1.00. Target genes
were normalized to the reference genes Hmbs and ActB. The
real-time data were analysed using StepOne plus software
(Applied Biosystems, Life Technologies Corp., Carlsbad CA,
USA) to produce relative expression ratios.

Statistical analysis
Offspring were excluded from analysis if they had a

nephropathy score ≥3 or any health problems that might have
adversely influenced growth. Several rats also died during or
after anesthesia. For the statistical analysis of body weight, grip
strength, and imaging data, 1–4 male offspring per dam and 2–
4 female offspring per dam were used; the number of animals
used in the analyses is given below each table. For serum OC
testing, 1 male and 2 females per litter were randomly selected
from the eligible animals, females were in any stage of their
estrous cycle as this has been shown to have little effect on
serum concentrations of uOC and cOC [26]. The same male
and one of the females used for OC testing were selected for
gene expression testing. Between-group differences in pQCT,
DXA, serum OC and gene expression results were assessed
using a nested model, with sex, dam exercise group, and their
interaction as fixed effects and dam nested within exercise
group as a random effect. Log transformation was performed
prior to analysis when required to achieve a normal distribution.
Day of puberty attainment and the cOC:uOC ratio were not
normally distributed, even after transformation, and for these
variables the differences between dam exercise groups for
each sex were assessed using the non-parametric Wilcoxon
test. Pearson’s correlation coefficients were determined using
the residuals of the variables after fitting the linear model. All
data are expressed as lsmeans ± SE unless otherwise
indicated. Differences are considered significant if p≤ 0.05.

Results

Body composition and size
We previously reported that there were no between dam

exercise-group differences in the body weights of these
offspring at birth or weaning [13]. This initial lack of difference
in body weight persisted throughout the study. At study
termination, the weights of the DAMCON offspring versus the
DAMEX offspring were 434.37 ± 47.08 g versus 421.68 ± 73.52
g (p=0.14) and 709.93 ± 55.76 g versus 699.45 ± 62.08 g
(p=0.97) for female and male animals, respectively. However,
body size did differ significantly between the female offspring of
exercised and control dams: the mean spine length of the
DAMCON female offspring was 16.54 ± 1.61 cm and of the
DAMEX female offspring was 15.88 ± 0.53 cm (p=0.005);
whereas the mean spine lengths of the males were 18.19 ±
0.52 and 17.99 ± 0.49 cm (p=0.25) for the DAMCON and
DAMEX offspring, respectively. Analysis of the DXA scans
performed 2 weeks prior to euthanasia revealed significant
differences in the body composition of the male DAMEX and
DAMCON offspring, but not the females; male DAMEX
offspring had a greater percent body fat (p=0.001) and lesser
percent lean tissue (p=0.0008) than the male DAMCON
offspring (Table 1). Dam exercise group did not significantly
influence whole body bone mineral content (BMC), bone
mineral density, or bone area as assessed by DXA scanning.
The first DXA scan (performed at 114–118 days of age in
males only) showed no significant differences between the
DAMEX and DAMCON offspring in bone or body composition.
Spine length also did not differ between the male DAMCON
and DAMEX offspring at that time.

Puberty attainment and feed efficiency
The age at which the female offspring attained puberty

(vaginal opening) was almost significantly different between
groups (DAMCON 31.67 ± 2.04 days vs. DAMEX 30.59 ± 1.59
days, p=0.06). Individual feed intake and feed efficiency of the

Table 1. Body composition of the offspring of control and
exercised dams.

