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Abstract

Postnatal life is affected by changes in fetal development due to adverse events. The present study
examined the effect of maternal food restriction on uterine structure and capacity in female rats
from the first and second generations (FR1 and FR2) before and after puberty. Pregnant rats were
fed ad libitum (Control, C) or maintained under food-restriction conditions (50%FR) during preg-
nancy. After delivery, all groups were given free access to food. Females from the first generation
(FR1) were divided into two subgroups for either uterine dissection or to produce the next gen-
eration (FR2). Similar to FR1, FR2 females were exposed to maternal food restriction following the
same procedure. FR2 females were also assigned into two subgroups for either uterine dissection
or for mating to examine pregnancy outcomes. Uteri from the C, FR1 and FR2 groups were dis-
sected at 4 weeks of age (before puberty) or at 8 weeks of age (after puberty) to evaluate uterine
weight and uterine horn length. Tissues were stained with eosin and haematoxylin for examina-
tion vialight microscopy. The results showed that food restriction did not affect uterine weight or
uterine horn length in FR1 and FR2 females before puberty. However, there were effects of ma-
ternal food restriction on uterine weight and length at 8 weeks of age. Uterine weight and uterine
horn length were significantly reduced in the FR1 and FR2 groups compared with the values of the
controls. This was associated with changes in pregnancy outcomes. Litter size was not affected in
the FR1 group; however, litter weight was significantly reduced, leading to an 18% reduction in
pup weight at birth. Unlike with FR1 litters, the size of FR2 litters was significantly reduced, lead-
ing to a lower degree of pup body weight reduction at birth (only 7%). The gestational length was
normal in FR1 females but was significantly decreased in FR2 females. No histopathological
changes were observed. These results showed that the uterus was affected by maternal food re-
striction. It seemed that FR2 females had a different reproductive strategy: they tended to reduce
litter size to maintain pup weight at birth. In conclusion, maternal food restriction affects the uteri
of the first and second generation. Females from the FR1 and FR2 groups followed different re-
productive strategies according to their previous experience with exposure to intrauterine food
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restriction.
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1. Introduction

It has been widely reported that early fetal development is a critical determinant of adult physiology [1]. Indeed,
several adulthood diseases can be attributed to an adverse embryonic environment, such as undernutrition,
which may alter the structure of specific fetal organs [2]-[5]. These changes in organ structures are permanent
and lead to functional deficiencies [6]. Extensive studies have shown that maternal malnutrition can change the
structure and function of the kidney, leading to hypertension [7]-[9]. Only a few studies on nutrition in relation
toanimal fertility have been carried out [10] [11], and they suggest that food deprivation may increase the risk of
infertility. Moreover, it has been shown in animal models that maternal diet during gestation can increase the
risk of breast cancer in offspring [12]-[14]. It has also been postulated that ovarian cancer is initiated by the ex-
posure of the fetal ovaries to maternal sex hormones, which may be the product of poor nutrition and growth in
early childhood, followed by catch-up pre-pubertal growth [15].

Despite a large body of evidence that maternal undernutrition programmes various organs in the offspring
[1]-[4], little is known about the effects of maternal food restriction on the reproductive system in female off-
spring over two generations [16] [17]. The aim of the present study was to investigate the effect of maternal
food restriction during pregnancy on the structure and capacity of the uterus of female rats from the first and
second generations.

