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Abstract

Older age is an assumed risk factor for the development of gestational diabetes mellitus (GDM) in women. Here, we studied the effect of
age and pregnancy on fat mass and glucose tolerance in rats. We performed intravenous glucose tolerance tests (IVGTTs) in 3- and 9-month-
old rats, either nonpregnant or pregnant (day 20). In addition, we measured maternal fat mass, by dual-energy x-ray absorptiometry, and
plasma leptin and lipid levels, as well as fetal parameters, on day 22. Nine-month-old rats had higher fat mass and plasma leptin, cholesterol,
and triglyceride concentrations than 3-month-old rats. Glucose levels during the IVGTTs were elevated at several time points in 9-month-old
rats, and the area under the curve (AUC) was increased. Pregnancy did not affect fat mass or the AUC for glucose during the IVGTT. The
AUC for insulin during the IVGTTs was increased by age as well as pregnancy, but there was no interaction between the two by 2-factor
analysis of variance. Reproductive performance was less optimal in 9-month-old rats, with a reduction of individual fetal and placental
weight. In conclusion, 9-month-old rats exhibit a deterioration in glucose tolerance, possibly linked to the age-dependent increase in fat mass
and leptin concentrations. Pregnancy also comprises certain adaptations in lipid and glucose metabolism, but because no interaction was
found between both factors, the effect of pregnancy is not aggravated by aging. This may suggest than an increased gestational diabetes
mellitus prevalence in older women can similarly be explained by age as such.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction Aging reduces glucose tolerance by affecting both insulin
secretion and action. However, the intertwinement between
age and adiposity makes interpretation less obvious; the
deterioration in insulin action appears to be explained by
increased body fat rather than by age itself [5]. Insulin
secretion declines gradually with age [6] and is inappropri-
ate for the degree of insulin resistance. In rats, aging is
associated with a decreased insulin-dependent glucose
uptake by soleus and heart muscle, diaphragm, and adipose
tissue [7], and also with an impaired insulin secretory
response, possibly mediated by a reduction in glucose
transporter 2 expression in beta cells [8]. Ultrastructurally,
beta cells of aging rats have abnormal mitochondria and
lysosomes, and a reduced proliferative capacity [9]. These
effects of aging may be intensified by the simultaneously
increased secretion of adiposity-related cytokines in aging
individuals. Leptin reduces glucose transport by abolishing
glucose transporter 2 phosphorylation and inhibits insulin
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The age at which women become pregnant has gradually
increased over the last decades in Western countries,
concomitant with the widespread use of assisted reproduc-
tive techniques. In 2001, about 14% of births in the United
States were from women aged 35 years or older, which
represents a 54% increase compared with 1990 [I1].
Maternal age older than 35 years is associated with an
augmented risk of several pregnancy complications [2],
including gestational diabetes mellitus (GDM) [3]. For
example, GDM occurred in 20% of gravidas aged older than
50 years achieving a pregnancy by oocyte donation; within
this group, GDM was more common among women aged
55 years or older (40%) than among women aged 50 to
54 years (13%) [4].
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presses both basal and glucose-stimulated insulin transcrip-
tion and secretion [11].

Pregnancy reversibly modulates glucose metabolism.
Insulin resistance is a hallmark of the second half of normal
pregnancy, resulting in increased basal and stimulated
insulin concentrations [12]. However, women who develop
GDM show a 67% impairment of beta-cell compensation
for insulin resistance [13]. Similarly, normal rat pregnancy
is accompanied by a gradual insulin resistance at the liver
and at peripheral tissues [14]. Beta-cell compensation occurs
in young-adult gravid rats, characterized by increased beta-
cell proliferation and insulin secretory capacity [15-17].

Here, we compared the effects of age on glucose
tolerance in both pregnant and nonpregnant rats. We
hypothesized that glucose tolerance during pregnancy
would deteriorate in 9-month-old rats, as compared with
3-month-old rats. In addition, we measured fat mass by
dual-energy x-ray absorptiometry (DXA).