 Male Female P-values

 DAMCON DAMEX DAMCON DAMEX Ex Sex Ex*Sex

% Fat
32.48 ±
1.06

37.55 ±
1.08

35.47 ±
0.98

36.27 ±
0.93

0.25 0.41 0.04

% Lean
64.78 ±
1.03

59.74 ±
1.04

61.47 ±
0.94

60.51 ±
0.90

0.23 0.20 0.04

Data are lsmeans ± SE.
N = 95 offspring from 15 dams.
DAMCON = offspring of control dams, DAMEX = offspring of exercised dams, Ex =
dam exercise group.
Significance of difference between % Fat in male and female offspring, p = 0.001
and 0.56, respectively.
Significance of difference between % Lean in male and female offspring, p =
0.0008 and 0.46, respectively.
doi: 10.1371/journal.pone.0082378.t001
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male rats did not differ between the DAMEX and DAMCON
offspring at week 16 of life (p=0.41 and 0.42 for intake and
efficiency, respectively). Since the female rats were pair-
housed individual feed intake and efficiency were not
measured.

Peripheral quantitative computed tomography
The results of analysis of ex vivo pQCT images of the right

proximal tibial metaphysis and mid-diaphysis are shown in
Tables 2 and 3. At the proximal tibial metaphysis there were no
significant effects of exercise on any parameters, but total BMC
trended lower in both male and female DAMEX offspring than
in DAMCON offspring (p=0.10). At the mid-tibial diaphysis, the
DAMEX offspring had lower cortical volumetric bone mineral
density (BMDv) than the DAMCON offspring (p=0.01) of both
genders. Correcting for body weight or spine length in the
model did not change the significance of the values obtained.

Because the CT scans were done after the tibias had been
cleaned of soft tissue we were unable to compare the BMC at
the tibial diaphysis directly with the muscle mass in that region.
Therefore, we used the DXA values for total body BMC and
lean mass to examine the relationship between bone mineral
content and muscle. When the head was excluded from the
region of interest, the BMC: lean mass ratio of the male
DAMEX offspring was significantly greater than that of the male
DAMCON offspring (p=0.0003), but the relationship between
BMC and lean mass did not differ between female DAMEX and
DAMCON offspring (p=0.23).

Grip strength
Mean forelimb grip strength differed significantly between

genders (p<0.0001), but did not differ between dam exercise
groups (p=0.24). The average mean grip strengths were
618.87 ± 15.02 g for females and 757.43 ±16.05 g for males.
Forelimb grip strength was correlated with total BMC of the
tibial diaphysis (R=0.22, p=0.03), total BMDv of the tibial
metaphysis (R=0.22, p=0.03), and total body lean mass
(R=0.20, p=0.05). Total body lean mass was also correlated
with BMC of the tibial diaphysis (R=0.53, p<0.0001).

Table 2. pQCT results at the right proximal tibial
metaphysis.

 Male Female P-values

 DAMCON DAMEX DAMCON DAMEX Ex Sex Ex*Sex

Total BMC
(mg)

14.59 ±
0.22

13.61 ±
0.22

11.22 ±
0.20

10.79 ±
0.23

0.10 <0.0001 0.19

Total area
(mm2)

24.65 ±
0.52

22.81 ±
0.53

16.23 ±
0.48

15.85 ±
0.54

0.16 <0.0001 0.15

Total BMDv
(mg/cm3)

595.87 ±
8.20

596.79
± 8.36

693.97 ±
7.50

686.21
± 8.40

0.77 <0.0001 0.59

Log
Trabecular
BMC (mg)

0.62 ±
0.07

0.46 ±
0.07

0.44 ±
0.07

0.36 ±
0.07

0.21 0.04 0.52

Log
Trabecular
area (mm2)

2.39 ±
0.04

2.31 ±
0.04

1.82 ±
0.04

1.81 ±
0.04

0.42 <0.0001 0.33

Trabecular
BMDv
(mg/cm3)

174.55 ±
9.93

158.97
± 9.98

257.57 ±
9.14

241.93
± 10.23

0.37 <0.0001 0.998

Cort/
subcort
BMC (mg)

12.52 ±
0.14

12.01 ±
0.14

9.60 ±
0.12

9.26 ±
0.14

0.20 <0.0001 0.53

Cort/
subcort
area (mm2)

8.05 ±
0.23

7.51±
0.21

7.93 ±
0.23

8.12 ±
0.21

0.11 <0.0001 0.38

Cort/
subcort
BMDv
(mg/cm3)

934.30 ±
12.22

944.82
± 12.29

964.48 ±
11.26

972.41
± 12.60

0.55 0.02 0.91

Data are lsmeans ± SE.
N = 94 offspring from 15 dams.
DAMCON = offspring of control dams, DAMEX = offspring of exercised dams, Ex =
dam exercise group, BMC = bone mineral content, BMDv = volumetric bone
mineral density.
doi: 10.1371/journal.pone.0082378.t002

Table 3. pQCT results at the right mid-tibial diaphysis.

