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Abstract

It is well established that altered maternal nutrition may induce long-term metabolic consequences in offspring. However, the effects of
maternal undernutrition during different developmental windows on sex-specific growth and metabolism in offspring are not well defined.
We investigated the effect of moderate maternal undernutrition during pregnancy and/or lactation on postnatal growth and metabolic
outcomes in offspring. Wistar rats were randomly assigned to one of four groups: (1) control (CONT) dams fed a standard diet throughout
pregnancy and lactation; (2) dams undernourished to 50% of CONT during pregnancy (UNP); (3) dams fed at 50 % of CONT throughout
lactation (UNL); (4) dams fed at 50 % of CONT throughout pregnancy and lactation (UNPL). UNP and UNPL offspring were lighter at birth
compared to CONT and UNL. UNL and UNPL offspring were growth restricted at weaning and remained smaller into adulthood. UNP males
and females developed increased adiposity and hyperleptinaemia in adulthood compared to all other groups. Adiposity in UNL and UNPL
males was similar to CONT offspring. In UNL and UNPL females, adiposity was lower than for CONT females. Markers of bone mass, lipid
metabolism and hepatic function were altered in UNP offspring but were similar in UNL and UNPL offspring compared to CONT. Lack
of catch-up growth during lactation in offspring of undernourished mothers prevented development of adiposity and related metabolic
disorders in later life. These data highlight that the timing and duration of undernutrition during critical windows of development exert
differential effects on postnatal outcomes in a sex-specific manner.
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Obesity and its related metabolic disorders may prove to be
the greatest threat to human lifestyle and health in the devel-
oped world this century”. The incidence of obesity and over-
weight has risen markedly in Western societies and the trend is
mirrored in developing nations that are transitioning to first-
world economies and lifestyles. Of even more concern is the
marked increase over the last decade in the prevalence of
childhood obesity and concomitant increases in childhood
type 2 diabetes. Metabolic disease results from a complex
interaction of genetic, physiological, behavioural and environ-
mental factors. There have been numerous hypotheses to
explain the dramatic increase of obesity and metabolic dis-
ease, including increased food availability and reduced
energy expenditures associated with changing work and/or
leisure habits. The recent rate at which these diseases
have increased suggests that environmental and behavioural

influences, rather than genetic causes, are fuelling the present
epidemic. A relationship has been established between the
periconceptual, fetal and early-infant phases of life and the
subsequent development of adult obesity and type 2 diabetes.
This relationship, referred to as the ‘developmental origins of
health and disease’ model, speculates that the fetus makes
predictive adaptations in response to intra-uterine cues, result-
ing in adjustments in the homeostatic systems to aid survival
and improve success in a potentially adverse postnatal
environment. However, inappropriate interpretations of pre-
natal cues or changes to that immediate environment may
result in a mismatch between prenatal predictions and post-
natal reality.

By far, the largest body of evidence supporting an adverse
early-life environment resulting in growth and metabolic com-
promise in later life has come from cohort studies of maternal

Abbreviations: BMC, bone mineral content; BMD, bone mineral density; CONT, control; DEXA, dual energy X-ray absorptiometry; SGA, small for gestational
age; UNL, dams fed at 50 % of controls throughout lactation; UNP, dams undernourished to 50 % of controls during pregnancy; UNPL, dams fed at 50 % of

controls throughout pregnancy and lactation.
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famine or experimental manipulation of maternal nutritional
status. Our previous studies in the rat utilising global maternal
undernutrition have demonstrated that maternal nutrient
restriction in pregnancy alone resulted in growth-restricted
male and female offspring who, when subsequently provided
with ad libitum standard laboratory nutrition, develop a clas-
sical metabolic syndrome phenotype characterised by obesity,
hypertension, hyperleptinaemia and hyperinsulinaemia and
early-onset puberty®~®. While the final health consequences
of nutritional programming are similar, the mechanisms under-
lying the development of disease vary according to the nature,
duration and timing of the nutritional insult. For example, his-
torical cohort studies have highlighted that metabolic out-
comes due to maternal exposure to famine are entirely
based upon the trimester of exposure”®.

Many studies®™'? have focused on individual dietary com-
ponents in order to determine if the observed changes in phe-
notype can be attributed to reduced levels of a particular
macronutrient; where offspring of protein-restricted dams
develop hypertension, impaired glucose tolerance and insulin
resistance, and have impaired liver function. Although both
low-protein effects"’” and maternal undernutrition midway
through gestation’® have demonstrated outcomes that were
dependent upon discrete critical periods of development,
few studies have investigated the specific windows of devel-
opment in a global maternal undernutrition model.