2. Materials and methods

All experiments were reviewed and approved by the
local ethics committee for animal procedures (K.U. Leuven,
Belgium). Wistar rats, purchased from Charles River
Laboratories (Wilmington, MA), were kept in controlled
conditions of light (12 hours dark, 12 hours light) and
humidity, were fed a standard laboratory chow ad libitum
(Trouw, Gent, Belgium), and had free access to tap water. At
the start of the study, rats were either 3 or 9 months old. All
animals were weighed, and a nonfasting blood sample was
taken from the tip of the tail to determine glucose, insulin,
and leptin levels. Three- and nine-month-old rats were
mated overnight just before estrus; the presence of
spermatozoa in a vaginal smear taken the next morning
confirmed their pregnancy (day 1).

2.1. Intravenous glucose tolerance test

Glucose tolerance was examined in 3- and 9-month-old
dams, either nonpregnant (n = 8 and 9, respectively) or on
day 20 of pregnancy (n = 7 and 9, respectively). On the day
before the glucose tolerance test, rats were anesthetized with
ketamine 50 mg/kg IP (Parke-Davis, Zaventem, Belgium),
xylazine 10 mg/kg IP (Bayer, Leverkusen, Germany), and
atropine 0.25 mg/kg IP (Sterop, Brussels, Belgium). The

Table 1

jugular vein was cannulated, and the catheter (Degania
Silicone, Degania Bet, Israel) was tunneled to the back. The
animals recovered overnight, and water was available ad
libitum. The following morning, blood was collected by tail
snipping to determine basal levels of glucose and insulin. A
bolus of 1 g/kg glucose 30% was injected intravenously.
Blood glucose levels were determined on tail-prick blood
samples after 5, 10, 15, 30, 60, and 90 minutes using a
glucometer (Glucocard Memory 2 GT-1640, Menarini
Diagnostics, Florence, Italy). At the 10-, 30- and 90-minute
time points, a larger blood sample was also collected from
the tip of the tail for the simultaneous measurement of
plasma insulin. At the end of the procedure, rats were
euthanized by a pentobarbitone overdose, and carcasses of
nonpregnant rats were kept at —20°C for analysis of body
composition using DXA on a Hologic QDR-1000/W
absorptiometer (Hologic, Inc, Zaventem, Belgium).

2.2. Maternal data and fetal data on day 22 of
intrauterine life

On days 6, 13, and 20 of pregnancy, rats (3 months old,
n = §8; 9 months old, n = 9) were weighed, and nonfasting
blood samples were collected from the tip of the tail into
heparinized tubes; the plasma was stored at —20°C for
the measurement of glucose and insulin concentrations. On
day 22 of pregnancy, maternal rats were anesthetized with
0.24 mmol/kg pentobarbital IP (Sanofi, Brussels, Belgium),
and fetuses were delivered by cesarean delivery. Fetal blood
was collected through axillary incisions, with the fetuses
still attached to the umbilical cord, and was pooled for all
fetuses in each uterine horn (ie, 2 collections per litter). All
fetuses and placentas were weighed, and fetal plasma was
stored at —20°C for measurement of glucose and insulin
concentrations. Maternal blood was drawn from the aorta,
and rat carcasses were kept at —20°C for analysis of body
composition using DXA. Glucose was determined using the
glucose oxidase method with a YSI 2300 Stat Plus Glucose
Analyzer (Yellow Springs Instruments, Yellow Springs,
OH). Insulin was measured by radioimmunoassay with rat
insulin as the standard (Linco Research, St Charles, MO)
and a guinea pig antirat insulin antibody, kindly donated by
A Kervran (Paris, France). Leptin was measured by
radioimmunoassay (Linco Research), and cholesterol and
triglycerides by kits from Roche (Mannheim, Germany).