 Male Female P-values

 DAMCON DAMEX DAMCON DAMEX Ex Sex Ex*Sex

Cortical BMC (mg) 10.24 ± 0.14 9.72 ± 0.14 7.08 ± 0.13 6.87 ± 0.14 0.15 <0.0001 0.23

Cortical area (mm2) 7.50 ± 0.10 7.20 ± 0.10 5.23 ± 0.09 5.15 ± 0.10 0.26 <0.0001 0.25

Cortical BMDv (mg/cm3) 1363.96 ± 3.45 1350.17 ± 3.52 1352.29 ± 3.18 1337.33 ± 3.56 0.01 0.0004 0.86

Endosteal circumference (mm) 6.28 ± 0.08 6.17 ± 0.08 5.00 ± 0.07 5.07 ± 0.08 0.89 <0.0001 0.21

Periosteal circumference (mm) 11.56 ± 0.08 11.34 ± 0.09 9.52 ± 0.08 9.51 ± 0.09 0.47 <0.0001 0.21

Log SSI 2.08 ± 0.02 2.01 ± 0.02 1.52 ± 0.02 1.51 ± 0.03 0.17 <0.0001 0.33

Data are lsmeans ± SE.
N = 94 offspring from 15 dams.
DAMCON = offspring of control dams, DAMEX = offspring of exercised dams, Ex = dam exercise group, BMC = bone mineral content, BMDv = volumetric bone mineral
density.
doi: 10.1371/journal.pone.0082378.t003
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Serum osteocalcin
There was large variation between individuals in serum OC

concentrations (Table 4), with coefficients of variation of 21.0
and 38.6% for uOC, and 20.7 and 27.8% for cOC, in female
and male animals, respectively. However, dam exercise
significantly affected offspring serum uOC (p=0.02), with
concentrations markedly greater in the male DAMEX offspring
relative to male DAMCON offspring.

Gene expression
The log transformed relative expression levels of OC,

FoxO1, InsR, and Esp mRNA are shown in Table 5 and the
antilog of the mean expression levels are shown in Figure 1.
Dam exercise group did not significantly affect the relative
expression of these genes in either gender. Sex was a
significant factor in the relative expression of Esp, with the
expression levels in the males being approximately twice that
in the females. In both males and females, the relative
expression levels of OC and FoxO1 were highly correlated
(R=0.79, p<0.0001; Figure 2), as were the relative expression
levels of FoxO1 and Esp (R=0.59, p=0.0006; Figure 3). The
relative expression level of InsR trended towards a correlation
with the expression levels of OC (R=0.34, p=0.07), FoxO1
(R=0.34, p=0.07), and Esp (R=0.35, p=0.06), but these
relationships did not reach significance. There were no
significant correlations between the mean expression levels of
OC, FoxO1, InsR, and Esp mRNA and serum concentrations of
cOC and uOC.

Table 4. Serum carboxylated and undercarboxylated
osteocalcin concentrations in the offspring of exercised and
control dams.

