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Intrauterine growth restriction (IUGR) and subsequent neonatal catch-up growth are implicated in the programming of increased appetite, adiposity
and cardiometabolic diseases. Guinea pigs provide an alternate small animal model to rodents to investigate mechanisms underlying prenatal
programming, being relatively precocial at birth, with smaller litter sizes and undergoing neonatal catch-up growth after IUGR. The current study,
therefore, investigated postnatal consequences of spontaneous IUGR due to varying litter size in this species. Size at birth, neonatal, juvenile
(post-weaning, 30–60 days) and adolescent (60–90 days) growth, juvenile and adolescent food intake, and body composition of young adults
(120 days) were measured in 158male and female guinea pigs from litter sizes of one to five pups. Compared with singleton pups, birth weight of pups
from litters of five was reduced by 38%. Other birth size measures were reduced to lesser degrees with head dimensions being relatively conserved.
Pups from larger litters had faster fractional neonatal growth and faster absolute and fractional juvenile growth rates (P< 0.005 for all). Relationships
of post-weaning growth, feed intakes and adult body composition with size at birth and neonatal growth rate were sex specific, with neonatal growth
rates strongly and positively correlated with adiposity in males only. In conclusion, spontaneous IUGR due to large litter sizes in the guinea pig causes
many of the programmed sequelae of IUGR reported in other species, including human. This may therefore be a useful model to investigate the
mechanisms underpinning perinatal programming of hyperphagia, obesity and longer-term metabolic consequences.

Received 5 April 2016; Revised 17 May 2016; Accepted 20 May 2016; First published online 23 June 2016

Key words: adiposity, appetite, guinea pig, litter size, sex differences

Introduction

Small size at birth, following intrauterine growth restriction
(IUGR) and/or subsequent neonatal catch-up growth are
implicated in the initiation of permanent metabolic and/or
physiological adaptations that persist through adult life. This
‘programming’ may lead to increased appetite, adiposity
(particularly of visceral depots) and cardiovascular and
metabolic diseases including insulin resistance and glucose
intolerance in adults.1,2 Therefore, animal models that mimic
human IUGR aetiology, develop cardiovascular and metabolic
sequelae with ageing after IUGR and/or catch-up growth
and are comparable with the human in their relative maturity
at birth are required so that underlying mechanisms and
intervention strategies can be investigated.

Small animal models have logistical advantages for such
studies, including relatively rapid development, and short
lifespans facilitating study of the development of progeny with
ageing and intergenerational effects. Many small animal models
of IUGR have used maternal feed3–7 or protein restriction6,8–11

to restrict fetal growth and investigate long-term outcomes.
In developed countries, however, placental insufficiency rather

than maternal undernutrition accounts for the majority of
human IUGR.12,13 Placental restriction induced by uterine
ligation in rats causes IUGR and programmes many compo-
nents of the metabolic syndrome.14–17 These IUGR rat models
often lack catch-up growth in the early neonatal period,14,16,17

which is an independent risk factor for the development of
adult metabolic disease in humans.18–21

Guinea pigs provide an alternate species to investigate
developmental programming of health and disease. The guinea
pig has a smaller litter size than the rat,7,14,22,23 is relatively
precocial at birth and resembles the human fetus in having
a body fat composition of around 10% at term.24 In addition,
and unlike the rat, the guinea pig spontaneously develops a
phenotype resembling type 2 diabetes and including
hyperglycaemia at 4 months of age25,26 making it a good species
to investigate whether IUGR accelerates the development of
metabolic disease with ageing. Maternal feed restriction in the
guinea pig at 85 or 70% of ad libitum intake reduces fetal and
placental weights, increases visceral adiposity in late gestation
fetuses and alters placental structure impairing function.27–29

Offspring of feed-restricted mothers do not undergo neonatal
catch-up growth, but are hyperphagic post-weaning, and
as adults have impaired glucose tolerance and cholesterol
homoeostasis, increased blood pressure and visceral adiposity,3–5

demonstrating that prenatal restriction programmes metabolic
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dysfunction in this species. These adverse effects are mostly
seen in males, suggesting developmental programming in
the guinea pig is sex specific as described in other species,
including humans.30 Similarly, uterine artery ablation in the
mid-gestation guinea pig produces offspring with dispropor-
tionate IUGR (also known as asymmetrical IUGR), and
male offspring are hyperphagic post-weaning and have
increased epididymal adiposity (postnatal outcomes were not
assessed in females).31,32 Furthermore, these surgical models
impose sudden restriction on normal fetal growth at ~0.5 of
term, and induce fetal death of between ~50 and 70% of
pups.33 Interestingly, at least in the case of the maternal
undernutrition studies where correlation analyses were reported,
size at birth was a stronger predictor of adult outcomes than
was nutritional group.3–5 In the present study, we therefore
chose to investigate the effects of spontaneous fetal growth
restriction that occurs with variation in litter size in the
guinea pig.

Spontaneous variation in litter size in the guinea pig
also restricts fetal and placental growth in larger litters.23,34

Importantly, IUGR progeny from large litters undergo
neonatal catch-up growth.35 Consequences of this spontaneous
IUGR due to litter size for subsequent postnatal growth,
appetite and adult body composition have not been assessed.
We therefore characterized the effects of variation in litter size
and hence size at birth on these outcomes in the guinea pig.
Because developmental programming is sex specific in
other species and in the guinea pig following maternal
feed restriction, we investigated outcomes in both male and
female progeny.

Materials and methods

Animals

All guinea pigs had ad libitum access to a commercially
prepared guinea pig and rabbit ration (diet L102; Milling
Industries Stockfeeds, Blair Athol, SA, Australia) containing
2640 kcal/kg digestible energy, 19.0% crude protein and 2.5%
crude fat, and supplemented with an increased content of
vitamin E (165mg/kg). All guinea pigs had ad libitum access to
tap water with added ascorbic acid (400mg/l; Ace Chemical
Company, Camden Park, SA, Australia). Nulliparous female
guinea pigs were obtained at 3–4 months of age (Institute of
Medical and Veterinary Science Tri-coloured, Gilles Plains
Resource Centre, Gilles Plains, SA, Australia) and housed in a
12:12 h day:night cycle throughout the experiment. Females
were individually housed in wire cages and after 2–4 weeks
acclimatization were weighed three times per week, and
checked for oestrus daily as indicated by a rupture of the vaginal
membrane.36 A single male was placed with the female during
her oestrus (2–3 days of ~15 days cycle) and pregnancy was
detected by the presence of a copulatory plug on the following
morning. Pregnancy was confirmed (n = 68) if the animal
failed to return to oestrus in the subsequent cycle. At day 60 of