It is now well established that bone health and bone
disorders also have their origins in utero™'> . Birth weight
and postnatal growth are independent determinants of adult
bone mass**'®; and maternal nutritional history influences
bone development and adult bone morphology“(”w).
Recent experimental models of maternal low protein
placental insufficiency® and streptozotocin-induced dia-
betes®® all demonstrate that early-life nutritional insults
significantly impact on bone development in childhood and-
adult bone health, although only few studies have identified
that there may be critical periods of vulnerability™®*?
changes in offspring bone composition following different
periods of maternal undernutrition have not previously been
examined.

Therefore, the present study investigated the effect of mod-
erate maternal global undernutrition during pregnancy and/or
lactation to examine changes in body composition and bone
health and postnatal metabolic sequelae in male and female
offspring following well-defined periods of early-life nutrient
deprivation. We hypothesised that the nature of the pheno-
type; offspring growth, metabolic indices and bone health,
would be dependent upon the timing of the insult and that
energy restriction during pregnancy and lactation would
have the most detrimental effect.

(20,21)
b

and

Materials and methods

Female Wistar rats (120d of age (n 24)) were time-mated
using an oestrus cycle monitor (Fine Science Tools, Foster
City, CA, USA). Upon confirmation of mating, four maternal
dietary groups were established: (1) controls (CONT): females
maintained on a standard chow diet ad libitum throughout

pregnancy and lactation; (2) females fed at 50% of CONT
throughout pregnancy and then fed ad libitum throughout
lactation (UNP); (3) females fed ad libitum throughout preg-
nancy and then fed at 50% of CONT throughout lactation
(UNL); (4) females fed at 50 % of CONT throughout pregnancy
and lactation (UNPL). All pregnant dams were weighed and
had food intakes measured daily throughout pregnancy. Fol-
lowing birth, pups were weighed, had body lengths recorded
and litter size was randomly adjusted to eight pups (four males
and four females) to ensure standardised nutrition until wean-
ing. Non-assigned pups were killed by decapitation. At birth,
UNP dams were fed a standard chow diet throughout lacta-
tion. Lactating dams had body weights and food intakes
measured throughout the lactation period and pups were
weighed every 3 d until weaning.

After weaning, dams were fasted overnight and killed by
decapitation following anaesthesia with sodium pentobarbi-
tone (60 mg/kg, intraperitoneally) and plasma samples col-
lected for insulin and leptin analyses. At weaning (day 22),
male and female offspring were housed, two per cage (two
per litter/sex/maternal background) and fed the standard
chow diet ad libitum until the end of the trial (day 160). At
postnatal day 150, animals (ten to twelve per group) had
body composition quantified by dual energy X-ray absorptio-
metry (DEXA) using dedicated small animal software (GE
Lunar Prodigy, Waltham, MA, USA) scanning while under
light isoflurane (2%) anaesthesia. At postnatal day 160, ani-
mals were fasted overnight and killed by decapitation follow-
ing anaesthesia with sodium pentobarbitone (60 mg/kg,
intraperitoneally). Tissues (liver, heart, kidneys, spleen,
gonads, adrenals, brain and retroperitoneal fat pad) were
weighed and blood was collected into heparinised vacutai-
ners, centrifuged and plasma supernatant stored for future
analysis. All animal experiments were approved under guide-
lines of the Animal Ethics Committee at the University of
Auckland (R402).

Plasma analyses

Fasting leptin and insulin levels in dams and offspring were
analysed using commercial rat-specific ELISA (catalogue
nos. 90040 and 90060, respectively, CrystalChem, Downers
Grover, IL, USA). Fasting plasma glucose levels were
measured using a glucose meter at the time of cull (Roche
AccuChek, Roche Diagnostics, Auckland, New Zealand).
Blood biochemistry panels were performed using an auto-
mated biochemistry analyser (Hitachi 902 Autoanalyser;
Roche Diagnostics, Indianapolis, IN, USA). Plasma insulin:lep-
tin ratios were calculated as a proxy for adipoinsular axis func-
tion®” . Plasma corticosterone concentrations were measured
using MS as previously described®.

Bone mineral content and bone mineral density

DEXA analysis has been validated as an accurate and precise
method to measure bone mineral content (BMC) and bone
mineral density (BMD) in the rodent®*?”. BMC and BMD
were determined using a GE Lunar Prodigy DEXA scanner
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(GE Lunar Prodigy, Madison, WI, USA). Standard high-
resolution analysis was performed using the rat whole-body
regional high-resolution software. BMC represents an absolute
value (g) of total BMC while BMD is a calculated value
(g/cm?®). Calibration using a standard phantom was perfor-
med daily and variability of repeated measurements for BMC
and BMD was < 2%.