 Male Female P-values
 DAMCON DAMEX DAMCON DAMEX Ex Sex Ex*Sex

cOC
(ng/mL)

137.62 ±
13.22

152.71
± 12.36

127.93 ±
9.85

130.30
± 8.54

0.30 0.19 0.63

uOC
(ng/mL)

17.86 ±
2.12

25.42 ±
1.98

17.47±
1.58

18.32 ±
1.37

0.02 0.05 0.08

cOC + uOC
(ng/mL)

155.48 ±
14.91

178.14
± 13.95

145.40 ±
11.12

148.61
± 9.63

0.19 0.15 0.49

cOC:uOC* 8.77 ±
4.86

6.24 ±
1.27

7.31 ±
0.056

7.23 ±
0.86

0.15
(male)

0.30
(female)

Data are lsmeans ± SE unless otherwise indicated.
N = 44 offspring from 15 dams (1 male, 2 female/dam except for 1 excluded
female).
DAMCON = offspring of control dams, DAMEX = offspring of exercised dams, Ex =
dam exercise group, cOC = fully carboxylated osteocalcin, uOC =
undercarboxylated osteocalcin.
* Not normally distributed therefore values shown are unadjusted means ± SD and
non-parametric analysis was performed. P-values were determined by two-sided
Wilcoxon test.
doi: 10.1371/journal.pone.0082378.t004

Blood glucose
Blood glucose at euthanasia was lower in females than

males (12.41 ± 0.25 versus 14.91 ± 0.27 g/dL, p<0.0001), but
did not differ between dam exercise group in either gender

Table 5. Log transformed relative expression levels of
target genes in the offspring of exercised and control dams.

 Male Female P-values

 DAMCON DAMEX DAMCON DAMEX Ex Sex Ex*Sex

OC 1.26 ± 0.33
0.25 ±
0.31

0.13 ± 0.33
0.18 ±
0.31

0.19 0.09 0.12

InsR
-0.16 ±
0.22

-0.81 ±
0.21

-0.53 ±
0.22

-0.47 ±
0.21

0.18 0.93 0.13

FoxO1
0.094 ±
0.20

-0.41 ±
0.19

0.053 ±
0.20

0.024 ±
0.19

0.38 0.32 0.24

Esp 2.29 ± 0.31
1.67 ±
0.29

0.98 ± 0.31
1.06 ±
0.29

0.33 0.0067 0.26

Data are lsmeans of log transformed relative expression levels ± SE.
N = 30 offspring from 15 dams (1 male and 1 female/dam).
DAMCON = offspring of control dams, DAMEX = offspring of exercised dams, Ex =
dam exercise group, OC = osteocalcin, FoxO1 = Forkhead box transcription factor
O1, InsR = insulin receptor, Esp = osteotesticular protein tyrosine phosphatase.
doi: 10.1371/journal.pone.0082378.t005

Figure 1.  Antilog of relative expression of osteocalcin
(OC), insulin receptor (InsR), Forkhead box transcription
factor O1 (FoxO1), and osteotesticular protein tyrosine
phosphatase (Esp) mRNA.  There were no significant
differences in the relative expression of these genes in the
offspring of exercised and control dams. Males expressed
approximately twice as much Esp mRNA as females (p=0.007).
Error bars are antilog of mean ± SE on a log scale (as shown in
Table 5).
doi: 10.1371/journal.pone.0082378.g001
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(p=0.91 and 0.26 for males and females, respectively). Blood
glucose concentrations were significantly correlated with
percent body fat (R=0.28, p=0.007), but were not correlated
with the relative expression of any of the measured genes, or
any measure of serum osteocalcin.

Figure 2.  Correlation between the relative expression of
Forkhead box transcription factor (FoxO1) and osteocalcin
(OC) mRNA.  The expression of FoxO1 and OC were
significantly correlated (R=0.79, p<0.0001). rlog FoxO1 =
residuals of log of FoxO1 relative expression. rlog OC =
residuals of log of OC relative expression.
doi: 10.1371/journal.pone.0082378.g002

Figure 3.  Correlation between the relative expression of
Forkhead box transcription factor (FoxO1) and
osteotesticular protein tyrosine phosphatase (Esp)
mRNA.  The expression of FoxO1 and Esp were significantly
correlated (R=0.59, p=0.0006). rlog FoxO1 = residuals of log of
FoxO1 relative expression. rlog Esp = residuals of log of Esp
relative expression.
doi: 10.1371/journal.pone.0082378.g003