gestation, dams were transferred to individual housing in
plastic tubs with paper bedding.
After spontaneous delivery at term (range 65–74 days,

mean ± S.E.M. 69.7 ± 0.1 days), numbers, sex, weights,
abdominal circumference and nose to rump lengths of all
liveborn offspring were measured and recorded on the day of
birth or following morning if delivered overnight (n = 158
offspring, males: n = 78, females: n = 80). Head widths
(n = 148, males: n = 71, females: n = 77) and lengths
(n = 144, males: n = 69, females: n = 75) were also measured
in a subset of the progeny. Each dam was housed with
her offspring and provided with ad libitum lucerne chaff in
addition to the standard diet. Litters were weighed at least
five times per week, until weaned at days 28–30 of age.
Absolute growth rates (AGRs) for weight were calculated from
the slope of the growth curve from day 10 until weaning
(AGR10–28), with data from birth to day 10 excluded due to
nonlinear growth over this period (Fig. 2). After weaning all
guinea pigs were housed individually and were weighed at least
three times per week from day 30 until postmortem at day
115 ± 1. Puberty in the guinea pig occurs between day 56 and
day 60 in males, and between day 30 and day 134 in females,
with a mean age at puberty for females of 68 ± 22 days
(mean ± S.D.).36 AGRs were, therefore, also calculated for
juvenile (weaning – day 60, AGR30–60) and adolescent (days
60–90, AGR60–90) periods. Current fractional growth rate
(FGR) for weight for each stage was calculated as AGR divided
by the animal’s weight at the beginning of that stage. Feed
intakes were recorded daily from day 40 to day 100 (61 males,
58 females) by weighing the filled feed hopper at 9 am, and
then again before refilling at 9 am the following day. Relative
feed intakes were calculated by dividing daily feed intake
by body weight. Average feed intakes for each animal were
then calculated for juvenile (days 40–60) and adolescent
(days 60–90) periods, and the feed efficiency was calculated as
average daily weight gain divided by average daily absolute food
intake over each period.

Adult body composition

At day 115 ± 1, a subset of animals (n = 41, 22 males,
19 females) selected randomly within each sex were humanely
killed between 2 pm and 4 pm by lethal injection of
sodium phenobarbitone. Fat depots (interscapular, omental
and right side of the neck as well as bilateral axillary, retro-
peritoneal, perirenal and groin depots) and bilateral skeletal
muscles (hindlimb: M. biceps femoris, M. semitendinosus,
M. gastrocnemius, M. plantaris and M. tibialis; forelimb:
M. biceps brachii) were dissected and weighed. Visceral adipose
weight was calculated as the sum of weights of the left and right
perirenal and retroperitoneal fat depots. The omental fat asso-
ciated with the gastrointestinal tract is highly insulin resistant,
drains directly into the portal vein and is strongly associated
with hepatic insulin resistance37 and was, therefore, weighed
and analysed separately. Subcutaneous adipose weight was
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calculated as the sum of weights of left and right axillary and
groin fat, right side of the neck fat and interscapular fat
depots. Visceral and subcutaneous fats were summed to give a
measure of combined adiposity. The weights of dissected
skeletal muscles were summed to obtain combined skeletal
muscle mass. A high adiposity to lean tissue ratio is a risk
factor for many cardiovascular and metabolic diseases.38 A ratio
of the combined adiposity to the combined muscle mass
was, therefore, calculated as an index of adiposity relative to
lean tissue.

Statistical analysis

Data were analysed using SPSS 23.0 for Windows (IBM,
Armonk, NY, USA). The effects of litter size on weight before
mating, weight gain during gestation and change in weight
during lactation were analysed by repeated-measures ANOVA.
Effects of litter size on proportions of liveborn and stillborn
progeny were analysed by χ2 test. The effects of litter size
and sex on birth phenotype and postnatal outcomes were
analysed by mixed models ANOVA, including the dam as a
random variable to account for effects of a common maternal
environment. Bonferroni’s post-hoc comparisons were used to
compare differences in maternal and offspring outcomes
between litter sizes. Where effects of litter size differed between
sexes, outcomes were analysed separately in each sex.
Relationships between size at birth and growth rates were
examined by Pearson’s correlation analysis, separately in each
sex. Because birth weight ranges overlapped between litter sizes,
and in order to assess the effect of catch-up growth on postnatal
phenotypes, the independent effects of birth weight and
neonatal growth rate for weight on post-weaning outcomes
were examined by multiple linear regression separately in each
sex. Gestation length was not correlated with outcomes when
included in initial models and was, therefore, excluded from
final multiple linear regression models. A P-value of ⩽ 0.05 was
accepted as statistically significant. All results are expressed as
mean ± S.E.M.

Results

Maternal outcomes

Maternal weight at the oestrus before mating did not differ
between the litters, however, weight over the 10 days before
mating differed over time (P< 0.001) and differed between the
litter sizes over time (P = 0.048, Fig. 1). Dam weight on the
day of mating (G0) correlated positively with subsequent litter
size (r = 0.280, P = 0.025, data not shown).

Weight increased with time over gestation, and differed
between litter size groups, and the change in weight with time
also differed between litter sizes (P< 0.001 for all, Fig. 1). The
change in maternal weight in absolute terms from mating to
day 60 of gestation (G60) increased with litter size (P< 0.001,
Table 1). Dams with litter size of three, four and five gained
more weight over the first 60 days of gestation than those with

litter sizes of one or two (Table 1). In contrast, change in
maternal weight from mating to the day after delivery, reflect-
ing weight of the dam herself, was lower in dams that delivered
five pups than in all other groups (Table 1). Maternal feed
intakes in mid-gestation were greater in dams carrying five
fetuses than in those with smaller litters (Table 1). In late
gestation, dams carrying four or five fetuses ate more than dams
carrying one or two fetuses (Table 1).
Weight during lactation also differed between dams that

delivered different litter sizes (P = 0.036), changed with day
(P< 0.001) and the change in weight over time differed
between the litter sizes (P = 0.023, Fig. 1). Dams that gave
birth to litters of five gained more weight during lactation than
all other litter sizes (Table 1).

Litter outcomes

Gestation length differed between litter sizes, and was shorter
in dams that delivered five pups compared with those with
one or two (Table 1). Gestation length correlated negatively
with the total pup weight in the litter (r = −0.268, P = 0.035,
n = 67). The proportion of pups born alive decreased with
increasing litter size (P< 0.001), falling from 100% in litter
sizes of one and two, to 94% in litters of three pups, 82% in
litters of four pups and 50% in litters of five pups. Stillbirths
were unevenly distributed between litters and were not
consistently smaller than liveborn litter mates (data not shown).
Total litter weight increased with increasing litter size
(P< 0.001), and was greater than three-fold higher in litters of
four or five than in singleton litters (Table 1).