Statistical analysis

Offspring data were analysed by two-way factorial ANOVA
with maternal background and sex as factors. Data on lactat-
ing dams were analysed using one-way ANOVA with maternal
dietary background as a factor. Post hoc comparisons were
performed using the Fisher’s protected least significance test.
Analysis was performed using StatView statistical software
(SAS Institute, Cary, NC, USA). All data are presented as
means with their standard errors unless otherwise stated.

Results
Maternal weights

Maternal undernutrition significantly impaired maternal body
weight gain throughout pregnancy in UNP and UNPL dams
compared to CONT and UNL dams. Although from day 15
of pregnancy there was a slow increment in weight until
birth, this was significantly less than that observed in CONT
and UNL dams (Fig. 1; P<0:05). There was no difference in
gestation length across the maternal groups (data not
shown). During lactation, maternal weights in UNL and
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Fig. 1. Maternal body weights during pregnancy and lactation in CONT
(-O-), UNP (—®-), UNL (-O-) and UNPL (—M-) animals. Values are
means, with their standard errors represented by vertical bars (n 6-8).
Maternal weight gain was significantly impaired in UNP and UNPL dams
from day 5 of pregnancy (P<0-05). Note: during pregnancy, symbols for
CONT and UNL overlap and UNP and UNPL overlap. CONT, control; UNP,
dams undernourished to 50 % of CONT during pregnancy; UNL, dams fed at
50% of CONT throughout lactation; UNPL, dams fed at 50% of CONT
throughout pregnancy and lactation.
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UNPL dams were significantly reduced compared to the
CONT and UNP groups (Table 1). During lactation, UNP
dams fully recuperated the body weight lost through gestation
by 10d post-partum and the body weight matched that of
CONT dams by the end of lactation (Table 1).

Offspring weights

Male and female birth-weights were significantly reduced in
the UNP groups compared to CONT (P<0-0001, Fig. 2). Wean-
ing weights for males and females (Fig. 2) were CONT >
UNP > UNL > UNPL, with females significantly lighter than
males for all groups. Although UNP animals demonstrated
catch-up growth between birth and weaning, they remained
slightly but significantly lighter than CONT animals (Fig. 2).
UNL offspring exhibited significant growth restriction and
were significantly lighter compared to CONT and UNP ani-
mals. UNL and UNPL offspring were significantly growth
restricted compared to CONT and UNP animals, and UNPL
animals were significantly lighter than UNL offspring.

As adults (P160), body weights in males and females were
between CONT and UNL/UNP animals
(Table 2). UNPL offspring remained significantly lighter than
all other groups; approximately 15% lighter than CONT off-
spring. Adult body length (nose—anus) was significantly
reduced in UNPL males and females compared to all other
groups (Table 2).

not different

Body composition

Animals underwent DEXA scanning 1 week before the com-
pletion of the trial (day 153). In males, UNP offspring had sig-
nificantly increased percentage of body fat compared to all
other groups (a 45% increase over CONT, Fig. 3(A)). There
were no significant differences in total body percentage fat
mass between CONT and UNL or UNPL male offspring.
In females, the percentage of body fat was increased in UNP
offspring compared to all other groups (a 27 % increase over
CONT, Fig. 3(B)). However, in contrast to males, the per-
centage of body fat was significantly reduced in UNL and
UNPL female offspring compared to CONT offspring (25 and
24% reductions in UNL and UNPL females compared to
CONT, respectively). Overall, males had increased adiposity
compared to females across all maternal dietary groups
(P<0:005 for effect of sex).

In males, BMC was significantly higher in UNP males
compared to all other groups and was lower in UNPL males
compared to the CONT, UNP and UNL groups (Table 2). In
females, BMC was highest in UNP offspring and was signifi-
cantly higher (P<<0:05) in CONT and UNP ». UNPL offspring
and was significantly lower (P<<0-05) in UNL v. UNP offspring
(Table 2). Overall, BMC was significantly higher in males com-
pared to females for all maternal dietary groups (P<0-005
for effect of sex). There was a highly significant positive
relationship between BMC and body tissue mass (P<0-0001
for males and females, Fig. 4), and a clear treatment effect
on BMC was observed particularly in male offspring.
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Table 1. Maternal characteristics at the end of pregnancy, lactation and plasma levels of insulin, leptin and insulin:leptin ratio at the

end of lactation

(Mean values with their standard errors, n 6—-8)

301

Final Maternal
pregnancy Final lactation Maternal insulin Maternal leptin Maternal insulin: corticosterone
weight (g) weight (g) (ng/ml) (ng/ml) leptin ratio (ng/ml)

Group Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
CONT 4192 33 326 27 1.913P 0-4 1.712 0-20 1.143P0 0-21 287-92 42.0
UNP 314° 14 321 14 1.33% 0-3 2.16% 0-26 0-612 012 329.5% 49.9
UNL 410° 57 238° 16 2.872P 11 1.09° 015 2.77>° 0-96 121.3° 44.9
UNPL 311° 10 215° 6 3.91° 11 1.07° 0-06 3.62° 1.01 143.3° 23.5

CONT, control; UNP, dams undernourished to 50 % of CONT during pregnancy; UNL, dams fed at 50 % of CONT throughout lactation; UNPL, dams fed

at 50 % of CONT throughout pregnancy and lactation.

abMean values with unlike superscript letters were significantly different (P<0-05).