Discussion

To our knowledge these are the first results that demonstrate
long-term effects on both body composition and bone in the
offspring of dams that performed exercise during pregnancy.
The long-term effects of dam exercise were evident in both the
male and female offspring, but were greater in the males. Sex
differences in programming effects have been demonstrated
previously in both humans and animal models [27], and may be
mediated by the expression of placental genes that change in
response to environmental influences in both a gender- and
timing-dependent manner [28]. The differences in the
percentages of lean and fatty tissue in the male DAMEX and
DAMCON offspring were not significant at the initial DXA scan
performed at 114–118 days of age, but were highly significant
by 187–193 days of age. That the lower percentage lean mass
and higher percentage fat mass seen in the male DAMEX
offspring are present without any differences in body weight or
length, suggests that our intervention during pregnancy altered
a fundamental aspect of the musculoskeletal system of the
male offspring so that, when raised under control (non-
exercising) conditions, the male DAMEX offspring developed
less muscle than controls. This may be due to differences in
their basal level of physical activity, or to an increased
propensity for their stem cells to differentiate to fat instead of
muscle, and may indicate a mismatch between the
environment that they perceived during development and the
postnatal environment that they experienced. Further research
is needed to clarify the mechanisms underlying this alteration in
body composition.

Similarly, the differences in the cortical BMDv of the DAMEX
and DAMCON offspring suggest that the exercise performed by
the dams during pregnancy resulted in a persistent change to
the skeletons of their pups. At the mid-tibial diaphysis, the
bones of the DAMEX offspring were both smaller in cross-
sectional area and lower in BMC than the bones of the
DAMCON offspring. A proportionally greater difference in
between-group BMC than in bone area resulted in the
significant between-group difference in BMDv. Both bone area
and BMC change in response to the forces that act on the
skeleton, and muscles are the primary source of these forces
[29]. The relationship between muscle and bone can be
assessed by examining the ratio of bone mineral and lean
mass. In this study, the whole body BMC: lean mass ratio was
greater in the male DAMEX offspring once the head, which has
a much greater BMD than long bones and thus could obscure
subtle whole-body changes, was excluded from the region of
interest. These results indicate that the relationship between
bone and muscle was fundamentally altered in the male
DAMEX offspring, and that (although they had lower BMDv and
BMC) they had more bone mineral per gram of lean tissue than
the DAMCON offspring. That such an alteration resulted from a
relatively mild exposure to exercise during gestation lends
support to previous reports that the bone: muscle relationship
is affected by early-life influences [30].

Further evidence for long-lasting effects of early-life
circumstances on the skeleton is the significant between-group
difference in serum uOC concentrations, which also suggests a
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fundamental alteration in the bone biology of the DAMEX
offspring. Osteocalcin, the most abundant non-collagenous
protein produced by osteoblasts, is subject to the post-
translational addition of three carboxyl groups to its amino acid
chain; these increase the affinity of OC for calcium and
hydroxyapatite [31]. Undercarboxylated OC lacks one, two, or
all three of these carboxyl groups, and has recently been
shown to act as a bone-derived hormone that regulates
glucose handling (reviewed in 32). In mice, the amount of uOC
released from bone depends upon the relative expression of
the genes FoxO1 [33] and Esp [20,33] within the osteoblast, as
well as insulin receptor activity [34], and the vitamin K status of
the animal [35]. The release of uOC from bone is at least
partially linked to bone resorption [36], as the acidic pH of the
resorption lacuna during osteoclastic bone resorption
stimulates the decarboxylation of the cOC freed from the
dissolved bone matrix [34,37]. In our study, male DAMEX
offspring had significantly higher uOC concentrations than male
DAMCON offspring; however, their blood glucose levels did not
differ. Since the expression levels of OC, FoxO1 and Esp also
did not differ between groups, this suggests a difference in the
balance between bone formation and resorption, with the
balance shifted slightly more towards resorption in the DAMEX
than the DAMCON offspring. This might be due to a mismatch
between their control environment and the exercise
environment that the DAMEX offspring expected.