Birth phenotype

Size at birth of liveborn pups included in later studies in terms
of weight, length, abdominal circumference and weight:length
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Fig. 1. Maternal weight during the first 60 days of gestation (G) and
throughout lactation (L). Dams carrying litters of five are shown in
downwards triangles, four in upward triangles, three in circles, two
in squares and singletons in diamonds. *P< 0.05 for litter size effects
at these time points.
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ratio decreased as litter size increased (Table 2). Birth weight
averaged 97 ± 1 g and ranged from 57 to 134 g across the
cohort. Pups from singleton litters were all heavier than
pups from litters of five, whereas some overlap in the range of
individual birth weights was seen between pups from other
litter sizes (Fig. 2). Average birth weight of pups from a litter
size of five was 38% lower than those from litter size of one,
whereas other birth size measures were reduced to a lesser
degree (length, 18%; abdominal circumference, 17%; weight:
length, 26%, Table 2). Head lengths and widths were relatively

conserved in large litters (Table 2). Weight:length ratio and
body mass index (BMI), measures of disproportionate growth,
decreased with increasing litter size (Table 2).

Postnatal growth

Neonates

Growth rates were nonlinear in the first 10 days of life in both
sexes (Fig. 3a and 3b). In repeated-measures analysis of weight
measures during the neonatal period, weight decreased with

Table 1. Effect of litter size on maternal weights, absolute growth rates and feed intake during pregnancy

Litter size Significance

Outcome One Two Three Four Five LS

Number of litters 5 18 25 15 4
Surviving:stillborn pups at birth 5:0 36:0 71:4 49:11 10:10 <0.001
Total pup weight per litter 120 ± 2a 221 ± 5b 295 ± 6c 367 ± 8d 384 ± 31d <0.001
Gestation length (days) 71 ± 1a 71 ± 0a 70 ± 0a,b 70 ± 0a,b 68 ± 1b 0.012
Maternal weights

Pre-mating weight (g) 589 ± 11 637 ± 19 630 ± 14 651 ± 15 718 ± 41 0.091
ΔWeight through gestation (G0–G60) (g) 217 ± 35a 329 ± 16a 408 ± 13b 440 ± 17b 442 ± 20b <0.001
ΔMaternal weight (G0–L0) (g) 128 ± 17a,b 165 ± 22a 173 ± 14a 153 ± 19a,b 42 ± 29b 0.025
ΔMaternal weight (L0–L30) (g) 26 ± 20a 44 ± 13a 51 ± 7a 21 ± 14a 117 ± 21b 0.003

Maternal feed intake
Mid-gestation (G20–G40) (g/day) 31 ± 3a 40 ± 2a 41 ± 1a 43 ± 2a 59 ± 4b <0.001
Late gestation (G40–G60) (g/day) 38 ± 3a 42 ± 1a 46 ± 1a,b 47 ± 1b 50 ± 3b 0.001

Data are expressed as mean ± S.E.M. for dams carrying each of the litter sizes (LS).
a,b,c,dMeans with different superscripts differ, P< 0.05.

Table 2. Effect of litter size on birth phenotype of live-born pups

Litter Size ANOVA

Outcome One Two Three Four Five LS Sex LS× sex

Number of litters 5 18 25 15 4
Number of offspring 5 33 65 46 9
Male:female ratio 1:4 18:15 30:35 21:25 3:6
Size at birth

Weight (g) 121 ± 2a 111 ± 2a 96 ± 1b 90 ± 2b 73 ± 6c <0.001 NSD NSD
Length (mm) 173 ± 3a 163 ± 2a,b 158 ± 1a,b,c 154 ± 1c 141 ± 4d <0.001 NSD NSD
Abdominal circumference (mm) 117 ± 4a 111 ± 2a 104 ± 1b 103 ± 1b 96 ± 2b <0.001 NSD NSD
Head length (mm)e 47.1 ± 0.9a 43.8 ± 0.6a 42.2 ± 0.5a,b 40.4 ± 0.7b 42.7 ± 0.7a,b 0.004 NSD NSD
Head width (mm)f 23.5 ± 0.7a 22.0 ± 0.2a,b 22.1 ± 0.2a,b 21.1 ± 0.2b 21.2 ± 0.3a,b 0.024 NSD NSD
Weight:length (g/mm) 0.70 ± 0.02a 0.68 ± 0.01a 0.61 ± 0.01b 0.58 ± 0.01b 0.51 ± 0.02c <0.001 NSD NSD
Body mass index (kg/m2) 4.05 ± 0.16a,b 4.16 ± 0.08a 3.89 ± 0.04a,b 3.81 ± 0.06b 3.61 ± 0.13a,b 0.008 NSD NSD

LS× sex, interaction between litter size and sex; NSD, not significantly different, P > 0.1.
Data are expressed as actual means ± S.E.M. of offspring in each of the litter sizes (LS) for pups that survived to adulthood and were included in

growth measures. Statistical models included dam to correct for the common intrauterine environment in multiple birth litters.
a,b,c,dMeans with different superscripts differ, P< 0.05.
eHead lengths were not measured in four offspring from litter size of three and 10 offspring from litter size of four.
fHead widths were not measured in four offspring from litter size of three and six from litter size of four.
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increasing litter size in both sexes, and this difference in weight
amplified with ageing in males but not females (Fig. 3a and 3b).
AGR10–28 did not differ between litter sizes. Effects of
litter size on neonatal FGR differed between sexes, such that in
males FGR10–28 increased with each increase in litter size
from two to four pups (Table 3). In females, FGR10–28
was greater in pups from a litter size of four than those from
litter sizes of two or three (Table 3). Neonatal AGR and FGR
were higher in males than females (Table 3). AGR10–28
correlated positively with birth weight across the full range of
litter sizes (r = 0.296, P< 0.001) and in males and females
separately (r = 0.323, P = 0.003; r = 0.303, P = 0.001,
respectively, Fig. 4a). FGR10–28 correlated negatively with
birth weight overall (r = −0.525, P< 0.001) and in males
and females separately (r = −0.522, P< 0.001; r = −0.701,
P< 0.001 respectively, Fig. 4b).

Juveniles

Similar to the neonatal period, body weights during the
juvenile period did not differ between litter size groups in
females (Fig. 3d). In males, juvenile body weights increased
more rapidly in those from larger litters during this period
(Fig. 3c). AGR and FGR of juvenile guinea pigs were higher in
those from litter sizes of four compared with those in litter
sizes of two, and higher in males than in females (Table 2).
AGR30–60 was not correlated with birth weight overall, or in
males or females separately. FGR30–60 correlated negatively
with birth weight overall (r = −0.371, P< 0.001), and in
males (r = −0.398, P< 0.001) and females (r = −0.452,
P< 0.001) separately. In males, AGR30–60 was independently
and positively correlated with neonatal FGR, but not with
birth weight (Table 4). AGR30–60 was not independently
correlated with birth weight or neonatal FGR in females
(Table 4). In both males and females, FGR30–60 was
negatively correlated with birth weight but not neonatal
FGR (Table 4).

