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Abstract

To evaluate the effect of swimming in pregnant rats born with intrauterine growth restriction (IUGR) and their offspring, [IUGR
rats were obtained using the streptozotocin-induced severe diabetic (SD) rats. In this study, the nondiabetic parental generation
presented 10 rats and diabetic parental generation presented | 16 rats. Of these, the mated nondiabetic female rats were 10 and
the number of diabetic rats was 45. In relation to term pregnancy, there were |10 animals in the nondiabetic group and 15 rats in
the diabetic group. In the offspring of SD rats (IUGR group), 43 females were classified as small for pregnancy age, 19 rats were
classified as appropriate for pregnancy age, and 0 female was classified as large for pregnancy age. The nondiabetic and SD
pregnant rats generated offspring with appropriate (control [C]) and small (IUGR) weight for pregnancy age, respectively. At adult
life, the C group was maintained as nonexercised C group and IUGR rats were distributed into 2 subgroups, namely, nonexercised
(IJUGR) and exercised (IUGRex). The rate of mated rats in the [IUGR group was reduced compared to the C group. During
pregnancy, the IUGR rats presented hyperinsulinemia, impaired reproductive outcomes, decreased body weight, hyper-
triglyceridemia, and hyperlactacidemia. The [IUGRex presented reduced insulin and triglyceride levels. Thus, swimming improved
lipid metabolism and increased insulin sensitivity. However, the offspring showed retarded growth, reinforcing the need to sti-
mulate the exercise practice in women under supervision with different professional expertise to promote appropriate gesta-
tional conditions and improve perinatal outcomes.
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Introduction The maternal hyperglycemia during pregnancy causes
complications for both mother and their offspring. Previous
studies showed that adult female rats with diabetes chemi-
cally induced by streptozotocin (STZ) present high glycemia
(> 300 mg/dL—severe diabetes) and their offspring was born
small for pregnancy age (SPA) due to an intrauterine growth
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restriction (IUGR).'®!%2122 This fact may be explained because
maternal hyperglycemia led to fetal hyperglycemia, causing
exhaustion in the beta-pancreatic cell and consequently hypoi-
nsulinemia, and the decreased insulin level causes IUGR.*>**

Traditionally, the association between diet and insulin is the
therapeutic resource most used to control blood glucose con-
centrations. Physical exercise has been known for its role in
controlling glycemic levels.>>?® The major question remains
regarding the correlation between the potential benefits and the
risks of physical exercise on fetal development during preg-
nancy. However, studies that investigate the effect of exercise
on animals with [UGR were not developed. Therefore, rats
that developed in an unfavorable intrauterine environment
and born with IUGR may present alterations during adult-
hood, including pregnancy, and compromise embryo—fetal
development. We hypothesized that the exercise program
applied to IUGR rats during pregnancy may positively inter-
fere with the maternal organism, contributing to improved
embryo, fetal, and perinatal development. In this context, the
objective of the present study was to evaluate the effect of
exercise (swimming) considering the transgenerational
effects on pregnant IUGR rats born in hyperglycemic intrau-
terine environment.

Material and Method

Experimental Animals

Female and male Wistar rats (CEMIB—UNICAMP, Campi-
nas, Sdo Paulo State, Brazil) weighing approximately 200 g
were housed in a certified animal care. Food and water were
provided ad libitum. All experimental procedures were
approved by the Ethics Committee on Animal Experiments
of the Botucatu Medical School—Universidad Estadual Pau-
lista (UNESP). The rats were maintained in Laboratory of
Experimental Research on Gynecology and Obstetrics under
controlled conditions (temperature 22°C + 2°C, humidity
55% + 5%, and 12-hour light—dark cycle).