There is now considerable evidence that uOC can act as a
bone-derived endocrine hormone regulating metabolism in
mice. This was first demonstrated in OC knockout mice, which
develop a metabolic syndrome that includes high blood
glucose, low serum insulin concentrations, and poor glucose
tolerance [20]. A recent study found that injections of uOC
reduced blood glucose and improved insulin sensitivity in
normal mice and mice fed a high fat diet [38], providing further
evidence of the important role of uOC in regulating glucose
handling in the mouse. However, data from human studies
have been less conclusive [39,40], and there have been no
previous studies that report on the role of uOC in the
metabolism of the rat. In the current study we found no
correlations between blood glucose concentrations and the
serum concentrations of uOC or cOC in Wistar rats. However,
the studies that defined the relationship between uOC and
glucose handling used knockout mice, which would have had
much more severe perturbations in OC levels than our normal
rats. In our animals the effects on blood glucose concentrations
of changes in serum uOC or cOC levels might be too small to
detect, especially considering the large individual variation in
serum OC concentrations.

We chose to investigate the expression of the OC, FoxO1,
Esp, and InsR genes because FoxO1, Esp, and InsR are
components of a recently described positive feedback loop that
regulates the endocrine function of OC through effects on OC
gene expression and carboxylation [34,41]. However, the
relative expression levels of OC, FoxO1, Esp, and InsR mRNA
in the mid-femur were not associated with serum cOC or uOC
concentrations. There are several possible explanations for this
lack of correlation. First, protein expression is determined by
mRNA synthesis and degradation, and protein synthesis and

degradation. A large scale study, which investigated the
correlation between mRNA and protein levels in vitro in several
thousand mouse fibroblast genes, found that mRNA levels
accounted for only slightly more than 40% of the variation in
protein levels [42]. Although this correlation is higher than
correlations previously reported in mammalian studies [42–44],
it is still low enough to suggest that regulation of protein
expression is primarily post-transcriptional. Second, the lack of
correlation between the expression of genes involved in OC
production and regulation with serum OC concentrations in this
study may also be due to the limited number and size of
samples that we used for gene expression analysis. Reverse
transcription qPCR was performed only on samples from the
mid-femur, thus the results may not be indicative of the relative
gene expression levels of the entire skeleton. Perhaps if whole
skeleton expression of OC, InsR, FoxO1, and Esp were
assessed, or if we had used a larger number of animals, there
would have been significant correlations between expression
levels and serum concentrations of cOC and uOC. However, in
spite of the lack of association between gene expression and
serum OC levels, the significant correlations between FoxO1
and both OC and Esp mRNA expression provides further
verification of their involvement in a common pathway; as do
the almost significant correlations between InsR and OC,
FoxO1, and Esp mRNA expression. This, coupled with the
increase in serum uOC concentrations seen in the male
DAMEX offspring, suggests that the role of uOC in the
metabolism of rats may be similar to its role in mice, and that it
may also be similarly regulated. However, further studies
examining both mRNA and protein expression are needed to
clarify the role of, and regulation of, osteocalcin expression and
carboxylation in rats.