Adolescents

In adolescents, the change in body weight with age differed
between litter sizes in males (Fig. 3e), but litter size did not
affect weights in females (Fig. 3f). During the adolescent
period, neither AGR nor FGRs differed between litter sizes
(Table 3). AGR60–90 was higher in males than in females, and
FGR60–90 did not differ between sexes (Table 3). AGR60–90
was not correlated with birth weight, in males or in females,
and was independently and positively correlated with neonatal
FGR in females only (Table 4). Similarly, FGR60–90 was not
correlated with birth weight, in males or in females, and was
independently and positively correlated with neonatal FGR in
females only (Table 4).

Feed intake

Food intake in juvenile progeny did not differ between litter
sizes, and was greater in males than in females, in absolute
terms (Table 3). In contrast, relative food intake in juveniles
differed between litter sizes (Table 3). Overall, and in females,
progeny from litters of three or four pups ate more in relative
terms than those from litters of two pups (Table 3). Feed
efficiency (weight gain per intake) in juvenile guinea pigs did
not differ between litter sizes and was higher in males than in
females (Table 3). In males, absolute juvenile feed intake was
independently and positively predicted by birth weight and
neonatal FGRs; these correlations were not significant in
females, or for relative feed intake in the juvenile period
(Table 4). Feed efficiency was correlated negatively with birth
weight in juveniles of both sexes (Table 4).
Feed intake of adolescent progeny did not differ between litter

size groups, and was higher in absolute but not relative terms in
males than in females (Table 3). Feed efficiency (weight gain per
intake) in adolescent guinea pigs varied with litter size and was
higher in progeny from litters of three than those from litters of
two in females, with a similar trend overall, but not in males
(Table 3). In males, adolescent absolute feed intake was pre-
dicted independently and positively by neonatal FGR, but not
by birth weight (Table 4). In females, adolescent absolute feed
intake was predicted by the overall model and independently and
positively by both birth weight and neonatal FGR (Table 4).
Relative adolescent feed intake was not correlated with birth
weight or neonatal growth rate in males. In females, however,
relative adolescent feed intake was predicted independently and
positively by neonatal FGR, but not by birth weight (Table 4).
Feed efficiency in adolescent males was not correlated with either
birth weight or neonatal FGR (Table 4). Feed efficiency in
adolescent females was correlated independently and negatively
with birth weight (Table 4).

Adult phenotype and body composition

Body size

Adult body size did not differ between litter size groups in
males or females (Table 5). Males were heavier, longer and had

Fig. 2. Litter size and birth weights of individual guinea pig pups
included in postnatal studies. Each symbol indicates an individual
pup that survived to young adulthood, lines and whiskers indicate
means and S.E.M. for each litter size group.
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a higher weight:length ratio than females, but BMI did not
differ between sexes (Table 5). In males, adult body weight and
weight:length ratio correlated independently and positively
with neonatal FGR with similar trends for birth weight
(Table 6). In females, adult body weight correlated indepen-
dently and positively with birth weight with a similar trend for
neonatal FGR (Table 6). Other measures of adult size were not
correlated (P> 0.05 for all) with size at birth or neonatal FGR
in either sex.

Body composition

Relative weights of subcutaneous, visceral, omental and total
dissected fat depots and absolute weight of visceral and omental
fat differed between litter sizes overall, with similar trends for
absolute weights of subcutaneous and total dissected fat depots,
and effects of litter size were similar in each sex (Table 5).
Nevertheless, absolute weight of visceral and total dissected fat
and relative weights of subcutaneous and visceral depots did
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Table 3. Effect of litter size and sex on postnatal growth rates and food intake

Males from litter size Females from litter size ANOVA

Outcome Two Three Four Two Three Four LS Sex LS× sex

Postnatal growth rates
Number of offspring 18 35 21 15 30 25
Neonatal
AGR10–28 (g/day) 10.7 ± 0.3 10.7 ± 0.2 10.2 ± 0.2 9.4 ± 0.3 9.0 ± 0.2 8.9 ± 0.2 NSD <0.001 NSD
FGR10–28 (%) 5.5 ± 0.1a 6.3 ± 0.1b 6.9 ± 0.2c 5.2 ± 0.2a 5.5 ± 0.1a 6.0 ± 0.1b <0.001 <0.001 0.008d

Juvenile
AGR30–60 (g/day) 7.5 ± 0.4a 8.7 ± 0a,b 8.9 ± 0.3b 6.0 ± 0.3a 6.2 ± 0.2a 7.1 ± 0.2b 0.005e <0.001 NSD
FGR30–60 (%) 1.86 ± 0.09a 2.29 ± 0.07b 2.59 ± 0.08c 1.66 ± 0.08a 1.85 ± 0.07b 2.24 ± 0.08c <0.001f <0.001 NSD

Adolescent
AGR60–90 (g/day) 5.5 ± 0.3 6.4 ± 0.2 5.6 ± 0.2 4.9 ± 0.3 4.9 ± 0.2 5.1 ± 0.2 NSD <0.001 0.046g

FGR60–90 (%) 0.89 ± 0.04 1.01 ± 0.03 0.94 ± 0.04 0.92 ± 0.06 0.95 ± 0.03 0.97 ± 0.04 NSD NSD NSD
Feed intakes
Number of offspring 15 28 16 12 21 17
Juvenile (40–60 days)
Absolute (g/day) 40 ± 2 43 ± 1 43 ± 1 34 ± 1 36 ± 1 37 ± 1 NSD <0.001 NSD
Relative (g/kg/day) 73 ± 2 78 ± 1 78 ± 1 70 ± 2a 77 ± 2b 79 ± 1b 0.003h NSD NSD

Adolescent (60–90 days)
Absolute (g/day) 45 ± 2 50 ± 1 50 ± 2 41 ± 3 40 ± 1 42 ± 2 NSD <0.001 NSD
Relative (g/kg/day) 65 ± 2 70 ± 1 72 ± 3 70 ± 3 68 ± 2 69 ± 2 NSD NSD NSD

Feed efficiency
Juvenile (40–60 days) 0.184 ± 0.008 0.197 ± 0.005 0.204 ± 0.006 0.163 ± 0.008 0.177 ± 0.006 0.186 ± 0.008 0.060i <0.001 NSD
Adolescent (60–90 days) 0.177 ± 0.010 0.189 ± 0.006 0.168 ± 0.008 0.155 ± 0.007a 0.179 ± 0.004b 0.173 ± 0.002a,b 0.040j NSD NSD