Parameters measured in 3- and 9-month-old rats before and at the end of pregnancy

3 mo old 9 mo old Two-factor ANOVA (P)
NPr (n = 8) Pr(n=7) NPr (n = 9) Pr(n=9) Age Pregnancy Interaction
Body weight (g) 265 + 3 346 = 7 325+ 5 404 + 8 <.0001 <.0001 NS
Glucose (mg/dL) 124 + 4% 81 + 3° 108 + 3° 82 + 3° <.05 <.0001 <.05
Insulin (mU/L) 28 £2 43 + 4 41+ 5 3327 NS NS <.05
Leptin (ng/mL) 34403 1.9+ 04 6.5+ 0.6 4.6 £ 1.1 <.0005 <.05 NS
Cholesterol (mg/dL) 64 + 42 47 £ 3.0 70 £ 4 64 + 45 <.05 <.05 NS
Triglyceride (mg/dL) 65+ 7.5 90 + 18 151 £ 19 236 + 40 <.0005 .055 NS

Number of animals is indicated in parentheses. All values are means = SEM. Bonferroni post hoc test indicated intergroup differences for glucose (denoted by
different superscripts), whereas no differences were found for insulin. Pr indicates pregnant; NPr, nonpregnant.



S. Caluwaerts et al. / Metabolism Clinical and Experimental 55 (2006) 409—-414 411

2.3. Data analysis

Data analysis was performed using GraphPad Prism
software version 4.00 for Windows (GraphPad Software,
San Diego, CA). The respective effects of age and
pregnancy were studied by 2-factor analysis of variance
(ANOVA). Because statistical power to detect interactions
is lower than for main effects, we considered all
interactions of “age” and “pregnancy” at a P < .15 level.
If an interaction between the 2 factors was detected at the
P < .15 level, we also performed 1-way ANOVA to detect
overall differences between the 4 groups, followed—if
significant (P < .05)—by Bonferroni multiple comparison
test to analyze intergroup differences. Analysis of glucose
and insulin levels during intravenous glucose tolerance test

(IVGTT) was performed by calculating the area under the
curve (AUC) for each animal. Correlations were examined
by nonparametric Spearman correlation coefficients. Dif-
ferences between 3- and 9-month-old rats were analyzed
by a 2-sided unpaired ¢ test and were considered signi-
ficantly different when P < .05. All data were expressed as
means + SEM.

3. Results

As expected, body weight was higher in 9-month-old rats
than in 3-month-old rats (Table 1). In addition, 9-month-old
rats had higher circulating leptin, cholesterol, and triglyc-
eride concentrations than 3-month-old rats.
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Fig. 1. Blood glucose (A, C) and plasma insulin concentrations (B, D) during IVGTT in nonpregnant (A, B) and pregnant (C, D) rats on day 20 of pregnancy in
9-month-old (dotted line) and 3-month-old rats. Values are means + SEM. *P > .05 and P <.l; **P <.05; ***P < .01 (unpaired 7 test). Two-factor ANOVA:
AUC gyc0se 1s significantly affected by age (P < .05) but not pregnancy, whereas AUC,quin is affected by both age (P < .05) and pregnancy (P < .05, no

interaction between both).
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Table 2

Body composition of pregnant (day 22) and nonpregnant 3- and 9-month-old rats

3 mo old 9 mo old Two-factor ANOVA (P)
NPr (n = 8) Pr(n=17) NPr (n = 9) Pr(n =9) Age Pregnancy Interaction
Adipose tissue (g) 294 + 2 276 +3 428 +5 509 + 4 <.0001 NS NS
Adipose tissue (%) 11.3 £ 0.7 9.7+ 09 14.1 £ 1.8 14.1 £ 09 <.01 NS NS
Lean tissue (g) 225 + 6° 247 + 5° 252 + 6.5 295 + 5¢ <.0001 <.0001 <.08
Lean tissue (%) 855 + 0.8 869 + 0.9 825+ 15 82.7+ 0.9 <.005 NS NS

Number of animals is indicated in parentheses. All values are means + SEM. For lean tissue, intergroup differences are also denoted with different superscripts

according to Bonferroni post hoc test.

