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Homeostasis in the Young Adult Offspring
by Different Mechanisms in Males
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The understanding of the mechanisms by which gender di-
morphisms are involved in the modulation of insulin sensitivity
and glucose tolerance can be crucial to unravel the development
of type 2 diabetes. Rats treated with a low protein diet (LP, 8%
protein content) during pregnancy and lactation have a reduced
p-cell mass at birth and a reduced insulin secretion at weaning.
In this study we examined the effect of LP diet on glucose
homeostasis from birth to adulthood when offspring previously
exposed to LP were subsequently switched to control diet (C,
20% protein content) at weaning. The LP group had a reduced
body weight after weaning compared to the C-fed rats, although
their food intake was not significantly different. Furthermore, LP
males had a significant increase in visceral adiposity relative to
their body weight (P < 0.05). Intraperitoneal glucose tolerance
test (IGTT) showed that glucose clearance was unchanged until
130 days of age when LP-fed females showed elevated blood
glucose compared to C, despite similar plasma insulin levels.
Females also demonstrated a significant reduction in mean
pancreatic islet number, individual islet size and beta cell mass.
However, no differences in IGTT or islet morphometry were
observed in LP males, although basal insulin levels were two-
fold higher. Akt phosphorylation in response to insulin was
reduced in adipose and skeletal muscle of adult rats following
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exposure to LP diet in early life when compared to control-fed
animals, but this was only apparent in males. Plasma testoster-
one levels were also reduced in males at 130 days age. These
data suggest that the development of impaired glucose homeo-
stasis in offspring of LP-fed rats is likely to occur by different
mechanisms in males and females. Exp Biol Med 234:1425-1436,
2009
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Introduction

Epidemiological studies in humans have shown that
dietary restriction during pregnancy retards birth weight (1),
leading to permanent changes in organ development (2) and,
consequently, playing an important role in the predisposi-
tion to type 2 diabetes (3, 4). The risk of developing
diabetes was also related to gender but the mechanisms
underlying this association are unclear. Men were shown to
be more insulin resistant than women (5, 7). Others
observed significant sex differences for the associations
between endogenous testosterone and risk of type 2 diabetes
with a high testosterone level being associated with higher
risk of type 2 diabetes among women, but with decreased
risk of type 2 diabetes among men (8). We have previously
demonstrated, using an established rat model of dietary
protein restriction (2, 9, 10) administered during pregnancy
and lactation, that dietary insufficiency in early life alters
normal pancreatic development which may ultimately
contribute to impaired glucose homeostasis in adulthood
(31). The goals of this study were to extend our previous
findings and evaluate the precise time point when gender-
related differences of metabolic determinants of insulin
sensitivity, and the susceptibility to develop diabetes occur.
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Previous studies have shown that maternal low protein
diet (LP) alters growth and glucose metabolism of male (11)
and female offspring (9) between 20 to 21 months of age,
respectively, by reducing insulin action and protein
expression, and causing relative hyperinsulinemia. Others
have reported that although the young offspring receiving
LP diet during gestation and lactation had better glucose
tolerance from 6 weeks to 3 months of age than those
receiving a normal diet (12, 13), their ability to maintain
glucose tolerance deteriorated with age and became
significantly worse by 15 months in the adult male offspring
(14, 15). Impaired glucose control was associated with a
reduction of insulin-stimulated glucose uptake in both
muscle (11) and adipose tissue (16), as well as a reduction
in both GLUT 4 and PKC-{ in muscle (11).

Two key mechanisms important in maintaining glucose
homeostasis have been identified previously in vivo which
may help explain such gender differences. Firstly, differ-
ences in pancreatic insulin secretion could exist between
males versus females (48). Secondly sex-specific differences
also exist in the activation of the insulin-dependent path-
ways responsible for glucose disposal in liver (20) and
muscle (21). These pathways involve activation of protein
kinase B (PKB/AKkt), one of the key kinases in the insulin
signaling pathway that contributes to nutrient metabolism,
cell growth and inhibition of apoptosis. PKB/Akt activation
downstream of phosphoinositol-3 kinase (PI3K) triggers a
cascade of proteins that induces glucose transporters to
translocate to the membrane allowing glucose transfer into
the cell (17, 19). It has been previously demonstrated that
early nutritional imbalance can change the phosphorylation
of PKB/Akt signaling and consequently alter normal
glucose homeostasis permanently, leading to metabolic
disease (20-22). However, to date there is no information
that specifically identifies the earliest time point when these
alterations in PKB/Akt signaling occur or how they might
differ with gender.

The pathogenic mechanisms leading to type 2 diabetes
are still controversial, and it is not certain whether the
primary events are related to insulin resistance, insulin
deficiency, or both. The present study introduces the
concept that substantial sexual dimorphism exists and
suggests that it may be involved in the primary mechanisms
that lead to glucose intolerance as a result of a dietary insult
in early life.

Methods

Animals. All procedures were performed with the
approval of the Animal Care Committee of the University of
Western Ontario in accordance with the guidelines given by
the Canadian Council of Animal Care. Female and male
Wistar rats were purchased at breeding age (250 g) from
Charles River (La Salle, St-Constant, Quebec) and left to
acclimatize in our animal care facility at the Lawson Health
Research Institute. For 3 weeks the female reproductive
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cycle was followed to identify the day of fertility. Animals
were mated at the onset of pro-estrous. Impregnation was
confirmed by the presence of sperm in the vaginal smear the
next morning.