LS× sex, interaction between litter size and sex; AGR, absolute growth rate; NSD, not significantly different, P > 0.1; FGR, fractional growth rate.
Feed efficiency was calculated as average daily weight gain over each period divided by average daily feed intake. Data are expressed as means ± S.E.M. Statistical models included dam to correct

for common intrauterine environment in multiple births.
a,b,cMeans with different superscripts differ, P< 0.05.
dIn males, neonatal FGR10–28 differed between all litter sizes (P< 0.01 for all), while in females, offspring of litters of four grew faster than litters of two and three only (P< 0.02 for both).
eOverall, juvenile AGR30–60 was greater in offspring from litters of four compared with litters of two (P = 0.004) only.
fOverall, juvenile FGR30–60 differed between all litter sizes (P< 0.02 for all).
gAdolescent growth rates did not differ between litter sizes in males or females analysed separately.
hRelative juvenile feed intake was greater in offspring from litters of three and four than in offspring from litters of two (P< 0.02 for both).
iJuvenile (40–60 days) feed efficiency did not differ between litter sizes in males or females analysed separately.
jAdolescent feed efficiency was greater in females, and tended to be greater overall, in progeny from litters of three pups than in those from litters of two pups (females: P = 0.013, overall:

P = 0.066), and did not differ between litter sizes in males.
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not differ between any two litter sizes. Overall, offspring from
litters of three had higher absolute and relative omental fat
weights (P = 0.049 and 0.013, respectively) and higher relative
total dissected fat (P = 0.038) than those from litters of two;
absolute and relative weights of fat depots did not differ
between litter size pairs in sex-specific analyses. Absolute but
not relative weights of subcutaneous, visceral and total dis-
sected fat depots were greater in males than in females
(Table 5). Skeletal muscle weights did not differ between litter
sizes, whilst absolute skeletal muscle weights were higher in
males than in females (Table 5). The ratio of dissected fat:
skeletal muscle weights did not differ between litter size groups
or sexes (Table 5). In males, absolute and relative weights of
multiple fat depots, but not absolute or relative skeletal muscle
weights, were independently and positively correlated with
birth weight and neonatal FGR (Table 6). These correlations

were strongest for weights of visceral fats and with the ratio of
dissected fat to skeletal muscle weights (Table 6). In females, in
contrast, absolute skeletal muscle weight was independently
and positively correlated with birth weight but not neonatal
FGR, and fat depot weights were not correlated with either
birth weight or neonatal FGR (Table 6).

Discussion

In the current study, increasing litter size in the guinea pig
induced disproportionate IUGR that was followed by catch-up
growth commencing in neonatal life and which persisted post-
weaning but not into adolescence. Concomitant with this
accelerated growth, offspring from large litters had increased
relative feed intakes as juveniles. Increased neonatal growth
also predicted hyperphagia in juveniles, which persisted into
adolescent life in both sexes. Interestingly, perinatal growth was
correlated with adult body composition differently in males
and females, predicting visceral adiposity in males, but not in
females, and consistent with sex-specific relationships between
neonatal growth and adiposity in children.39 Spontaneous fetal
growth restriction induced by large litter sizes in the guinea
pig, therefore, induces sex-specific programming of postnatal
phenotype. As the guinea pig also develops diabetes mellitus
spontaneously in adulthood,25,26 this provides a model to
investigate developmental programming of susceptibility to
metabolic diseases of ageing.

Maternal outcomes

Mothers who were larger at conception tended to have larger
litter sizes, consistent with previous reports of a positive
relationship between weight and number of corpora lutea at
conception,22 and suggesting that their greater litter sizes reflect
higher ovulation rates. In the present study, the proportions of
stillborn pups increased in large litters, particularly in litters of
five pups. This may reflect their earlier gestational age at
delivery, which is negatively correlated with stillbirth rates in
this species.40 Small size at birth relative to gestational age is
also a predictor for stillbirth in the guinea pig.40 Restricted
nutrient supply in utero due to competition for maternal
nutrients and/or restricted delivery due to limited placental
growth and/or function may, therefore, also have contributed
to poorer neonatal outcomes in large litters in the present
study, as these pups were substantially smaller at birth.28,29

Not surprisingly, mothers carrying larger litters gained
more weight during gestation than those with smaller litters.
Nevertheless, the change in maternal weight from conception
to the start of lactation, reflecting growth of the mother herself,
was lowest in dams that gestated five pups. Guinea pigs give
birth to relatively mature pups that account for a significant
part of their own weight,24 and pregnancy appears to reduce
maternal energy stores in late gestation, reflected in lighter
adipose depots.41 Together with these previous studies, our
results suggest that high fetal demand for nutrients plus
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Fig. 4. Relationships between absolute (a) and fractional
(b) neonatal growth rates from days 10–28 and birth weight for male
(n = 78 closed symbols, solid regression line) and female (n = 80,
open symbols, dashed regression line) guinea pigs. (a) Absolute
neonatal growth rate correlated positively with birth weight in males
(r = 0.323, P = 0.003) and females (r = 0.303, P = 0.006).
(b) Fractional neonatal growth rate correlated negatively with birth
weight in males (r = −0.522, P< 0.001) and females (r = −0.701,
P< 0.001). Offspring from litters of five are shown in downwards
triangles, four in upward triangles, three in circles, litters of two in
squares and singletons in diamonds.
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inability to further increase feed intake in late gestation limits
maternal growth in dams carrying the largest number of pups.
Compensatory hyperphagia may, therefore, contribute to the
subsequent faster lactation growth rates that we observed in
dams that gave birth to large litters. It is also likely that nutrient
flow to milk production was lower in these mothers that
gestated litters of five pups than in those that delivered three or
four pups due to lower perinatal survival of pups and/or earlier
weaning. Previous studies have reported that although mothers
produce higher yields of milk in larger litters, the milk yield per
pup is reduced, suggesting pups in larger litters may be ‘force’
weaned earlier in comparison with those from smaller litters.42

Interestingly, dams in all litter size groups gained weight in
lactation in the present study, in contrast to a previous report.43

Birth phenotype

Although there was some overlap in ranges of individual birth
weights between litter size groups, mean birth weight decreased
consistently with increasing litter size and singleton pups
were 38% heavier than pups from litters of five. This birth
weight difference is of a similar magnitude as that reported for
weights of pups in late gestation in multiparous females.34

Most measures of size at birth decreased with increasing
litter size in the present study, including weight:length ratio
(an index of thinness), and head width:birth weight ratio