2. Material and Methods
2.1. Experimental Design

Ten-week old virgin Wistar female rats weighing 230 + 20 g were obtained from The Animal Unit, King Saud
University. All experiments carried out in the current study were performed in accordance with the guidelines of
The Research Ethics Committee in King Saud University. Animals were housed individually for three days at a
constant temperature and humidity. They were given a free access to tap water and standard laboratory chow (23%
protein, 4.5% fat, 3030 kcal/kg; lab diet 5001, Brentwood, MO). Mating with virgin males was confirmed by the
presence of a white sperm plug. Pregnant females were randomly assigned into one of two groups. The first was
the control group (C, n = 20), which received ad libitum food from conception until they gave birth. The second
was the 50% food-restricted group (50% FR, n = 20), which received only half of ad libitum food throughout
gestation. At birth, all groups were given free access to water and food. Litter size and litter weight were re-
corded at birth. Average pup weight was calculated as litter weight divided by litter size. The number of pups
per mother was reduced to 4 males and 4 females to allow equal chances for suckling as female rats have only 8
nipples. After a complete weaning, male offspring were removed and female offspring were divided into two
subgroups. One subgroup was analysed as the first generation (FR1) and the other subgroup was mated to pro-
duce the second generation (FR2). Mothers of the F2 generation were treated exactly the same as the mothers of
the F1 generation. F2 litter sizes and weights were recorded, and litter sizes were reduced to 4 males and 4 fe-
males per mother. Half of the F2 females were mated at the same age as the other groups to examine their litter
sizes and litter weights in addition to their gestational length.

Females from the F1 and F2 generations were humanely killed at 4 (before puberty) or 8 (after puberty)
weeks of age to collect the uteri. This allowed the investigator to examine the degree of structural alteration in
the uteri of the F1 females, which were exposed to maternal food restriction once, and F2 females, which were
exposed to maternal food restriction twice. The uterus weight (g) and uterine horn length (mm) were recorded in
both generations at 4 and 8 weeks of age.

Uteri were immediately fixed in 10% neutral paraformaldehyde at room temperature for examination via light
microscopy. Tissues were dehydrated using an ethanol gradient. Dehydrated tissues were cleared using xylene
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before being embedded in paraffin.

2.2. Light Microscopy

Tissue sections, 6 - 8 um thick, were prepared and stained with eosin and haematoxylin. Histological structures
were examined, and the thickness of the uterine wall, muscular layer and endometrium layer were measured us-
ing image management software (MoticDigiLabll-Digital Laboratory Network version).

2.3. Data Analysis

Data are presented as the mean + standard error. Differences between groups were examined using one-way
ANOVA followed by post hoc tests. Analyses were performed using SPSS software version 16. Differences
between means were considered statically significant when the p value was less than 0.05

3. Results
3.1. Effect of Maternal 50%FR on Pregnancy Outcomes

Gestational length was not affected by maternal food restriction in the first generation; however, it was signifi-
cantly reduced in the second generation (Table 1).

Litter weight was significantly decreased in the FR1 and FR2 groups in comparison with the litter weight in
the control group (Table 1). The litter size of FR1 rats was unaltered (10.03 + 0.38, NS); however, litter size
was significantly reduced in the FR2 group (8.66 + 0.32, p < 0.05) compared with litter sizes in the control
(10.43 £ 0.31) and FR1 groups. Birth weight was significantly reduced in the FR1 and FR2 group compared
with birth weight in the controls (C = 6.24 £ 0.12, FR1 =5.13 + 0.15, p < 0.05, FR2 = 5.68 + 0.11; p < 0.05);
however, the degree of reduction was less pronounced in the FR2 group.

3.2. Body Weight

FR1 females were able to catch-up and significantly increase their body weight by 4 weeks of age relative to the
controls, while FR2 females remained smaller than the other groups (Table 1). Similarly, FR1 females were
significantly heavier than the control and FR2 females at 8 weeks of age, while the body weight of FR2 females
was the lowest among all groups (Table 1).

3.3. Uterine Indices

At week four, the weight of the uterus was comparable between the three groups (C = 0.064 + 0.004, FR1 =
0.056 + 0.003, FR2 = 0.054 £ 0.004; Figure 1(a)). However, uterine weight was remarkably reduced in both
FR1 and FR2 females in comparison with the control uteri at 8 weeks of age (C = 0.41 + 0.029, FR1 = 0.28 +
0.014, FR2 = 0.25 £ 0.012; Figure 1(b)).