Rats were housed in individual cages and maintained at
22°C on a 12:12-h light—dark cycle. Starting on day 1 of
gestation, the rats were fed with one of two different diets
varying in protein content, but containing equivalent
calories. The control diet (C) contained 20% protein, and
the low protein diet (LP) contained 8% protein. In the LP
diet, the balance of calories was supplied by an increase of
carbohydrates with normal fat content (Bio-Serv, French-
town, NJ, USA). The detailed composition of this diet has
been published previously (23). At birth, litter size was
restricted to 8 animals (4 males and 4 females) with weights
closest to the litter mean. Gender was determined by
anatomical differences. In the neonatal rat the male has a
greater anogenital distance and larger genital papillae. Pups
were weaned at day 21 of lactation and were fed with the
(C) diet. Food and water was provided ad libitum.

At least three to four independent litters were
considered per dietary treatment. Food intake, pregnancy
and post-natal weight were recorded during the course of the
experiment.

Intraperitoneal Glucose Tolerance Test
(IGTT). Intraperitoneal glucose tolerance tests were per-
formed weekly after the onset of puberty up to 130 days of
age after 15 hours fasting in order to determine changes in
insulin sensitivity (24). Approximately 8-10 rats from
independent litters were tested. To establish basal values of
glucose and insulin, blood samples were taken by lancing
the tail vein before glucose challenge (time 0). They then
received a single bolus of 2 g/kg glucose i.p. Blood samples
were taken at 0, 15, 30, 60, 90 and 120 minutes from the tail
vein. Glucose from whole blood (2 pl sample) was
measured with a handheld glucose monitor (Dex-II, Bayer).
Serum was separated (100 pl) and kept at —20°C for
measurement of insulin levels by radioimmunoassay. The
incremental area under the glucose tolerance curve 1IAUC)
was calculated as the integrated area under the curve above
the basal value (time 0) over the 120-minute sampling
period using Prism 4 for Windows (25). HOMA IR (fasting
insulin (WU/ml) X fasting glucose (mmol/l) / 22.5) and
HOMA -cell (20 X fasting insulin (uU/ml) / fasting
glucose (mmol/l) - 3.5) were also calculated (26).

Radioimmunoassays. The serum collected before
and during the glucose tolerance test was assayed for insulin
levels using a sensitive rat insulin RIA kit (Linco Research,
St. Louis, MO, USA). The sensitivity of the assay was 0.1
ng/ml. The intra-assay coefficient of variation was 7.5% and
within assay 5%. Serum testosterone and estradiol levels
were assayed by ELISA. Testosterone Bioassay ELISA Kit
T2949 and Estradiol Bioassay ELISA Kit E3550-02 (US
Biological, Swampscott, MA) were used following the
instructions provided by the manufacturer after ethyl ether
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extraction of the samples. The intra- and inter-assay
coefficients of variation were < 10%.

Intraportal Insulin Challenge. Three to four ani-
mals from different litters fed with C or LP diet were
challenged with an acute intra-portal insulin bolus at 130
days of age to evaluate the insulin sensitivity in liver,
adipose tissue and muscle by analyzing phosphorylation of
Akt (18, 27). Rats were anaesthetized with Ketamine (100
mg/kg) and Xylazine (5-10 mg/kg) i.p. The abdominal wall
was dissected and the portal vein exposed and ligated
distally. Insulin 2 U/kg (Humulin R, Lilly) was then infused
over 10 seconds and animals sacrificed after 1 minute.
Control animals were infused with saline and were used to
analyze the basal levels of Akt phosphorylation. A portion
of the medial lobe of the liver, soleus muscle and visceral fat
were immediately harvested, snap frozen in liquid nitrogen
and kept at —80°C for further protein analysis. Body weight,
total visceral fat and liver weight were also recorded.

Western Blots. Proteins were extracted from tissues
(liver, adipose and muscle) of rats subjected to intraportal
insulin challenge as described previously (28). Briefly, 1 ml
of lysis buffer (20 mM Tris-HCI (pH 7.4), 1% Triton X-100,
10% glycerol, 150 mM NaCl, 2 mM EDTA, 25 mM B-
glycerophosphate, 20 mM sodium fluoride, 1 mM sodium
orthovanadate, 2 mM sodium pyrophosphate, 20 pM
leupeptin, 1 mM benzamidine, 1 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride, 1 tM microcystin)
was added to approximately 50 mg of frozen tissue. Livers
were disrupted by sonication (using a Branson 450
Sonifier). Tissues were rocked for 40 minutes at 4°C.
Detergent-insoluble material was precipitated by centrifu-
gation at 12,000 g for 10 minutes at 4°C and lipid layers
were removed. Whole protein concentrations from the
supernatant were determined by the Micro BCA protein
assay (Pierce, IL, USA) using bovine serum albumin as
standard protein, as per manufacturer directions. Protein
samples were diluted in the SDS sample buffer, and the
mixture was boiled for 5 minutes. Proteins (50 pg) were
separated on an 8% SDS-PAGE and transferred to nitro-
cellulose membranes using Tris buffered saline containing
Glycine and 20% Methanol as transfer buffer for 60 minutes
at 70 volts. After this, membranes were blocked for 60
minutes at room temperature in Tris buffered saline
containing 0.05% Tween 20 (TTBS) and 5% non-fat dry
milk or 5% BSA, and they were probed overnight at 4°C
with 1:1000 anti-phospho Akt (Ser473) (pAkt S-473) mouse
monoclonal antibody or 1:1000 anti Akt (pan-E11E7) rabbit
monoclonal antibody (Cell Signalling Technology, New
England Biolabs, Beverly, MA), according to the recom-
mendations of the manufacturer. The dilution buffer for the
antibodies had 5% non-fat dry milk in TTBS. After
incubation with the primary antibodies, membranes were
washed in TTBS 3 to 5 times for 5 minutes at room
temperature on a rocking platform. The proteins were
detected by enhanced chemiluminescence (Pierce, IL, USA)
with horseradish peroxidase-labelled secondary antibodies
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(Sigma, St. Louis, MO). The optical density of the bands
was quantified with a Bio Imaging Gel System (Chemi
Genius II, Syngene) with Gene Tools software. Each
membrane was first probed with antibody against pAkt S-
473, then incubated in stripping buffer (Pierce, IL, USA)
and re-probed with an antibody against Akt to normalize the
results, and results were expressed as ratio to optical density
values of the corresponding Akt.