Diabetes Induction: To Create an Uncontrolled
Intrauterine Environment for Obtaining IUGR Offspring

Diabetes was induced in adult life of female rats (approximately
at 90 days of age) by beta-cytotoxic agent (STZ; Sigma-Aldrich
Corporation, St. Louis, Missouri).>> The STZ was dissolved in
a citrate buffer (0.1 mol/L, pH 4.5) and administered intrave-
nously (iv) at a dose of 40 mg/kg body weight. Nondiabetic
(ND) rats received (iv) only citrate buffer using similar route and
administration period. Seven days after STZ injection, the dia-
betic state was confirmed by blood glucose levels > 300 mg/dL
using a conventional glucometer. For nondiabetic rats, the inclu-
sion criteria used was blood glucose levels <120 mg/dL. Glyce-
mic values were expressed in mg/dL.*? After 1 week of diabetes
induction or buffer administration (ND), all adult female rats were
mated overnight with nondiabetic adult male rats. The morning
on which spermatozoa were found in the vaginal smear was

designated pregnancy day 0.'® The offspring were born by
spontaneous delivery, following which the female offspring
were separated and classified according to the mean values
of fetal weights of the ND group (mean + 1.0 x standard
deviation [SD]). The newborns were classified as small for
pregnancy age (SPA) when weight was smaller than mean
of the ND group (mean— 1.0 x SD), appropriate for preg-
nancy age when weight was similar to the mean values of
the ND group (mean + 1.0 x SD), and large for pregnancy
age when weight was superior to mean of ND group (mean
+ 1.0 x SD). The data were presented as percentual val-
ues.”? The female newborns of the nondiabetic dams and
classified as APA were included and denominated as the
C group, and the female offspring born of the severe dia-
betic dams and classified as SPA were included and named
as IUGR group (IUGR). After newborn classification, only
8 newborns (4 male and 4 female) were maintained with
their mother during lactation up to weaning period (day
21 postnatal). After weaning, these offspring were main-
tained until adulthood (approximately 90 days of life).

Experimental Design of C and IUGR Rats

At day 90 of life, C and IUGR rats were submitted for mating
using similar proceedings to mother rats. During pregnancy, the
pregnant rats in the C group were maintained in the individual
cages from day 7 to 20 of pregnancy and in the [IUGR group dis-
tributed into 2 experimental groups, namely, [UGR not exercised
(IUGR) and IUGR exercised (IUGRex) and too were maintained
in the individual cages from day 7 to 20 of pregnancy.

Physical Exercise (Swimming Program)

The swimming program was applied in IUGRex rats from day
7 to 20 of pregnancy according to standard protocol established
in our laboratory.'’

Body Weight and Biochemical Determinations During
Pregnancy in C, IUGR, and IUGRex Dams

At morning of days 14 and 20 of pregnancy, maternal body
weights, postprandial glycemia, and triglyceride were deter-
mined for evaluation of exercise effect. All blood samples were
obtained by venous puncture of the tail. Blood glucose concen-
trations were measured by conventional glucometer and these
values were expressed in mg/dL. For evaluation of triglycerides
levels, we used Accutrend Plus (Roche Diagnostics GmbH,
Mannheim, Germany), and the values were expressed as mg/
dL. At day 14 of pregnancy, blood samples were collected to
determine insulin concentration (Crystal Chemical—ELISA
Kit 90010 - Rat Insulin Elisa kit; Crystal Chemical Company,
Harris County, Texas) for evaluation of insulin resistance dur-
ing pregnancy. At days 0 and 20 of pregnancy, lactate determi-
nation (Accutrend Plus) was performed to verify the exercise
effect before and after application of swimming program in
these dams.
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Table I. Outcomes of Female Rats From Parental and First Generation.