Uterine horn length in 4-week-old offspring was not affected by maternal food restriction in either FR1 or
FR2 females (C = 3. 64 + 0.1, FR1 = 3.075 + 0.15, FR2 = 3.4 + 0.07; Figure 2(a)). In contrast, uterine horn

Table 1. Effects of maternal food restriction on pregnancy outcomes and offspring body weight. * = p < 0.05, t indicates
that the difference between FR1 and FR2 was significant.

Group C F1 F2
Gestational length (day) 21.75+0.09 21.60£0.11 20.82 £0.13*
Litter weight (g) 63.89 +1.84 52.11 + 1.92* 47.83 + 1.54*
Litter size (pups) 10.43+0.31 10.03 £0.38 8.66 = 0.32*
Birth weight (g) 6.24 +0.12 5.13 + 0.15* 5.78 + 0.11*%
Body weight (g) at week 4 70.27 £1.26 75.72 £ 1.26* 66.23 £ 1.42*F
Body weight (g) at week 8 114.41 +2.47 126.41 + 1.54* 103.27 + 1.94*%

®



S. H. Alwasel

Uterus weight

0.08- 0.5+
T oa] -
0.06-{
L I
// 03] .
& 0.04- / § /%
o 5 /
% 0.2 /
0.024 %
/ 0.1
0.00 T T // 0.0 T T 'A
C FR1 FR2 C FR1 FR2

(@) (b)
Figure 1. Effect of maternal food restriction on uterine weight at 4 (a) and 8 (b)
weeks of age. * = p < 0.05.
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Figure 2. Effect of maternal food restriction on uterine horn length at week 4 (a)
and 8 (b) weeks of age. * = p < 0.05, f indicates that the difference between FR1
and FR2 was significant.

length was significantly decreased in FR1 and FR2 females relative to the length in control off spring at 8 weeks
of age. The observed effect was much stronger in FR2 females (C = 6.7 £0.17, FR1 =5.8 £+ 0.10, FR2=5.1 £
0.21; Figure 2(b)).

3.4. Uterine Histology

Light microscopy revealed no histopathological differences between the FR1, FR2 and control groups. Figure 3
shows representative histological images of uteri from the FR1, FR2 and control groups. Uterine wall thickness
was similar in all groups at 4 weeks of age; however, uterine wall thickness tended to be thicker in the FR1 and
FR2 groups than in the control group at weeks 8 of age, although the difference was not statically significant
(Figure 4). To examine which of the main layers, namely the myometrium and endometrium, were increased,
the investigator measured them separately. Figure 5 shows that the thickness of the myometrium (muscular
layer) was not affected by maternal diet in FR1 and FR2 female offspring at all ages. In contrast, the thickness
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Figure 3. Representative cross sections of uteri from control (C), first generation (FR1) and
second generation (FR2) females at 4 and 8 weeks of age. No histopathological changes
between groups were observed.
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Figure 4. Uterine wall thickness was unaffected by maternal food restriction as measured at
4 and 8 weeks of age ((a) and (b), respectively).
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Figure 5. Effect of maternal food restriction on myometrial thickness. There were no sig-
nificant differences between the groups at 4 (a) or 8 (b) weeks of age.
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of endometrium of FR1 was significantly greater than that of the other groups at 8 weeks of age but not at 4
weeks of age (Figure 6). The thickness of the endometrium of FR2 females was similar to the control group at 4
and 8 weeks of age.