(an index of head sparing). Thus, spontaneous fetal growth
restriction in guinea pigs from large litters induces dispropor-
tionate IUGR, which in human epidemiological studies is
associated with greater increases in risks in cardiovascular and
metabolic diseases than those associated with a proportionate
reduction in size at birth.44,45 Asymmetrical growth restriction
resulting in a thin neonate and characterized by head sparing
usually reflects restriction predominantly in late gestation,46

and is also observed following maternal famine exposure in late
gestation in humans47 and in experimental models of restricted
placental capacity in sheep.48

Increased litter size may reduce fetal nutrient availability and
hence size at birth via a reduction in placental size and function
and/or competition for maternal nutrients together with
physical limitations on maternal feed intake.22,23,35 Fetal
weight in guinea pigs diverges between litter sizes from
~55 days of gestation,34 consistent with progressively increasing
limitation of nutrient/oxygen supply in large litters through
late gestation. Limited maternal nutrient intake may also
contribute to reduced fetal growth in large litters, with similar
mean birth weights in litters of four and five in the present
study as those induced by feed restriction of guinea pigs
throughout gestation to either 85 or 70% of ad libitum feed
intake.4 Shorter gestation lengths may also contribute to
reduced size at birth. Gestation length is reduced in guinea pig
litters with high total fetal weights,35 which may have

Table 4. Relationships between birth weight and neonatal FGR and subsequent postnatal growth rates and food intake

Overall and partial correlation (r, P)

Males Females

Measure Overall Birth weight FGR10–28 Overall Birth weight FGR10–28

Postnatal growth rates n = 76 n = 80
Juvenile
AGR30–60 (g/day) 0.240, 0.115 0.099, 0.397 0.238, 0.040* 0.128, 0.531 0.008, 0.944 0.097, 0.396
FGR30–60 (%) 0.412, 0.001* −0.297, 0.010* 0.114, 0.330 0.452, 0.001* −0.334, 0.003* 0.010, 0.929

Adolescent
AGR60–90 (g/day) 0.208, 0.204 0.047, 0.693 0.193, 0.093 0.408, 0.001* 0.189, 0.099 0.390, 0.001*
FGR60–90 (%) 0.272, 0.063 −0.185, 0.115 0.081, 0.494 0.494, 0.001* −0.052, 0.650 0.344, 0.002*

Feed intakes n = 61 n = 58
Juvenile (40–60 days)
Absolute (g/day) 0.396, 0.007* 0.350, 0.006* 0.354, 0.006* 0.253, 0.161 0.188, 0.162 0.289, 0.057
Relative (g/kg/day) 0.221, 0.234 −0.025, 0.850 0.176, 0.178 0.351, 0.027* −0.159, 0.236 0.127, 0.347

Adolescent (60–90 days)
Absolute (g/day) 0.344, 0.026* 0.255, 0.055 0.336, 0.009* 0.434, 0.004* 0.327, 0.014* 0.434, 0.001*
Relative (g/kg/day) 0.282, 0.090 −0.100, 0.445 0.180, 0.168 0.507, 0.001* 0.124, 0.361 0.445, 0.001*

Feed efficiency
Juvenile (40–60 days) 0.295, 0.072 −0.281, 0.021* −0.072, 0.587 0.323, 0.049* −0.269, 0.043* −0.056, 0.679
Adolescent (60–90 days) 0.106, 0.729 −0.021, 0.878 −0.100, 0.457 0.339, 0.037* −0.285, 0.033* −0.063, 0.645

n, Total number of offspring from all litters; FGR10–28, fractional growth rate for weight in neonates from 10–28 days of age; AGR, absolute
growth rate.
*Significant correlations (P< 0.05) are shown in bold. Feed efficiency was calculated as average daily weight gain over each period divided by

average daily feed intake.
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Table 5. Effect of litter size and sex on adult size and body composition

Males from litter size Females from litter size ANOVA

Two Three Four Two Three Four LS Sex LS× sex

Number of litters 6 5 3 2 5 3
Number of offspring 8 7 7 2 9 3
Adult phenotype
Weight (g) 763 ± 37 838 ± 32 782 ± 34 676 ± 26 679 ± 18 674 ± 41 NSD 0.001 NSD
Length (mm) 342 ± 4 344 ± 10 339 ± 3 330 ± 6 318 ± 4 315 ± 7 NSD 0.001 NSD
Weight:length (kg/m) 2.2 ± 0.1 2.4 ± 0.1 2.3 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 2.1 ± 0.2 NSD 0.021 NSD
Body mass index (kg/m2) 6.5 ± 0.3 7.1 ± 0.3 6.8 ± 0.2 6.2 ± 0.5 6.7 ± 0.2 6.8 ± 0.7 NSD NSD NSD

Adult body composition
Subcutaneous fat (g) 34 ± 4 42 ± 3 33 ± 5 26 ± 2 32 ± 2 28 ± 4 0.096 0.028 NSD
Subcutaneous fat (%) 4.3 ± 0.3 5.1 ± 0.2 4.2 ± 0.4 3.8 ± 0.1 4.6 ± 0.3 4.1 ± 0.4 0.035a NSD NSD
Visceral fat (g) 15 ± 2 19 ± 1 13 ± 2 10 ± 2 14 ± 1 12 ± 3 0.047a 0.026 NSD
Visceral fat (%) 1.9 ± 0.1 2.2 ± 0.1 1.7 ± 0.2 1.5 ± 0.2 2.1 ± 0.1 1.7 ± 0.4 0.026a NSD NSD
Omental fat (g) 15 ± 1 17 ± 1 15 ± 1 12 ± 1 16 ± 1 14 ± 2 0.037b 0.098 NSD
Omental fat (%) 1.9 ± 0.1 2.1 ± 0.1 2.0 ± 0.1 1.8 ± 0.1 2.3 ± 0.1 2.0 ± 0.1 0.013b NSD NSD
Total dissected fat (g) 63 ± 7 78 ± 4 62 ± 8 48 ± 4 62 ± 4 53 ± 9 0.050a 0.029 NSD
Total dissected fat (%) 8.1 ± 0.5 9.5 ± 0.2 7.8 ± 0.7 7.0 ± 0.3 9.1 ± 0.4 7.8 ± 1.0 0.017b NSD NSD
Skeletal muscle (g) 21 ± 1 22 ± 1 21 ± 1 19 ± 3 18 ± 0 19 ± 1 NSD 0.024 NSD
Skeletal muscle (%) 2.7 ± 0.1 2.6 ± 0.1 2.7 ± 0.1 2.6 ± 0.0 2.7 ± 0.1 2.9 ± 0.2 NSD NSD NSD
Total dissected fat:skeletal muscle 3.0 ± 0.2 3.6 ± 0.1 3.0 ± 0.3 2.6 ± 0.2 3.5 ± 0.2 2.8 ± 0.5 0.060 NSD NSD

LS× sex, interaction between litter size and sex; NSD, not significantly different, P> 0.1.
Data are expressed as mean ± S.E.M. Mean age ± S.E.M. at postmortem was 115 ± 1 days. Statistical models included dam to correct for common intrauterine environment in multiple births.
aRelative subcutaneous, absolute and relative visceral and absolute total dissected fat weights did not differ (P> 0.05) between any two litter sizes.
bOverall, offspring from litters of three had higher absolute and relative omental fat and relative total dissected fat than those from litters of two (P< 0.05 for all).