Immunohistochemistry. Pancreata from 130 day-
old animals fixed in 10% formalin were embedded in
paraffin. Sections of 5 um were cut and mounted on
Superfrost-plus slides (Fisher Scientific, Toronto, ON,
Canada). Immunohistochemistry was performed using a
modified avidin-biotin peroxidase method (29) as we have
described previously (30). Antibody against insulin (poly-
clonal human anti-insulin antibody 1:200 dilution; Santa
Cruz, CA, USA) was used.

Morphometric Analysis. Images of pancreatic sec-
tions and islets immunostained for insulin were taken using
a Carl Zeiss transmitted light microscope at a magnification
of X25 and X400. Morphometric analysis of pancreatic
sections was performed by Northern Eclipse, version 6.0
software (Empix Imaging, Mississauga, ON, Canada) where
tissue and islet areas were measured. The number of small
(< 5000 pm?), medium (5000-10,000 pm?) and large (>
10,000 um?) islets, and the percent of area immuno positive
for insulin within the pancreas was calculated for each
group at 130 days of age (n = 3-4).

Statistical Analysis. Data are presented as mean =
SEM from at least 3—4 independent litters. Differences
between mean values for variables within individual
experiments were compared statistically by two-way
analysis of variance to analyze gender and diet followed
by multiple comparisons by Holm-Sidak method. To
analyze differences between diets in glucose and insulin
measurements after glucose challenge, a two-way repeated
measures ANOVA was performed followed by multiple
comparisons using the Holm-Sidak method upon significant
interaction. P values of 0.05 and lower were considered
significant.

Results

Body and Organ Weight from Gestation to
Adulthood: Relationship to Food Intake. Pregnant
female rats fed with LP or C diet had comparable food
intake (Fig. 1A). Interestingly, a significant decrease in body
weight gain was observed during the last week of pregnancy
in the rats fed a LP diet (Fig. 1B) although the litter sizes
were not significantly different (data not shown). Mothers
fed a LP diet during gestation and lactation produced
offspring with a lower birth weight and a lower weight gain
later in life as seen previously (31) regardless of gender. At
birth, the body weights of both LP female and male
offspring were significantly reduced (P < 0.01) compared
with their control-fed counterparts (Male LP 5.00 = 0.11, n
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Figure 1. Total food intake during pregnancy (A) and weight gain from conception to birth dates of rats fed with LP or C diets (B). Body weight
from birth to 130 days of age of male (C) and female (D) offspring treated with LP or C diet before weaning. Animals fed an LP diet during
pregnancy and lactation had a significantly reduced body weight (P < 0.05). Values are means = SEM. n= 3—4 rats per litter. Three to four

independent litters were analyzed per dietary treatment.

= 18 animals; control 6.40 £ 0.13, n =32; Female LP 4.99
* 0.10, n=20; control 5.99 = 0.11, n=30 (mean = SEM).
These offspring were switched to a C diet at weaning, and
although they showed a similar daily food intake for both
males and females (data not shown), they exhibited a lower
weight gain and body weight (P < 0.05) at 130 days of age

compared with animals receiving C diet in early life (Fig.
1C and 1D). Body weight, visceral fat and liver weights at
130 days of age are shown in Table 1. Although liver weight
was significantly reduced in LP males (P < 0.001), there
was no change when it was calculated relative to body
weight. The ratio of visceral fat weight relative to body

Table 1. Summary of Body, Liver and Visceral Fat Weight in Male and Female C vs. LP Rats Taken at 130 Days
of Age?
Male Female
Weight (g) C LP C LP

Body 544 = 16 460 = 13 300 = 8 256 + 6*
Liver 20 =1 16 = 1~ 10 = 1 9=*1
Visceral fat 16 = 1 24 * 4~ 8+2 10 = 2

% visceral fat/body weight 3.35 = 0.26 5.23 = 0.71* 2.82 = 0.59 3.62 = 0.50

2 Percentage of visceral fat to body weight was compared between the groups.

*, significant between treatments.
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Figure 2. Intraperitoneal glucose tolerance test (IGTT) after overnight fasting at 85 (A, B) and at 130 days of age (C, D) for male and female rats
fed C and LP diets. n=8-10 litters per gender and treatment. Values are means = SEM. Mean incremental area under the curve (iAUC) for
each corresponding treatment shown in the table below the graphs.
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Figure 3. Insulin levels at different time points during IGTT of male and female C- and LP-fed rats at 130 days of age. 0 min time point = before
glucose load. n=8-10 rats per gender and treatment. Values are means = SEM. * P < 0.05 for LP vs. control at same time point. A, P < 0.05
for 30 minutes vs. all other time points. B, P < 0.05 values at any time point are higher than the mean values at time 0 for each group.

weight was significantly increased in males. No such
changes were seen in LP females.