4. Discussion

This study provides the first description of structural changes in the uteri of first and second generation females
exposed to 50% maternal food restriction. It seems that female rats adapted to their previous nutritional condi-
tions such that the reproductive strategies were different between the two generations exposed to 50% food re-
striction. Mothers of the FR1 group had the same fetal environment as the controls. Therefore, the strategy of
mothers of the FR1 group was to preserve litter size at the expense of litter weight. This resulted in an 18% re-
duction in pup weight at birth. In contrast, mothers of the FR2 group, which had experienced food restriction
during their fetal development, seemed to have benefited from their previous experience. Accordingly, one re-
markable change in their reproductive strategy was to reduce their litter sizes by 17% to preserve pup weight at
birth. This resulted in a 7%reduction in pup weight at birth in FR2 litters, which was much better than the reduc-
tion of 18% observed in FR1 litters. Another change in the reproductive strategy observed in FR2 females was
that the gestational duration was reduced by 22 hours, which is equivalent to 4.3% of the total gestation time in
the control group. A linear regression analysis indicated that FR2 pups would have reached a normal weight if
the gestational duration had been the same as in the control. It is not yet clear why the FR2 gestational duration
was reduced, but one possible explanation is that the uterine space was too small, as shown in Figure 2. Another
possible explanation is that a hormonal mechanism stimulated an early delivery, although this needs to be con-
firmed in future work.

The current results show that no significant differences in uterine weight or uterine horn length were present
between the FR1 and FR2 groups at the pre-pubertal age (week four). However, effects of food restriction were
observed at week 8, when uterine weight and uterine horn height were found to be significantly smaller in FR1
and FR2 females than in the control group. Week 4 corresponds to a pre-pubertal age and week 8 corresponds to
an early adult age where sex hormones are active. The uterine cycle is correlated with the dynamics of female
reproductive hormones, which prepare the uterus for embryo implantation [18]. It is known that female rats
reach the age of puberty after week 4 (at approximately 30 days of age). At this age, a cascade of events, in-
cluding hormonal release occurs. This includes the LH and FSH release that leads to ovarian maturation [19].
Because the female reproductive tract is inactive during the period from birth until the age of 30 days, we
speculated that no significant differences in the size and weight of the uterus would be detected at week 4 be-
tween the FR1, FR2 and control groups. The significantly reduced uterine weight and uterine horn height ob-
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Figure 6. Endometrial thickness in C, FR1 and FR2 females at weeks 4 (a) 8 (b) weeks of
age. The endometrium layer was thicker in FR1 females than in the other groups. * = p <

0.05.
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served in the FR1 and FR2 females relative to the control group at 8 weeks of age may be explained by differ-
ences in how sex hormones affected the development of the uterus in each group. Indeed, it has been hypothe-
sized that food restriction affects reproductive development and hormonal levels by affecting the release of sex
hormones, such as GnRH, LH and FSH [20] [21]. The concentration of estradiol or testosterone significantly
decreases with the degree of food restriction [22]. This could also reduce the weight of the mammary glands [23]
and may cause intrauterine growth restriction [24]. Moreover, it has been shown in several studies that maternal
malnutrition can even affect the number of offspring; litters born to mothers under food restriction contain fewer
offspring than those of the control groups [17] [25]. The quality of diet could also be a determining factor that
affects the hormonal balance and, therefore, affects the reproductive tract of the mothers, potentially even af-
fecting the sex ration of a population [26].

The histological examination of the specimens revealed that the thickness of the myometrium was similar in
all groups. In contrast, the endometrium was increased in adult FR1 females, while the endometrium of FR2 fe-
males was comparable to that of the controls. Although a considerable effort was made to insure that the uterus
was dissected in the same oestrus phase, these differences could be a result of hormonal activities. In future it
would be better to include a subgroup of F1 that have been fed ad libitum during their pregnancy and investigate
the uterus structure of their offspring (FR2 females that have been exposed to maternal food restriction once).

5. Conclusion

In summary, food restriction affected uterine weight and horn length in both FR1 and FR2 females at 8 weeks of
age. This influenced the reproductive strategies in FR2 females and resulted in reduced litter sizes to preserve
pups weight as much as possible. Nevertheless, FR2 pup body weight at birth was still smaller than in the con-
trol group because of the early delivery. This indicates that maternal food restriction has long-term conse-
quences on the reproduction of subsequent generations.
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