D
evelopm

entalprogram
m
ing

in
guinea

pigs
557

https://doi.org/10.1017/S2040174416000295 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S2040174416000295


Table 6. Relationships between birth weight, neonatal FGR and adult phenotype in the guinea pig

Overall and partial correlation (r, P)

Males (n = 22) Females (n = 19)

Measure Overall Birth weight FGR10–28 Overall Birth weight FGR10–28

Adult size
Weight 0.542, 0.037* 0.428, 0.053 0.528, 0.014* 0.522, 0.079 0.517, 0.028* 0.444, 0.065
Length 0.244, 0.558 0.186, 0.420 0.234, 0.307 0.119, 0.899 0.051, 0.846 0.112, 0.668
Body mass index (kg/m2) 0.405, 0.183 0.308, 0.175 0.392, 0.079 0.370, 0.332 0.369, 0.144 0.255, 0.322
Ponderal index (kg/m3) 0.268, 0.493 0.197, 0.391 0.259, 0.256 0.287, 0.526 0.282, 0.273 0.164, 0.528
Weight:length 0.524, 0.048* 0.407, 0.067 0.510, 0.018* 0.465, 0.160 0.464, 0.060 0.368, 0.146

Adult body composition
Subcutaneous fat (g) 0.496, 0.079 0.436, 0.054 0.455, 0.044* 0.396, 0.255 0.339, 0.169 0.389, 0.111
Subcutaneous fat (%) 0.452, 0.128 0.410, 0.073 0.398, 0.082 0.322, 0.416 0.240, 0.337 0.322, 0.192
Visceral fat (g) 0.619, 0.010* 0.571, 0.007* 0.563, 0.008* 0.396, 0.255 0.396, 0.104 0.292, 0.239
Visceral fat (%) 0.611, 0.012* 0.579, 0.006* 0.532, 0.013* 0.346, 0.361 0.344, 0.162 0.224, 0.371
Omental fat (g) 0.656, 0.005* 0.486, 0.025* 0.652, 0.001* 0.398, 0.252 0.396, 0.103 0.262, 0.293
Omental fat (%) 0.620, 0.010* 0.397, 0.078 0.620, 0.002* 0.323, 0.414 0.307, 0.215 0.145, 0.566
Total dissected fat (g) 0.564, 0.032* 0.490, 0.028* 0.529, 0.016* 0.397, 0.254 0.384, 0.116 0.351, 0.153
Total dissected fat (%) 0.542, 0.044* 0.482, 0.031* 0.497, 0.026* 0.316, 0.431 0.306, 0.216 0.273, 0.267
Skeletal muscle (g) 0.217, 0.633 0.112, 0.434 0.198, 0.389 0.657, 0.011* 0.537, 0.022* 0.021, 0.934
Skeletal muscle (%) 0.348, 0.294 −0.204, 0.376 −0.348, 0.123 0.477, 0.126 0.452, 0.059 0.212, 0.399
Total dissected fat:skeletal muscle 0.604, 0.017* 0.511, 0.021* 0.580, 0.007* 0.323, 0.415 0.203, 0.420 0.320, 0.195

n, Number of offspring; FGR10–28, fractional growth rate for weight in neonates from 10 to 28 days of age.
Adult body composition is expressed as an absolute weight (g) and as a percentage of the body weight at the time of postmortem (%). Age at postmortem was 115 ± 1 days.
*Significant correlations (P< 0.05) are shown in bold.
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contributed to the 3–4 day reduction in gestation lengths in
litters of five compared with those in litters of one or two
pups in the present study, and may in turn have contributed at
least in part to smaller sizes at birth in this group. Weight of
fetal guinea pigs increases by ~10% over the last 3–4 days of
gestation, although interestingly weight gain during this period
is markedly lower in large litters than in litters with only one or
a few pups.34 Differences in gestation length are thus unlikely
to explain the majority of difference in size at birth that we
observed in large litters. In recent studies of neuroactive steroids
in this species, preterm delivery at 62–63 days of gestation
(~12% reduction in gestation length) reduced birth weight by
only 17%,49 considerably less than the 38% difference in
average birth weight between pups from litters of one and five.
In the present study, the negative relationship between size at
birth and litter size in most parameters was observed across the
full range of litter sizes, further implying that additional factors
contribute to small size at birth in pups from large litters.

Neonatal phenotype

Offspring of larger litters grew faster in fractional terms as neonates,
indicating a change in partitioning of nutrient intake towards
growth in these spontaneous IUGR guinea pigs. Increased appetite
may also contribute to accelerated neonatal growth after IUGR, as
it occurs in other species including humans,48,50,51 but neonatal
feed intakes have not as yet been reported in IUGR guinea pigs.
Accelerated neonatal growth may programme adverse later out-
comes in these guinea pigs from large litters, as this is an inde-
pendent risk factor for the development of cardiovascular and
metabolic disease in humans.18–21 Interestingly, despite the more
rapid relative neonatal growth in pups from larger litters, these pups
exhibited less growth check after weaning at 28 days than those
from smaller litters (Fig. 3c and 3d), suggesting that they may have
changed their intake from milk to solid feed earlier. This may
reflect lower milk production per pup, reported previously in large
guinea pig litters,42 and competition between litter mates for the
two available teats in this species which only allows pups to suckle
periodically.36 Guinea pigs have been successfully weaned at birth
or 8 days of age,42 indicating that there is not an absolute
requirement for suckling in this species.