BMD in males was slightly but significantly higher in
UNP animals compared to CONT, UNL and UNPL off-
spring (P<0-05, Table 2). In females, BMD was slightly but
significantly increased in UNP v. CONT, UNL and UNPL
offspring (P<0:05 and P<0-005, respectively; Table 2). BMD
was significantly lower in females compared to males for all
groups (P<0-05, Table 2).

Tissue weights

Retroperitoneal fat pad weight (expressed relative to body
weight) was significantly increased in UNP males compared
to CONT and UNPL offspring and trending towards signifi-
cance in the UNP ». UNL group (P=0-06, Table 3). In females,
retroperitoneal fat pad weight was increased in UNP animals
compared to all other groups (Table 3). In contrast to males,
fat pad weights were further significantly reduced in UNL
and UNPL female offspring compared to CONT offspring.
Relative liver weights were significantly increased in male
UNP offspring compared to CONT and UNL animals but
were not different between any of the female groups
(Table 3). Relative spleen weights in males were significantly
reduced in UNP offspring compared to all other groups. In
females, spleen weights were increased in UNPL offspring
compared to CONT and UNP animals (Table 3). There were
no differences in adrenal weights between any of the male
offspring. Adrenal weights in UNL females were increased
compared to CONT and UNP animals (Table 3). Heart and
kidney weights were not different between any of the male
and female groups compared to all other groups (Table 3).

Maternal insulin, leptin and corticosterone levels

Maternal fasting plasma insulin levels (at the end of lactation,
P22) were significantly increased in UNPL dams compared to
all other groups (Table 1). Maternal plasma leptin levels were
significantly decreased in UNL and UNPL dams compared to
CONT and UNP dams (Table 1). The maternal plasma insulin:
leptin ratio (a marker of altered adipoinsular axis function(24))
was significantly decreased in UNP mothers compared to UNL
and UNPL groups and increased in UNPL dams compared to
CONT and UNP dams (Table 1).

Maternal corticosterone levels were significantly reduced in
UNL and UNPL dams compared to CONT and UNP dams
(Table 1).

Offspring insulin, glucose and leptin

In parallel to increased total body fat mass, fasting plasma
leptin levels were significantly higher in UNP males and
females compared to all other groups (Fig. 5(A) and (O).
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Fig. 2. Birth-weights and weaning weights (g) in (A) males and (B) females.
Values are means, with their standard errors represented by vertical bars
(n minimum 24). P°9Mean values with unlike letters were significantly
different (P<<0-05). CONT, control; UNP, dams undernourished to 50 % of
CONT during pregnancy; UNL, dams fed at 50% of CONT throughout
lactation; UNPL, dams fed at 50% of CONT throughout pregnancy and
lactation.
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Table 2. Dual energy X-ray absorptiometry bone mineral content (BMC), final body weights and nose—anus lengths in male and female offspring
(Mean values with their standard errors, n 10—12)

Males Females

Final body Body length Final body Body length
weight (g) BMC (9) BMD (g/cma) (mm) weight (9) BMC (9) BMD (g/cma) (mm)

Group Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

CONT  570° 9 1312 03 0173 0.01 2622 1.4 2912 5 7.9% 02 0159 0.01 2222 1.5
UNP 5952 13 15.2° 04  0-186°  0.01 2612 1.5 3002 6 8.5° 02  0-166°  0.01 2212 1.8
UNL 5482 12 12.62 04 0173% 001 263 26  283° 10 77%° 02 0156 001  224° 1.7
UNPL 482° 12 11.3° 03 0170  0.-01 254° 1.5 258° 6 7-1° 02  0-154®  0.01 215° 1.6

BMD, bone mineral density; CONT, control; UNP, dams undernourished to 50% of CONT during pregnancy; UNL, dams fed at 50% of CONT throughout lactation;
UNPL, dams fed at 50 % of CONT throughout pregnancy and lactation.
ab\Mean values with unlike superscript letters were significantly different (P<0-05).