Intraperitoneal Glucose Tolerance Test
(IGTT). Weekly IGTTs performed after sexual maturation
showed a normal and comparable response curve between
the two dietary groups. No gender differences were
observed. Data observed at 85 days is shown (Fig. 2A and
2B). By 130 days of age, the AUC of the IGTT was similar
in males fed with C or LP diets (Fig. 2C). Fasting insulin
levels were significantly increased in male rats fed LP diet
(P < 0.05), when compared with those on C diet (Fig. 3A).
After glucose challenge, the C males showed an increase in
insulin at the 30 minutes time point (P < 0.05) not observed
in the LP males and recovered to normal levels by 60
minutes. No significant changes over time were observed in
the LP males. Both HOMA IR and HOMA f-cell
parameters were significantly increased (P < 0.01 and P
< 0.05, respectively) in LP males at 130 days (Table 2),

Table 2. Parameters Used to Determine the Diabetic
State in C vs. LP Male and Female Rats at 130 Days?

HOMA IR HOMA B-cell

Male C 253 + 0.73 100.1 + 15.5
LP 7.47 + 2.55*+8& 172.0 + 43.3%%

Female C 2.15 + 0.76 946 + 18.8
LP 1.84 = 0.32 70.4 + 13.3

4 Homa IR = (Fasting insulin (mU/ml) X Fasting glucose (mmol/L)) /
22.5, Homa p-cell = 20 X (Fasting insulin (mU/ml) / (Fasting glu-
cose (mmol/L) - 3.5) in C and LP treated male and female rats.

& P<0.05and % P < 0.01 vs. Female, * P < 0.05 and ** P < 0.01
vs. Control. n=8-10 in each group.

suggesting that LP males at this age show signs of insulin
resistance.

In 130 day-old LP female rats, the iAUC after IGTT
was increased (P < 0.002) compared to female controls
(Fig. 2D). Neither fasting insulin levels nor levels during the
IGTT showed significant changes between the two treat-
ments (Fig. 3B). Both HOMA IR and HOMA [-cell
parameters did not show significant differences between
female groups (Table 2).

Glucose Tolerance and Gender Dimor-
phism. We measured serum testosterone and estradiol
levels by radioimmunoassay at 85 days of age when no
changes in glucose tolerance were seen in either sex treated
with LP diet, and at 130 days when clear differences were
first observed. At 85 days no changes in sex steroid levels
were observed when compared to the control groups,
although at 130 days of age LP males had significantly less

Table 3. Blood Levels of Testosterone and Estradiol
(ng/ml) in Males and Females at 130 Days and
Testosterone at 85 Days of Age in Males. Control

vs. LP?
ng/ml Male Female
85 days Testosterone C  3.36 * 0.43
LP 2.94 + 0.64
130 days Testosterone C 4.77 = 0.34 1.38 £ 0.10
LP 3.70 = 0.21* 1.40 = 0.08
Estradiol C 086 *=0.08 0.83=*0.10
LP 0.71 £0.02 0.79 = 0.04

4 Mean = SEM in ng/ml.
* P < 0.05 vs. Control, ttest. n=6-7 animals per group.
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Figure 4. Western Blot Analysis of pPKB/AKT/S-473 ratio in basal conditions (Bas) and after Insulin challenge (Ins) in both male and female
rats fed with C and LP diets. (A) Muscle. (B) Visceral adipose tissue. (C) Liver. Tissues of three to four animals were analyzed from 3
independent litters per dietary treatment. The molecular weights of Akt and pAkt are 60 kD and bands were quantified by densitometry. * P <
0.001 for Ins vs. Bas levels. a P < 0.05 for LP vs. Control. Data represents 3 separate immunoblots.
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Figure 5. Pancreas Histomorphometry in male and female rats fed
with C and LP diets at 130 days of age. (A) Islet size. (B) Number of
islets per cm?. (C) B-cell area (% of pancreas). n = 3-4 independent
litters were studied per dietary treatment. Values are means = SEM.
* P < 0.05 for LP vs. Control. 1 P < 0.05 for female vs. male LP.

testosterone (Table 3). These results are comparable to
recent human studies demonstrating that reduced levels of
testosterone in older men are linked with insulin resistance
and hyperglycemia (32-34).

Intraportal Insulin Challenge to Assess Insulin
Signaling Pathway. Infusion of insulin via the portal
vein was assessed by Western immunoblotting. In the C
males Akt phosphorylation was significantly increased (P <
0.001) by 4-6 fold in muscle and visceral adipose tissue
after 1 minute. In contrast, LP males did not respond to the
insulin-infusion when compared to control (Fig. 4A and
4B). These results further support the likelihood that LP-
treated males are insulin resistant at 130 days of age, since
not only do they have high fasting basal insulin, but their
response to external insulin is also reduced in both adipose
and muscle tissues.

CHAMSON-REIG ET AL

In females, AKT phosphorylation in response to the
insulin challenge did not differ with dietary treatments (Fig.
4A and 4B), suggesting that the LP females maintained their
response to insulin in peripheral insulin-dependent tissues
(muscle, adipose tissue) and the Akt phosphorylation was
unaltered (Fig. 4A—C). Akt phosphorylation in the liver at
130 days of age in response to insulin challenge showed a
similar response in males and females previously exposed to
either diet, suggesting that this insulin signaling mechanism
was not affected by diet (Fig. 4C).