Post-weaning phenotype

Interestingly, the accelerated relative growth in guinea pigs from
large litters persisted after the neonatal period, and was also
observed in juveniles at 30–60 days of age, but this did not
continue subsequently to adolescence. The accelerated juvenile
growth does appear to reflect continued catch-up growth
following removal of prenatal constraint, as juvenile relative
growth rates were negatively correlated with birth weight in both
males and females, as were relative growth rates in the neonatal
period. The relative duration of catch-up in IUGR guinea pigs
thus appears to be somewhat longer than in IUGR humans, where
the majority of catch-up growth occurs in the first 6 months of
life, and is largely complete in infancy by 2 years of age.52–55

Juvenile growth rates in guinea pigs from large litters were greater
than those from smaller litters, not only in relative, but also in
absolute terms. Increased appetite and feed intake probably
underlies the accelerated juvenile growth rates of these sponta-
neously growth-restricted guinea pigs, at least in part, as we also
observed increased food intake relative to body size in these
animals. This role for increased appetite as a mechanism for early
catch-up growth after IUGR is further supported by a lack of
difference in absolute or relative feed intakes between litter sizes
during adolescence, when the litter sizes also had similar growth
rates. Feed efficiency did not differ between litter sizes in the
juvenile period in either sex, and was improved in female offspring
from litters of three compared with two as adolescents. Although
this may suggest decreased relative fat deposition in these adoles-
cent females, as fat has a greater energy content per weight than
muscle, this did not reduce fatness in adulthood. Juvenile but not
adolescent feed efficiency was negatively correlated with birth
weight in both sexes, indicating improved efficiency of conversion
of food to weight gain, and thus suggesting greater relative lean
tissue deposition in the juvenile period. This pattern of post-
weaning accelerated growth may also lead to adverse health con-
sequences, as accelerated growth after IUGR in rats; particularly
when allowed increased caloric feed intake or fed western-style
diets as adults; is associated with obesity, cardiovascular compli-
cations and early death.7,9,56,57 Despite the fact that effects of litter
size on growth were similar in both sexes in the present study,
relationships between perinatal growth and both post-weaning
growth and feed intake were sex-specific. Relative juvenile growth
rates correlated negatively with birth weight in both sexes, as
discussed above, but absolute juvenile growth rates were not
correlated with size at birth in either sex, and correlated positively
with neonatal growth in males only. Juvenile feed intake in
absolute terms correlated positively with size at birth and neonatal
FGR, but inmales only, andmay reflect effects of perinatal growth
on body size, as relative feed intakes did not correlate with peri-
natal growth in either sex. In contrast to these largely male-specific
relationships in juveniles, the majority of relationships between
perinatal growth and adolescent growth were observed only in
females, where rapid neonatal growth predicted faster growth and
higher feed intakes in adolescence. These results suggest that
programming of postnatal appetite and nutrient partitioning by
prenatal and early life exposures is sex-specific in guinea pig, and
furthermore that the sex-specific nature of these effects depend on
age. Sex-specific programming of later outcomes has also been
reported in humans and in animal models, particularly for
adult metabolic and body composition outcomes.30 These results
further reinforce the need to study progeny of both sexes in future
studies investigating developmental programming of metabolic
and other outcomes in the guinea pig.

Adult body size and composition

In the present study, progeny of large litters, despite
their smaller size of birth, attained similar adult size as those from
small litters who were subject to less restriction in utero. This is
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consistent with findings of human studies, where ~85–90%
of individuals who were born IUGR attain a final height within
2 S.D. of their peers.53–55 Accelerated neonatal growth was a major
determinant of adult size, particularly in male guinea pigs, again
consistent with human studies where failure of early catch-up
growth is a strong predictor of shorter adult height.53,54

Few differences were seen in adult body composition between
litter size groups, although we were not able to include progeny of
litters of one or five pups in these litter size comparisons due to low
numbers of adult pups of each sex available as young adults. We
did observe greater weights of omental and total dissected fat in
offspring from litters of three than in those from either two or four
pups. We would have expected greater fatness with increasing
litter size, given that increasing litter size was associated with
progressive decreases in size at birth and increases in neonatal
growth rates. Interestingly, IUGR induced by chronic maternal
ethanol consumption throughout guinea pig pregnancy, a model
for fetal alcohol syndrome, is followed by neonatal catch-up
growth and increased visceral and subcutaneous adiposity in
young adults of both sexes.58 Thus, sex-specific effects of fetal
growth patterns differ between these causes of IUGR. In male
IUGR rats catch-up growth after weaning is followed by
development of increased visceral adiposity by 7 weeks and obesity
by 26 weeks.14 IUGR induced by uterine artery ablation in guinea
pigs is also associated with increased visceral adiposity in male
offspring, although in this model progeny do not undergo
catch-up growth, and body composition outcomes in females
were not reported.31 Small size at birth and catch-up growth in
early life are independent risk factors for obesity in human adults18

and similar effects might explain the greater omental and total
adiposity we observed in progeny from litters of three compared
with two male pups. The reason why these effects were not
even more pronounced in progeny from litters of four pups,
which had similar fatness as those from litters of two pups, is
not clear, given that these pups also experienced catch-up
growth and grew faster than progeny of litters of two or three
pups during the neonatal and juvenile periods. It is possible that
these progeny of litters of four pups will develop central adiposity
with further ageing beyond young adulthood, as these animals
achieved similar weights to those of pups from litters of two nearly
a month later than the pups from litters of three, particularly
in males.

Across the entire range of litter sizes, the relationships between
size at birth, neonatal growth and adult body composition were
sex-specific, as also seen for predictors of post-weaning growth
and feed intake. The increased adiposity, particularly visceral
adiposity, observed in adult male guinea pigs who had
grown rapidly as neonates is likely to be associated with adverse
metabolic outcomes in these animals. Visceral fat is insulin
resistant and in humans, visceral fat mass is a stronger predictor of
cardiovascular and metabolic dysfunction than subcutaneous
fat.37,38 The association between early life catch-up growth and
later adiposity seen here in male guinea pigs is consistent with
reports in humans and other species.7,18,48,59–61 Interestingly, our
results are consistent with reports from several of these studies

where the independent associations of small size at birth and
neonatal catch-up growth with adult adiposity were investigated,
and neonatal catch-up growth was more predictive of adult
adiposity than small size at birth.48,60,61

Conclusion

Spontaneous fetal growth restriction due to litter size in the
guinea pig gives rise to offspring with disproportionate IUGR and
these offspring undergo catch-up growth which persists from
neonatal life post-weaning into the juvenile period. Further
programmed adult outcomes described here in progeny of large
litters whose growth was restricted in utero, such as increased
visceral adiposity and hyperphagia, are similar to effects of small
size at birth induced in other models of IUGR in guinea pig,4 rat7

and in humans.62 The spontaneous IUGR guinea pig may,
therefore, be a useful model to investigate the mechanisms
underpinning perinatal programming of hyperphagia and
obesity. Because many of these relationships are sex-specific, it
will be critical to include progeny of both sexes in future studies.
Further studies are required to determine if the spontaneously
growth-restricted guinea pig develops insulin resistance and other
metabolic and cardiovascular pathologies with ageing.
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