UNPL male offspring had lower plasma leptin levels than UNP 2:05 (seM 0-160)k]J/g per d (0-49 (sEm 0-04) kcal/g per d),
CONT male animals but were not different from UNL animals. UNL 2-34 (sem 0-16) kJ/g per d (0-56 (sem 0-04) kcal/g per d),
In contrast to changes in plasma leptin levels, there was no UNPL 2-30 (seM 0-160) Kk]J/g per d (0-55 (sem 0-04) kcal/g per d))
effect of maternal dietary background on fasting plasma when daily energy intake then returned to match that of
insulin levels across any of the male or female groups CONT and UNP offspring for the remainder of the study.
(Fig. 5(B) and (D)). Fasting plasma glucose levels were signifi- There were no differences in food consumed (g) or energy
cantly increased in UNPL male offspring compared to the intake (kcal/g) between CONT and UNP offspring at any time
CONT group but were not different between other groups point measured (data not shown).

(CONT 56 (seM 0-1) mmol/l, UNP 5-7 (seM 0-4) mmol/I, UNL
56 (skm 0-2)mmol/l, UNPL 6-2 (sem 0-2) mmol/). There
were no differences in fasting plasma glucose levels between (A) 40

any of the female groups (CONT 5-7 (sem 0-2) mmol/], UNP 5-4
(sEM 0:2)mmol/l, UNL 54 (sEm 0-2) mmol/l, UNPL 5-3 (SEM i
0-2) mmol/D. 30 a a
Insulin:glucose ratios were significantly increased (P<0:05) . . T
in UNPL male offspring compared to all other groups (CONT & 20 L
1-8 (sEm 0-2), UNP 2:6 (sEm 0:3), UNL 25 (sEm 0:2), UNPL 35 E
(sEm 0-4)), indicative of reduced insulin sensitivity in UNPL off- i
spring. Insulin:glucose ratios were not different across any of 10 -
the female groups (data not shown). Plasma insulin:leptin L
ratios were decreased in UNP males compared to all other 0
groups and increased in UNPL animals compared to CONT ' '
(Fig. 5(E)). In females, insulin:leptin ratios were increased in CONT UNP UNL UNPL
UNL and UNPL animals compared to UNP animals but were (B)
not different between the CONT and UNP groups (Fig. 5(E)). r
30 -
; a
Postnatal energy intake -
Unadjusted food intake (g consumed) was not different g 20 _T_ ¢
between the treatment groups, although there was a trend =
(P=0-07) towards reduced intake in UNPL offspring from - i
weaning until postnatal day 30, at which point food intake sta- 10 -
bilised across all groups for the remainder of the trial (data not
shown). Relative energy intakes (expressed as kcal consumed/g i
body weight) were significantly increased in UNL and UNPL 0 : :
male and female offspring from weaning until approximately CONT UNP UNL UNPL
postnatal day 30 (average intake days 22-30: males CONT Fig. 3. Total body fat mass (%) as quantified by dual energy X-ray absorptio-
2-:05 (sem 0-08)kJ/g per d (0-49 (sem 0-02) kcal/g per d), UNP metry in adult (A) male and (B) female offspring. Values are means, with
2:17 (sEM 0-12) k]/g per d (0-52 (seM 0:03) kcal/g per d), UNL their standard errors represented by vertical bars (n 12-18). ab.eMean
242 (sem 0-16)kJ/g per d (0-58 (sEm 0-04) kcal/g per d), UNPL values with unlike letters were significantly different (P§0~05). CONT, con-
trol; UNP, dams undernourished to 50 % of CONT during pregnancy; UNL,
2-46 (sEM 0-16) kJ/g per d (0-59 (sem 0-04) kcal/g per d); females: dams fed at 50 % of CONT throughout lactation; UNPL, dams fed at 50 % of

CONT 1-96 (seM 0-12)Kk]J/g per d (0-47 (sem 0-03) kcal/g per d), CONT throughout pregnancy and lactation.
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Table 3. Tissue weights (expressed relative to body weights (BW)) in adult male and female offspring
(Mean values with their standard errors, n 12—18)
Kidneys
Retro (% BW) Liver (% BW) Spleen (% BW) (% BW) Adrenals (% BW) Heart (% BW)
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Males
CONT 2.312 017 2.842 0-05 0-212 0-01 0-61 0.02 0-011 0-001 0-27 0-01
UNP 2.79° 0-21 3.24° 0-16 0-19° 0-01 0-63 0-02 0-012 0-001 0-24 0-01
UNL 2.30%P 0-08 2.85% 0-08 0232 0-01 0-61 0-01 0-011 0-001 0-28 0-01
UNPL 1.992 0-16 3.123P 0-13 0.-23% 0-01 0-64 0-01 0-011 0-001 0-28 0-01
Females
CONT 1.452 0-08 291 0-06 0-262 0-01 0-68 0-01 0-026 0-001 0-332P 0-01
UNP 1.70° 0-11 2.79 0-11 0-26% 0-01 0-65 0-02 0-026% 0-001 0-322 0-01
UNL 1.07° 0-09 276 0-04 0-282° 0-01 0-67 001 0-0297° 0-001 0-35° 0-01
UNPL 1.10° 0-08 2.94 0-08 0-31° 0-03 0-66 0-01 0-028? 0-001 0-342P 0-01

Retro, retroperitoneal fat pad; CONT, control; UNP, dams undernourished to 50 % of CONT during pregnancy; UNL, dams fed at 50 % of CONT throughout lacta-

tion; UNPL, dams fed at 50 % of CONT throughout pregnancy and lactation.

abMean values with unlike superscript letters were significantly different (P<0-05).