Pancreatic Morphometry. Image analysis revealed
that both the number of islets per cm” of pancreas and the
percentage of pancreas area accounted for by B-cells area
were reduced significantly in LP females at 130 days of age
(P < 0.05) (Fig. 5A). Moreover, the islet distribution by size
in the LP females showed a significant reduction in the
number of large islets (> 10,000 um?) per pancreatic area
and a reduction in the B-cell area of small (< 5000 umz) and
large islets (Fig. 6A). These morphological changes in islet
area and [B-cell area support the functional results of insulin
deficiency shown in Figure 3. In contrast, males did not
show any differences in islet number or size between either
diet (Figs. 5 and 6).

Discussion

Animal studies have shown that maternal malnutrition
during fetal and neonatal life can impede normal cell
division, organ growth and differentiation in the fetus and
neonate, resulting in permanent changes in tissue compo-
sition and cell size during adulthood (14). Such maternal
programming of the structure and physiology of fetal organs
also applies to the endocrine pancreas and insulin-sensitive
target tissues such as adipose, muscle and liver (2, 35, 37).

The incorporation of fat-rich diets after weaning to
promote normal growth following a dietary deficiency in
early life has been previously demonstrated to predispose
the male offspring to develop obesity, and metabolic
disorders in later life (38, 39). Conversely, if the restricted
diet continues into adulthood, no metabolic changes are
observed and pathologies associated with chronic diseases
are prevented (40). Similarly in humans, fetal growth
restriction has been shown to impact insulin action in
adulthood (41). Data obtained from epidemiological studies
have shown that subjects who had low birth weight or were
thin at birth have a higher prevalence of developing insulin
resistance syndrome or syndrome X in adulthood, accom-
panied by the co-existence of glucose intolerance, hyper-
tension and hypertriglyceridemia (35, 36, 38, 42, 43).
Depending on the length and timing of the dietary insult
during pregnancy, outcomes varied with gender and were
linked to decreased glucose tolerance and obesity in adults
(44).

In this study, we have shown that rats weaned onto a C
diet after having received a LP diet during gestation and
lactation had lower body weight after weaning and up to
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Figure 6. Distribution of islets by size in male and female fed with C and LP diets at 130 days of age. (A) Number of islets per cm?. (B) p-cell
area (% of pancreas). Values are means = SEM. n= 3—-4 independent litters were studied per dietary treatment. ttest, * P < 0.05 vs. control.

130 days of age compared to continuous C-fed controls
despite similar food intake for both females and males.
However, by 130 days the LP male group had higher
relative visceral adiposity, low testosterone levels and
higher basal insulin levels. Previously, we showed a
widespread upregulation of genes involved in carbohydrate,
lipid and protein metabolism within visceral adipose tissue
obtained from 130 day-old adult male rats previously fed LP
diet (45). Insulin is a strong inducer of lipogenesis through
activation of lipogenic and glycolytic enzymes. Higher basal
insulin levels in male rats fed LP diet increased accumu-
lation of visceral fat and this may correlate with the etiology
of insulin resistance. Several human studies have reported
that greater fat deposition around the waist is associated
with insulin resistance (6, 7) and is considered a predictor of
metabolic syndrome (46). It has also been suggested that
men with low testosterone are at a greater risk of developing
type 2 diabetes (32, 33, 47).

Animal studies showed that male offspring fed a LP
diet prior to birth, but weaned onto a C diet, were more
glucose tolerant at 3 months of age (14) than C-fed animals,
but became glucose intolerant by 15 months of age. A
similar study (48) showed insulin hypersensitivity in
females at 110 days of life compared with controls.
Depending on the length and timing of the dietary insult
during pregnancy, outcomes varied with gender and were
linked to decreased glucose tolerance and obesity in adults
(44). In the present study we performed longitudinal
analyses and found that glucose intolerance was not

detectable before 130 days of age in LP treated animals
and that for males there was evidence of hyperinsulinemia
associated with insulin resistance. Although glucose toler-
ance was maintained in the LP male at 130 days of age, they
had an increased fasting circulating insulin level paralleled
by a reduction in insulin sensitivity in muscle and adipose
tissue, with relative visceral obesity and low testosterone
levels. Collectively, all of these factors may contribute to the
onset of glucose intolerance in later life. In LP-fed males,
the two major classic peripheral insulin-responsive tissues,
muscle and adipose, displayed a diminished response to
insulin resulting in decreased disposal of excess circulating
glucose and fatty acids. Increased fat mass, visceral fat mass
and an adverse lipid profile are all observed in the human
metabolic syndrome which is characterized by decreased
insulin sensitivity whereby the degree of insulin resistance is
related to the percentage fat mass (49).

In contrast, at 130 days of age LP-fed female offspring
had a significantly altered glucose tolerance, but maintained
insulin sensitivity in muscle and adipose tissue. Female LP-
fed offspring showed no visceral obesity or impairment of
insulin signaling in adipose or muscle, no change in
HOMA, but had impaired glucose tolerance compared to
C-fed animals. Moreover, LP-fed females possessed fewer
B-cells and had fewer small and large pancreatic islets, and
accordingly higher hyperglycemia and less serum insulin
concentration than their male counterparts. Therefore the
primary reason for the impaired glucose tolerance in the
females is likely due to a relative deficiency of pancreatic -

Downloaded from ebm.sagepub.com at SAGE Publications on November 3, 2014


http://ebm.sagepub.com/

1434

Table 4. Summarized Results of LP Males and
Females Compared to Control Animals at 130 Days
of Age?