The longitudinal data during pregnancy (days 6, 13, and
20) showed that body weight of both 3- and 9-month-old
rats increased gradually (ANOVA, both P < .0001) and
that weight gain was comparable in both groups (data not
shown). Nonfasting glucose levels dropped in both 3-month-
old (ANOVA, P < .001) and 9-month-old rats (ANOVA,
P <.0001) during pregnancy. No significant changes were
documented for insulin or leptin concentrations during
pregnancy in either 3- or 9-month-old rats, but 9-month-old
rats have higher leptin concentrations than 3-month-old rats
throughout pregnancy. Analysis of variance indicated small
effects of late pregnancy (day 22) on cholesterol (decrease)
and triglyceride (increase) concentrations (Table 1). No sig-
nificant interactions between age and late pregnancy were
found, except for nonfasting glucose and insulin, but
Bonferroni post hoc test revealed no meaningful differences
between late-pregnant animals.

At 10, 15, 30, and 60 minutes during the IVGTT, glucose
levels of nonpregnant 9-month-old rats were elevated com-
pared with that of 3-month-old rats (Fig. 1A); the AUC giycose
in 9-month-old rats was higher than in 3-month-old rats
(7539 &+ 433 vs 5731 & 537; ¢ test, P <.05). No differences
were detected between the insulin concentrations during
the IVGTT of 3- and 9-month-old rats before pregnancy
(Fig. 1B). On day 20 of pregnancy, fasting glucose levels
were higher in 9-month-old rats than in 3-month-old rats
(Fig. 1C); in addition, glucose was elevated at the 10- and
90-minute time points. However, there was no difference
in AUCgjycoses Whereas the AUC;pguin showed a tendency
toward significance (¢ test, P = .07). Two-factor ANOVA
indicated that the AUC gjyc0sc Was affected by age (P <.05),
but not pregnancy, whereas the AUC;,s i, Was influenced
by both age (P < .05) and pregnancy (P < .05); no in-
teraction between age and pregnancy was found for either
AUCglucosc or AUCinsulin~

Nine-month-old rats had a higher lean and adipose tissue
mass compared with 3-month-old rats (Table 2). A
significant correlation was found between body weight
and leptin levels in 9-month-old rats (Spearman correlation,
P <.0001; » = 0.71), but not in 3-month-old rats. On day
22 of pregnancy, lean tissue mass, but not adipose tissue
mass, was higher in 9-month-old rats than in 3-month-old
rats. No significant interactions were detected.

No differences were detected in litter size or total live
litter weight (50.7 + 3.8 g[n = 8] and 42.2 + 4.8 g [n = 9],

respectively) on day 22 of pregnancy between 3- and
9-month-old rats. However, individual fetal weight was
reduced by 5% in 9-month-old rats compared with 3-month-
old controls (4.63 + 0.06 g [n = 82] vs 4.88 + 0.04 g
[n = 80]; ¢ test, P < .001). Placental weight was also de-
creased in 9-month-old rats (0.56 £ 0.01 vs 0.63 £ 0.01 g
in 3-month-old rats; ¢ test, P < .0005). In addition, fetal
glucose levels were reduced in 9-month-old rats (83 =+
5.9 mg/dL [n = 18] vs 111 £ 5.5 mg/dL in 3-month-old rats
[n = 14]; ¢ test, P < .005). However, no differences were
measured in fetal insulin, cholesterol, triglyceride, and leptin
concentrations between the 2 groups. In 9-month-old rats,
but not in 3-month-old rats, a significant correlation was
detected between maternal and fetal leptin levels (Spearman
correlation, P < .05; r = 0.88).

4. Discussion

This study did not confirm our hypothesis that glucose
tolerance would be decreased in 9-month-old pregnant rats.
We hypothesized that glucose tolerance during pregnancy is
maintained in young rats in the presence of hepatic and
peripheral insulin resistance because of adequate beta-cell
compensation; we suspected that failing beta-cell function in
9-month-old rats would compromise this compensation.
Pregnancy-induced insulin resistance is compensated by
increasing basal insulin concentrations in 3-month-old rats
during pregnancy, whereas in 9-month-old rats, basal insulin
levels decrease during pregnancy. These data, suggesting
failing beta-cell function in aging pregnant rats, could not be
confirmed during IVGTT; our results showed that the
AUCgiycose during an IVGTT increased with age as
expected, but for AUCj,suiin and AUCgjycose there was no
interaction between age and pregnancy. Hence, 9-month-old
rats appear to be “coping” in terms of glucose tolerance
when insulin resistance is temporarily increased by preg-
nancy. Although extrapolating these rat data to the human
situation is precluded by important species differences, these
experiments could suggest that the finding of increased
GDM prevalence in women during the late reproductive
period (or postmenopause) is largely an age phenomenon
per se.