Blood biochemistry

Cholesterol/lipids. ~ All data can be found in Table 4. Total
cholesterol levels were increased in UNP and UNPL males
compared to CONT offspring but were not different in UNL
offspring compared to CONT males. Total plasma cholesterol
levels were not altered in any of the female groups.

LDL-cholesterol levels were increased in UNP males
compared to CONT but were not different in UNL and UNPL
offspring compared to CONT. In females, LDL levels were
higher in UNL offspring compared to UNP and UNPL offspring
but there were no differences between CONT, UNP and
UNPL offspring.

HDL-cholesterol levels were in UNP males
compared to all other groups and were significantly higher
in UNPL animals compared to CONT. In females, HDL levels
were significantly increased in UNP and UNL offspring
compared to CONT but were not different between CONT
and UNPL.

LDL:HDL ratios were significantly increased in UNL males
compared to CONT but were not different between any of
the other groups. In females, the LDL:HDL ratio was signi-
ficantly reduced in UNPL offspring compared to CONT.

NEFA levels were increased in UNP and UNPL males
compared to CONT and UNL offspring. In females, NEFA
were not different across any of the treatment groups.
Plasma TAG levels were reduced in UNL males compared to
UNP and UNPL offspring but were not different from CONT.
In females, TAG were reduced in UNL offspring compared
to the UNP group but were not different between other

increased

groups. Plasma lipase levels were increased in UNP males
compared to CONT; and in females, the levels were increased
in UNL offspring compared to all other female groups. Total
free glycerol levels were increased in UNPL males compared
to CONT and UNL offspring. Glycerol in females was not
different across any of the treatment groups.

Plasma markers of hepatic function. All data can be found
in Table 4. Alkaline phosphatase levels were increased in
plasma of male UNP offspring compared to all other groups

but were not different across any of the female groups.
Aspartate aminotransferase levels were increased in UNP
males compared to CONT and were increased in UNL
offspring compared to the CONT and UNPL groups. Aspartate
aminotransferase levels were not different across any of the
female groups. Alanine transaminase levels were increased
in UNL males compared to CONT males, and were increased
in UNP females compared to all other female groups.

Discussion

Maternal undernutrition during pregnancy is well known to
result in increased adiposity and related metabolic disease
risk factors in offspring®**?”. The present study highlights
that the timing and duration of the period of undernutrition
is critical to the development of the obese/metabolic pheno-
type and may result in changes in bone health. Extension
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Fig. 4. Relationship between body tissue mass (g) as quantified by dual
energy X-ray absorptiometry scan and bone mineral content (BMC) in male
(R 0-87) and female (R 0-69) adult offspring. (P<0-0001 for relationship,
male v. female slopes not significant). CONT (O), control; UNP (@), dams
undernourished to 50 % of CONT during pregnancy; UNL (CJ), dams fed at
50% of CONT throughout lactation; UNPL (M), dams fed at 50 % of CONT
throughout pregnancy and lactation.
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of the period of undernutrition into lactation can partially
prevent the adverse consequences associated with gesta-
tional undernutrition and, moreover, these effects are sex
dependent.

In the present study, moderate maternal undernutrition
restricted to pregnancy resulted in growth-restricted offspring
that showed catch-up growth in weight and length paralleled
by increased adiposity and increased plasma leptin levels in
adulthood. Interestingly, moderate undernutrition during
pregnancy alone did not have any significant effect on fasting
plasma insulin or glucose levels. Compared to CONT, UNP
male offspring displayed increased LDL- and HDL-cholesterol
and increases in NEFA and lipase. In addition, UNP males
showed increased markers of hepatic dysfunction with
increased alkaline phosphatase and aspartate aminotransfer-
ase levels. In female offspring of mothers undernourished
throughout pregnancy alone, the results were less marked as
compared to males with only small, but significant, changes
in HDL and alanine transaminase levels, with all other par-
ameters measured being similar to those of CONT. Thus, as
shown by us and others, in the presence of abundant neonatal
nutrition, growth-restricted pups born to undernourished
mothers demonstrate rapid catch-up growth, such that their
body weights match or exceed those of CONT early in post-
natal life®3®. Thus, prevention of catch-up growth has been
debated as an avenue to ameliorate the consequences of

early-life growth restriction®" .