Male LP Female LP

Body weight 1
Liver weight 1
Adipose tissue weight T —
% fat/body weight 1
Estradiol —
Testosterone 1

B-cell
HOMA B-cell 1 —
Number of islets — l
% B-cell in pancreas — l
Number of large islets — !

Insulin sensitivity
HOMA IR 1 —
IGTT (AUC) — 7
Insulin IGTT (time 0)

Phosphorylation of Akt
Muscle

Adipose
Liver — —

2 Parameters analyzed were decreased (), increased ([) or
unchanged (—) when compared to Control animals at the same age.

cells. Dahri et al. previously showed that LP-fed female rats
had larger pancreatic islets at 84 days of age than C-fed rats,
with lower insulin content but normal fasting glucose levels
(8, 9). We did not have comparable data on pancreatic
morphology at that age, but taking this data into account
would suggest that for females, the relative failure to
maintain B-cell mass must occur between 84 and 130 days
of age. These gender-specific findings are consistent with
observations in humans that showed that men are more
insulin resistant than women (5, 7).

In the LP diet model the diet was made isocalorific with
the control diet through the addition of carbohydrate, and it
should be considered whether the changes in pancreas
morphology or insulin sensitivity observed in the offspring
were primarily due to the effects of reduced protein or
increased carbohydrate. Protein content was reduced from
20% to 8% corresponding to a reduction of 40%. The
increase in carbohydrate content represented only a 20%
change suggesting that the changes in glucose homeostasis
were more likely to result from the reduction in protein.

Others had observed significant sex differences for the
associations between endogenous testosterone and risk of
type 2 diabetes. High testosterone levels were associated
with higher risk of type 2 diabetes among women, while
simultaneously associated with decreased risk of type 2
diabetes among men (8). We also found this association in
this animal model. Other rodent models of diabetes also
show differences in insulin sensitivity and secretion with
gender. The spontaneous incidence of type 1 diabetes in the

CHAMSON-REIG ET AL

non-obese diabetic mice is 85% in females and 25% in
males (50). Development of diabetes in response to STZ
treatment in animals receiving nicotinamide is more severe
in female rats than in males, as females develop the disease
more rapidly (51).

In the present study, we show that the insulin signaling
pathway in the liver of the LP rat was maintained and no
gender differences were observed at 130 days of age
regardless of diet. Previous studies have shown that at 3
months of age there was a decrease in hepatocyte
proliferation and liver growth with altered morphology in
the offspring of LP-restricted rats (52). Our data show that
LP-fed males had a decreased liver weight but that this was
appropriate for body weight. Others have shown that there
was a decrease in IGF-I production in hepatocytes derived
from fetuses exposed to a LP diet through gestation (53).
However, the livers had larger lobules and an increased
expression of the insulin receptor at 3 months of age and it
was proposed that glucokinase expression might be altered
(54). It would appear that in liver of rats previously fed LP
diet there may be a compensatory maintenance of insulin
sensitivity despite alterations in liver size and morphometry.

In summary, this rat model suggests that LP diet during
intrauterine development and lactation affects metabolic
function, contributing to later glucose intolerance, but this
does not become apparent until maturity at 130 days of age.
It also suggests that there is a gender difference in the
mechanism by which these alterations occur. Females
become relatively more insulin deficient while males are
more insulin resistant. Our results suggest that treatment
strategies for type 2 diabetes in humans could also take into
consideration gender differences along with age.

We are grateful to Ms. Kelly Weese and Mr. Aaron Cox for technical
support and to Dr. Cristina Rondinone, PhD, for constant advice and
support.

1. Barker DJ. Programming the baby. Mothers, babies, disease in later
life. London: BMJ Publishing Group, pp14-36, 1994.

2. Desai M, Growther NJ, Lucas A, Hales CN. Organ-selective growth in
the offspring of protein-restricted mothers. Br J Nutr 76:591-603, 1996.

3. Barker DJ. The fetal origins of type 2 diabetes mellitus. Ann Intern
Med 130:322-324, 1999.

4. Pettit DJ, Jovanovic L. Birth weight as a predictor of type II diabetes
mellitus: the U shaped curve. Curr Diab Rep 1:78-81, 2001.

5. Phillips DIW, Barker DJ, Hales CN, Hirst S, Osmond C. Thinness at
birth and insulin resistance in adult life. Diabetologia 37:154, 1994.

6. Ludvik B, Nolan JJ, Sacks D, Olefsky JM. Effect of obesity on insulin
resistance in normal subjects and patients with NIDDM. Diabetes 44:
1121-1125, 1995.

7. Ferrannini E. Physiological and metabolic consequences of obesity.
Metabolism 44:17, 1995.

8. Ding EL, Song Y, Malik VS, Liu S. Sex differences of endogenous sex
hormones and risk of type 2 diabetes: a systematic review and meta-
analysis. JAMA 295:1288-1299, 2006.

9. Fernandez-Twinn DS, Wayman A, Ekizoglou S, Martin MS, Hales CN,
Ozanne SE. Maternal protein restriction leads to hyperinsulinemia and

Downloaded from ebm.sagepub.com at SAGE Publications on November 3, 2014


http://ebm.sagepub.com/

10.