There is good evidence in humans that the insulin
resistance of aging is related to increased fat mass [5,18]. In
line with these data, the removal of visceral fat in 20-month-
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old male rats prevented the insulin resistance and glucose
intolerance associated with aging [19]. In this study, we
found that 9-month-old rats had increased fat mass on DXA
analysis and also increased plasma leptin, cholesterol, and
triglyceride concentrations. Previous studies have shown that
increased leptin gene expression with age is the result of both
higher adiposity and leptin gene expression per unit of
adipose tissue [20]. In addition, the decline in hypothalamic
leptin sensitivity with aging may be partly independent of fat
mass because it was also observed in energy-restricted rats
[21]. Insulin stimulates leptin gene expression and secretion
in vivo and in vitro, through its trophic effect on adipocytes
[22]. In turn, leptin affects insulin secretion through
functional receptors on pancreatic beta cells [23], thereby
suppressing insulin gene expression and secretion [24,25].
This feedback loop between the adipose tissue and the
endocrine pancreas is often referred to as the adipoinsular
axis [26]. A dysregulation of the adipoinsular axis
was suggested in rats with obesity-induced diabetes [27];
further studies are needed on adipoinsular crosstalk in
aging rats.

The age-induced obesity in 9-month-old rats is reflected
in typical adiposity-related metabolic parameters, but these
parameters do not change dramatically when aging ani-
mals become pregnant. During pregnancy, leptin levels in
both 3- and 9-month-old rats remained constant up to day
20, although they were somewhat lower on day 22. A drop
in leptin concentrations before parturition was previously
documented in rats [28] and in humans [29], whereas the
drop in glucose levels at the end of rat pregnancy seems to
be a characteristic typical for this species. Interestingly, we
found a correlation between maternal and fetal leptin levels
on day 22 of pregnancy in 9-month-old rats, suggesting
transfer of maternal leptin through the placenta and
secretion into the fetal circulation. On immunohistochem-
istry of rat placentas, leptin is present in the endocrine
trophospongium area, and the leptin receptor is present in
the labyrinthine region at the lining of the maternal blood
vessels, where exchange between maternal and fetal blood
occurs (Caluwaerts et al, unpublished data). However, other
studies in pregnant rats demonstrated a parallel increase
in plasma leptin levels with adipose tissue [30], suggest-
ing that placental leptin contributes little to circulating
leptin [31,32].

In 9-month-old rats, reproductive parameters were less
optimal. Although litter size and total litter weight were not
significantly altered, there was a 5% reduction in average
individual fetal weight and a 13% decrease in placental
weight. These effects could be the result of impaired
uteroplacental blood flow [33]. Aging in rodents probably
impairs uteroplacental blood flow; indeed, uterine arteries of
9-month-old rats were shown to have an impaired reactivity
[34], and the remodeling of uterine arteries was compro-
mised in 40-week-old pregnant mice compared with
12-week-old mice [35]. In the experiments as we described
them, uteroplacental blood flow was not examined; thus, the

relevance of this 5% decrease in fetal weight needs
further examination.

In conclusion, 9-month-old rats exhibited a deterioration
in glucose tolerance, an increase in fat mass, and elevated
leptin concentrations. Pregnancy did not aggravate these
parameters, indicating that the impaired glucose tolerance
observed in 9-month-old pregnant rats is an age-related
phenomenon. Our data could suggest that the increased
prevalence of glucose intolerance in older women may be
explained by age as such. However, important species
differences preclude the extrapolation of these rat data to the
human situation; further investigation of the effect of age on
human pregnancy seems therefore necessary.
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