Male offspring of mothers undernourished during lactation
alone had total fat mass and fasting plasma insulin and
leptin levels similar to those of CONT. However, there was a
significant increase in LDL:HDL ratio and increases in markers
of hepatic dysfunction aspartate aminotransferase and alanine
transaminase. In contrast to males, UNL females had a signifi-
cant reduction in total fat mass compared to both CONT and
those undernourished during pregnancy alone. The reduction
in fat mass was not coupled with changes in plasma insulin or
leptin, although there was an increase in HDL-cholesterol and
lipase. These data suggest that for females, prevention of
catch-up growth in the pre-weaning period can confer lasting
beneficial effects on body composition and lipid profile, inde-
pendent of the level of maternal nutrition during pregnancy.

In male offspring of mothers undernourished throughout
both pregnancy and lactation, total body fat mass and
plasma insulin levels were similar to those of CONT although
there was a small but significant reduction in plasma leptin
levels. In addition, however, there were significant increases
in total cholesterol (reflected by increased HDL), NEFA and
glycerol in these offspring, thus still conferring a possible
increased risk for cardiovascular complications in later life.
Of note, there were no changes in hepatic enzymes in this
group as compared to the other undernutrition groups. Similar
to those females undernourished through lactation alone,
female offspring of mothers undernourished throughout
pregnancy and lactation had reduced total body fat mass as

Table 4. Blood biochemistry data in adult male and female offspring

(Mean values with their standard errors, n 12—-18)

CONT UNP UNL UNPL
Mean SEM Mean SEM Mean SEM Mean SEM
Males
Cholesterol* 1.882 0-09 2.50° 0-10 1.962 0-11 2.27° 0-08
LDL* 0-282 0-03 0-45° 0-04 0-34° 0-04 0-373b° 0-02
HDL* 1.062 0-07 1.56%¢ 0-10 1.08%° 0-06 1.30° 0-07
LDL:HDL ratio* 0-25% 0-02 0-29° 0-02 0-30° 0-03 0-29° 0-02
NEFA* 0-98° 0-08 1.29P 0-09 0912 0-07 1.38°° 0-09
TAG* 1.1120 0-16 1.482 0-19 0-74° 0-09 1.282 0-12
Lipaset 9.912 0-6 13.3° 1.3 11.230 0-6 11.430 05
Glycerol* 0-182 0-01 0-202° 0-02 0-16° 0-01 0-23° 0-01
ALPt 3462 2.1 42.8° 31 36.52P 2.6 40.12P 1.9
ASTt 120-92°¢ 6-2 157.6°°¢ 11.2 190-9° 22.7 144.3° 10-9
ALTY 26-9% 1.9 32.73P 1.2 33.7° 38 28.23b 2.2
Females
Cholesterol* 1.66 0-07 1.72 0-09 1.61 0-11 1.59 0-09
LDL* 0-113P 0-02 0-102 0-0 0-16° 0-03 0-08% 0-01
HDL* 0-602 0-04 0-79° 0-05 0-83° 0-06 0.733P 0-03
LDL:HDL ratio* 0-18% 0-03 0-13%P 0-02 0-183P 0-03 0-11° 0-02
NEFA* 0-96 0-08 1.16 0-09 0-96 0-06 1.01 0-07
TAG* 0-88%° 0-01 0-93° 0-08 0-68° 0-09 0-812P 0-07
Lipaset 9.15° 08 10-762 0-6 13.08° 08 9.06° 0-4
Glycerol* 0-16 0-01 017 0-02 0-16 0-01 0-16 0-01
ALPt 22.5 1.7 23.2 1.6 23.5 09 20.9 1.0
ASTt 142 6-3 153 8.9 147 112 138 79
ALTY 23.0% 09 28.6° 1.3 22.6° 1.3 22.5° 1.3

CONT, control; UNP, dams undernourished to 50 % of CONT during pregnancy; UNL, dams fed at 50 % of CONT throughout lactation;
UNPL, dams fed at 50 % of CONT throughout pregnancy and lactation; ALP, alkaline phosphatase; AST, aspartate aminotransferase;
ALT, alanine transaminase.

abcMean values with unlike superscript letters were significantly different (P<0.05).
*Cholesterol, LDL, HDL, TAG, NEFA and glycerol were represented by mmol/l.
1 Lipase, ALP, AST and ALT were represented by U/I.
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Fig. 5. Fasting plasma leptin and insulin levels in adult (A and B) males and (C and D) females and (E) insulin:leptin ratios in adult male and female offspring.
Values are means, with their standard errors represented by vertical bars (n 12—18). **°Mean values with unlike superscript letters were significantly different
(P<0-05). CONT, control; UNP, dams undernourished to 50 % of CONT during pregnancy; UNL, dams fed at 50 % of CONT throughout lactation; UNPL, dams

fed at 50 % of CONT throughout pregnancy and lactation.

compared to CONT and those exposed to undernutrition
during pregnancy alone. This was not reflected in altered
leptin or insulin levels. As with the other plasma markers
following defined windows of maternal undernutrition,
females were quite distinct from males and showed a
decreased LDL:HDL ratio.