12.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

GLUCOSE HOMEOSTASIS AND SEXUAL DIMORPHISM

reduced insulin-signaling protein expression in 21 days old female
offspring. Am J Physiol Regul Integr Comp Physiol 288:R 368-R 373,
2005.

Petrik J, Reusens B, Arany E, Remacle C, Coelho C, Hoet JJ, Hill DJ.
A low protein diet alters the balance of islet cell replication and
apoptosis in the fetal and neonatal rat and is associated with a reduced
pancreatic expression of insulin-like growth factor-II. Endocrinology
140:4861-4873, 1999.

. Ozanne S, Olsen GS, Hansen LL, Tingey KJ, Nave BT, Wang CL,

Hartil K, Petry CJ, Buckley AJ, Mosthaf-Seedorfl L. Early growth
restriction leads to downregulation of protein Kinase C zeta and insulin
resistance in skeletal muscle. J Endocrinol 177:235-241, 2003.
Shepherd PR, Crowther NJ, Desai M, Hales CN, Ozanne SE. Altered
adipocyte properties in the offspring of protein malnourished rats. Br J
Nutr 78:121-129, 1997.

. Ozanne SE, Wang CL, Petry CJ, Hales CN. Ketosis resistance in the

male offspring of protein malnourished rat dams. Metabolism 47:1450—
1454, 1997.

. Hales CN, Ozanne SE, Crowther NJ. Fishing in the stream of diabetes:

from measuring insulin to the control of fetal organogenesis. Biochem
Soc Trans 24:341-350, 1996.

Petry CJ, Dorling MW, Pawlak DB, Ozanne SE, Hales CN. Diabetes in
old male offspring of rat’s dams fed a reduced protein diet. Int J Exp
Diabetes Res 2:139-143, 2001.

. Ozanne SE, Dorling MW, Wang CL, Nave BT. Impaired PI 3-kinase

activation in adipocytes from early growth-restricted male rats. Am J
Physiol Endocrinol Metab 280:E534-E539, 2001.

. Sheperd PR, Nave BT, O’Rahilly S. The role of phosphatidylinositol 3-

kinase in insulin signaling. J Mol Endocrinol 17:175-184, 1996.
Ruderman NB, Kapeller R, White MF, Cantley LC. Activation of
phosphatidylinositol 3-kinase by insulin. Proc Natl Acad Sci U S A 87:
1411-1415, 1990.

Cheatham B, Vlahos CJ, Cheatham L, Wang L, Blenis J, Kahn CR.
Phosphatidylinositol 3-kinase activation is required for insulin
stimulation of p70 s6-kinase, DNA synthesis and glucose transporter
translocation. Mol Cell Biol 14:4902-4911, 1994.

Ozanne SE, Smith GD, Tikerpae J, Hales CN. Altered regulation of
hepatic glucose output in the male offspring of protein-malnourished rat
dams. Am Physiol Soc E559-E564, 1996.

Ozanne SE, Wang CL, Coleman N, Smith GD. Altered muscle insulin
sensitivity in the male offspring. Am J Physiol Endocrinol Metab 271:
E1128-E1134, 1996.

Ozanne SE, Nave BT, Wang CL, Shepherd PR, Prins JB, Smith GD.
Poor fetal nutrition causes long-term changes in the expression of
insulin signaling components in adipocytes. Am J Physiol Endocrinol
Metab 273:E46-ES1, 1997.

Snoeck A, Remacle C, Reusens B, Hoet JJ. Effect of a low protein diet
during pregnancy on the fetal rat endocrine pancreas. Biol Neonate 57:
107-118, 1990.

Thyssen S, Arany E, Hill DJ. Ontogeny of regeneration of beta-cells in
the neonatal rat after treatment with streptozotocin. Endocrinology 147:
2346-2356, 2006.

Lailerd N, Saengsirisuwan V, Sloniger JA, Toskulkao C, Henriksen EJ.
Effects of stevioside on glucose transport activity in insulin-sensitive
and insulin-resistant rat skeletal muscle. Metabolism 53:101-107,
2004.

Haffner SM, Miettinen H, Sterns RH. The homeostasis model in the
San Antonio Heart Study. Diabetes Care 20:1087-1092, 1997.

Reis MA, Carneiro EM, Mello MA, Boschero AC, Saad MJ, Velloso
LA. Glucose-induced insulin secretion is impaired and insulin-induced
phosphorylation of the insulin receptor and insulin receptor substrate-1
are increased in protein deficient rats. J Nutr 127:403-410, 1997.
Rondinone CM, Trevillyan JM, Clampit J, Gum RJ, Berg C, Kroeger P,
Frost L, Zinker BA, Reilly R, Ulrich R, Butler M, Jirousek MR, Waring

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

1435

JF. PTP-1B reduction regulates adiposity and expression of genes
involved in lipogenesis. Diabetes 51:2405-2411, 2002.

Hsu SM, Raine L, Fanger H. Use of avidin-biotin peroxidase complex
(ABC) in immuno peroxidase techniques: a comparison between ABC
and unlabelled antibody (PAP) procedures. J Histochem Cytochem 29:
577-580, 1981.

Petrik J, Arany E, McDonald TJ, Hill DJ. Apoptosis in the pancreatic
islet cells of the neonatal rat is associated with the reduced expression
of insulin-like growth factor II that may act as a survival factor.
Endocrinology 139:2994-3004, 1998.