Other limitations of our study include the relatively small
number of dams used. Although the number of offspring used
in the analyses is fairly large, the exercise intervention was
performed on the dams and thus a nested analysis was used to
account for the fact that the dams were the actual experimental
unit. In many of the statistical analyses the effect of dam within
exercise group was highly significant, indicating that it is very
important to include dam as a factor when analyzing data from
studies such as this one. By including dam within exercise
group in our statistical models when testing whether exercise
significantly affected the outcome variables, we controlled for
the influence of individual dams on offspring outcomes and
accounted for the hierarchical nature of our data [45]. In
addition, it is important to recognize that the female offspring
were approximately 40 days older than the males at the time of
scanning and at sample collection. This was done for logistical
reasons, but the age difference must be acknowledged when
considering the effects of sex on our results. However, since all
rats were over 200 days old (fully mature but not geriatric) at
the time of sample collection we consider it unlikely that the
difference in the ages of the male and female offspring at
scanning and sample collection had a significant effect on our
findings. Also of note are the number of rat offspring that were
affected by nephropathy in later life. Although all of the rats
appeared to be healthy at birth, by the end of the study period
a total of 8 rats had significant nephropathy (histologic score ≥
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3). Of these, 6 were male, 2 were female, and all were DAMEX
offspring from one of three dams. Chronic progressive
nephropathy in laboratory rats is a known entity in many strains
of laboratory rats, and is most commonly seen in aging males
[46]. Whether the occurrence of this condition in only the
DAMEX offspring in our study is related to the maternal
exercise or to genetic predisposition of the dams who
happened to be in the exercise group is difficult to determine
with the number of animals per group that we used. Certainly
nephron development occurs during gestation and the early
postnatal period, and the number of nephrons that the offspring
have is affected by environmental conditions during pregnancy,
effects which may not be evident in altered birth weight [47].
However, most of the DAMEX offspring in our study did not
have significant nephropathy, suggesting that there are other
factors underlying the development of this condition. Because
of the relationships between kidney disease, growth,
parathyroid hormone and OC concentrations, and bone
mineralization, we decided to screen all animals for histologic
evidence of nephropathy and to exclude from the analysis any
with a nephropathy score of ≥ 3. Thus, the animals that we
have included in our analyses were physiologically “normal” to
the best of our knowledge, and our results reflect the effects of
maternal exercise during pregnancy on these normal offspring.
Whether the maternal exercise itself predisposes the rats to
develop nephropathy is a topic for future research.

The differences that we observed between the DAMEX and
DAMCON offspring were triggered by a minor intervention
during development, but the actual factor or factors associated
with the exercise performed by the dams in this study that
resulted in these changes is difficult to determine. The increase
in fatness seen in the DAMEX offspring is similar to the
changes seen in the offspring of rat dams that were
undernourished during pregnancy. Our exercising dams did
have to stand to reach their food and water, and did have
numerically (but not significantly) lower food intakes during
pregnancy than did their control counterparts [13]. Perhaps this
small reduction in food intake may have resulted in a subtle
nutritional stress on the developing offspring that, over time,
resulted in relatively mild but detectable changes in body
composition. Nutritional stress during pregnancy and around
the time of conception can also result in a reduced activity level
in the offspring, as has been demonstrated in both rats [48] and
sheep [49].

It is also possible that the between-group differences in our
study resulted from predictive adaptive responses of the
DAMEX offspring to an anticipated living situation that included
exercise, and that the subsequent lack of exercise in their

postnatal environment (control conditions for laboratory rats)
resulted in a mismatch. A mismatch situation is one in which an
organism makes predictive adaptive changes during its
development in response to environmental cues, responses
that would aid its survival in the environment that it expects to
encounter, but then is born into an environment in which its
developmental adaptations are no longer advantageous and
may even be deleterious [50]. In the current study, possibly the
DAMEX offspring developed anticipating a greater amount of
exercise than they were allowed during postnatal life, and thus
became fatter and had lower bone density than the DAMCON
offspring in identical living conditions; in the latter group, the
environmental conditions perceived during gestation and
experienced postnatally were the same. Interpreting the
differences in uOC in the male offspring, and the altered bone:
muscle relationship (also more pronounced in males), is
difficult at this time. Future studies that examine the effects of
dam exercise during pregnancy on long-term outcomes in
offspring that are also exercised postnatally will provide more
insight into the specific factors underlying the effects of
maternal exercise during pregnancy on adult offspring health.

In conclusion, the results of our study provide the first
evidence that very moderate voluntary exercise during
pregnancy can result in lasting changes to the musculoskeletal
system and adiposity in the offspring without differences in birth
weight. Our results provide further support to the concept of the
skeleton as an organ that can be permanently altered by fetal
programming, and suggest a link between uOC and
metabolism in the rat.
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