Therefore, the most important result from this study is the
demonstration that specific critical windows of undernutrition
resulted in differential sex-specific alterations in adiposity and
related blood biochemistry in adult offspring. Overall, the
adverse plasma biochemistry profiles displayed by offspring
of mothers undernourished through pregnancy alone were
ameliorated in those offspring that continued to be under-
nourished into the period of lactation. Desai et al®?
showed that delayed catch-up growth in offspring with
beneficial in the

intra-uterine growth retardation was

prevention of adult obesity, but was complicated by signifi-
cant adverse effects on pancreatic function. In the present
study, there were no significant changes in fasting insulin
levels across the groups and only a small increase in fasting
glucose levels in male UNPL offspring with no changes
observed in females. This difference could relate to the
timing of the nutritional challenge, with the Desai study start-
ing the paradigm of undernutrition at mid-gestation.

With the exception of alterations in retroperitoneal fat mass,
there were little marked effects of moderate maternal under-
nutrition on tissue weights. Retroperitoneal fat mass was
increased in UNP males and females and reduced in UNL
and UNPL females compared to all other groups; data which
confirmed that of the DEXA data for changes in total adiposity.
Maternal undernutrition has been shown to result in a
reduction in kidney size and nephron number, but the lack
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of effect on renal mass in the present study most probably
relates to a less severe level of undernutrition to that reported
previously(555 39 There was a significant increase in BMC and
BMD in male and female UNP offspring and this may relate to
the increased adiposity and corresponding high plasma leptin
levels observed in these grOLlps(35’56). Overall, there was a
highly significant relationship between BMC and body tissue
weights and this agrees with previous work by others®®. Of
note, these results are in disagreement with the observations
of Mehta et al.®”, whereby maternal low-protein exposure
led to a reduction in BMC and no differences in BMD. This
may relate to the different type of maternal nutritional
used (global
exposure) and the lack of programmed adiposity in the
Mehta study®”. Translation of our observed increases in
BMC and BMD in UNP offspring to the human setting is diffi-
cult. Recent data show faster bone maturation in girls born
small for gestation age (SGA) compared to CONT®®; and
work by Fewtrell et al®” showed bone mass deficits only
in those SGA subjects with very low birth-weight. Although
altered BMC and BMD have been reported in SGA new-
borns*” and adolescents”, respectively, data on bone
mass in SGA adults are less defined. In the present study,
bone data were not collected at early time points. However,
since being born SGA is associated with obesity in adult-
hood“? and leptin is a known anabolic bone factor™?, a link-
age between increased BMC and BMD in adult offspring
following maternal undernutrition may not be unexpected.
Interestingly, there were marked changes in the plasma

exposures undernutrition v». low-protein

insulin:leptin ratios, useful as a marker of adipoinsular axis
function®”. Male and female offspring undernourished
during pregnancy alone had reduced insulin:leptin ratios,
suggesting an impairment of leptin feedback to inhibit insulin
production and adipogenesis. In contrast, male and female
offspring of mothers undernourished during the period of
lactation showed elevated insulin:leptin ratios, suggesting
improved leptin suppression of insulin-mediated adipo-
genesis. This was more marked in females and thus matches
the reduced adiposity seen in these groups compared to
CONT and in males. However, this is a crude proxy and
further molecular studies would be required to characterise
specific changes in the adipoinsular feedback system.

The present study utilised a balanced experimental protocol
that permitted identification of the window of exposure-
dependent outcomes resulting from moderate undernutrition
to pregnant and lactating rats. The data clearly show that the
level of nutrition available in pregnancy and lactation plays
a major role in determining offspring metabolic phenotype.
The greatest effects and those most likely to be harmful to
long-term function (e.g. obesity and the metabolic syndrome)
occur when pups whose mothers were restricted during preg-
nancy received a normal — and hence abundant compared
with restricted — diet during the period of lactation. Following
gestational undernutrition, maintenance of the level of under-
nutrition into the period of lactation conferred protective
effects, particularly in females, on metabolic sequalae, and
further highlights the possible adverse consequences associ-
ated with catch-up growth.
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