Wilson MR, Hughes SJ. The effect of maternal protein deficiency
during pregnancy and lactation on glucose tolerance and pancreatic islet
function in adult rat offspring. J Endocrinol 154:177-185, 1997.
Stellato RK, Feldman HA, Hamdy O, Horton ES, McKinlay JB.
Testosterone, sex hormone-binding globulin, and the development of
type 2 diabetes in middle age men: prospective results from
Massachusetts male aging study. Diabetes Care 23:490-494, 2000.
Traish AM, Saad F, Guay A. The dark side of testosterone deficiency:
type 2 diabetes and insulin resistance. J Androl 30:23-32, 2009.

Oh JY, Barrett-Connor E, Wedick NM, Wingard DL. Rancho Bernardo
Study: endogenous sex hormones and the development of type 2
diabetes in older men and women. Diabetes Care 25:55-60, 2002.
Hales CN. Fetal and infant growth and impaired glucose tolerance in
adulthood: the “thrifty phenotype” hypothesis revisited. Acta Paediatr
Suppl 422:73-77, 1997.

Hales CN. Metabolic consequences of intrauterine growth retardation.
Acta Paediatr Suppl 423:184-187, 1997.

Hales CN, Ozanne SE. For debate: fetal and early post-natal growth
restriction lead to diabetes, the metabolic syndrome and renal failure.
Diabetologia 46:1013-1019, 2003.

Hales CN, Barker DJP, Clark PM, Cox LJ, Fall C, Osmond C, Winter
PD. Fetal and infant growth and impaired glucose tolerance at age 64.
Br Med J 303:1019-1022, 1991.

Buckley AJ, Keserii B, Thompson M, Briody J, Ozanne SE, Thompson
CH. Altered body composition and metabolism in the male offspring of
high fat-fed rats. Metabolism 54:500-507, 2005.

Dahri S, Snoeck A, Reusens-Billen B, Remacle C, Hoet JJ. Islet
function in offspring of mothers on low protein diet during gestation.
Diabetes 40:115-120, 1991.

Phillips DI, Hirst S, Clark PM, Hales CN, Osmond C. Fetal growth and
insulin secretion in adult life. Diabetologia 37:592-596, 1994.

Barker DJP, Hales CN, Fall CHD, Osmond C, Phipps K, Clark PMS.
Type 2 (non-insulin-dependent diabetes mellitus, hypertension and
hyperlipidemia (syndrome X): relation to reduced fetal growth.
Diabetologia 36:62—67, 1993.

Desai M, Hales CN. Role of fetal and infant growth in programming
metabolism in later life. Biol Rev Camb Philos Soc 72:329-348, 1997.
Roseboom TJ, van der Meulen JH, Ravelli AL, Osmond C, Barker
DJP, Bleker OP. Effects of prenatal exposure to the Dutch famine on
adult disease in later life: an overview. Mol Cell Endocrinol 185:93-98,
2001.

Zhang T, Guan H, Arany E, Hill DJ, Yang K. Maternal protein
restriction permanently programs adipocyte growth and development in
adult male rat offspring. J Cell Biochem 101:381-388, 2007.

Kahn R, Buse J, Ferrannini E, Stern MP. The metabolic syndrome: time
for a critical appraisal: joint statement from the American Diabetes
Association and the European Association for the Study of Diabetes.
Diabetologia 48:1684—1699, 2005.

Haffner SM, Shaten J, Stern MP, Smith GD, Kuller L. Low levels of
sex hormone-binding globulin and testosterone predict the development
of non-insulin-dependent diabetes mellitus in men. MRFIT Research
Group. Multiple Risk Factor Intervention Trial. Am J Epidemiol 143:
889-897, 1996.

Sugden MC, Holness MJ. Gender-specific programming of insulin
secretion and action. J Endocrinol 175:757-767, 2002.

Downloaded from ebm.sagepub.com at SAGE Publications on November 3, 2014


http://ebm.sagepub.com/

1436

49.

50.

S1.

52.

Murray RD, Shalet SM. Insulin sensitivity is impaired in adults with
varying degrees of GH deficiency. Clin Endocrinol (Oxf) 2:182-188,
2005.

Hawkins T, Gala RR, Dunbar JC. The effect of neonatal sex hormone
manipulation on the incidence of diabetes in no obese diabetic mice.
Proc Soc Exp Biol Med 202:205, 1993.

Vital P, Larrieta E, Hiriart M. Sexual dimorphism in insulin sensitivity
and susceptibility to develop diabetes in rats. J Endocrinol 190:425—
432, 2006.

Burns SP, Desai M, Cohen RD, Hales CN, Iles RA, Germain JP, Going
TC, Bailey RA. Gluconeogenesis, glucose handling, and structural

53.

54.

CHAMSON-REIG ET AL

changes in livers of the adult offspring of rats partially deprived of
protein during pregnancy and lactation. J Clin Invest 100:1774-1768,
1997.

El Khattabi I, Gregoire F, Reusens BI. Isocaloric maternal low-protein
diet alters IGF-I, IGFBPs, and hepatocyte proliferation in the fetal rat.
Am J Physiol Endocrinol Metab 285:E991-E1000, 2003.

Desai M, Byrne CD, Meeran K, Martenz ND, Bloom SR, Hales CN.
Regulation of hepatic enzymes and insulin levels in offspring of rat
dams fed a reduced-protein diet. Am J Physiol Gastrointest Liver
Physiol 273:G899-G904, 1997.

Downloaded from ebm.sagepub.com at SAGE Publications on November 3, 2014


http://ebm.sagepub.com/