Parental Generation

Nondiabetic

Severe Diabetic

Number of rats
Number of mated female rat
Number of rat with at-term pregnancy

10
10/10 (100%)
10/10 (100%)

16
45/116 (38.8%)
15/45 (33.3%)*

Littler size/rat

1.2 8.0°

First generation

APA/control (from nondiabetic dam)

SPA/IUGR (from diabetic dam)

Female offspring at birth

Number of alive female offspring at 3 months
Number of selected female rat for experiment
Number of mated female rat

35/38 (92.1%)
12/35 (34.3%)
12/12 (100%)

38 43

40/43 (93.0%)
40/40 (100%)
23/40 (57.5%)°

Control

IUGR IUGRex

Number of rat with at-term pregnancy

12/12 (100%)

10/10 (100%) 12/13 (92.3%)

Abbreviations: APA, appropriate for pregnancy age; IUGR, intrauterine growth restriction; SPA, small for pregnancy age (SPA); LPA, large for pregnancy age.
P < .05—statistically significant difference from nondiabetic/control group (Fisher’s exact test).

Fetal Classification of Offspring From C, IUGR,
and IlUGRex Dams

The offspring were born by spontaneous delivery, following
which the offspring were classified according to the mean
values (mean + 1.0 x SD) of weights of the newborn in the
C group.”

Statistical Analyses

The results were presented as mean + SD. Analysis of var-
iance followed by Tukey Multiple Comparison test were used
for all parameters analyzed during pregnancy. The Fisher exact
test was used for percentual data. Statistical significance was
considered as P < .05.

Results

Outcomes of Parental Generation (Nondiabetic and
Severe Diabetic Rats) and First Generation
(APA or C and SPA or IUGR)

In relation to parental generation, 116 female rats were
injected with STZ and of these, 100% presented blood glu-
cose concentration above 300 mg/dL. In the nondiabetic
group, 10 rats received citrate buffer and 100% of them pre-
sented blood glucose concentration below 120 mg/dL. At
adult age, all nondiabetic female rats and 45 diabetic female
rats mated. Of these, all nondiabetic rats (100%) and 15
severe diabetic rats reached at-term pregnancy. The severe
diabetic dams presented lower alive fetuses compared to
nondiabetic rats (Table 1).

Maternal Reproductive Performance of C, IUGR,
and IUGRex Dams

The ND dams (n = 10) gave birth to 38 newborn and the severe
diabetic dams (n = 15) gave birth to 43 newborn. Only the
female rats were maintained until adult life and both experimen-
tal groups had female offspring from different litters. To con-
tinue the experiment, for the C group, the minimum number of
female rats was included (n = 12) and the remaining rats were
excluded. In the IUGR group, a higher number of female rats
(n = 40) was used because this experimental group was subdi-
vided (IUGR and TUGRex). A total of 100% of C rats presented
positive pregnancy diagnosis and at-term pregnancy with off-
spring. In the IUGR group, 23 rats presented positive pregnancy
diagnosis and were randomly subdistributed in 2 groups, [UGR
(n = 10) and IUGRex (n = 13), which showed only 1 rat did not
reach at-term pregnancy (Table 1).

Maternal Body Weight During Pregnancy in C, IUGR,
and IUGRex Dams

The IUGR rats whether or not subjected to physical exercise
showed significantly decreased maternal body weight (P <
.05) compared to the C group at day 14 of pregnancy. At day
20 of pregnancy, only the [UGRex group continued present-
ing a decreased mean body weight in relation to the C group
(Figure 1).

Biochemical Determinations in C, IUGR, and
IUGRex Dams

At day 14 of pregnancy, there was no significant difference
(P > .05) in the mean glycemia in the experimental groups.
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Figure |. Maternal body weight at days 14 and 20 of pregnancy (Control group, n = 12; intrauterine growth restriction [IUGR] group, n = 10;
IUGRex group, n = 12). Data presented as mean + standard deviation (SD). *P < .05—statistically significant difference from the control group
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Figure 2. Maternal glycemia (A) and insulin (B) at day 14 of pregnancy (control group, n = 12; intrauterine growth restriction [I[UGR] group, n =
10; IUGRex group, n = |2). Data presented as mean + standard deviation (SD). *P < .05—statistically significant difference from the control
group (Tukey Multiple Comparison Test). P < .05—statistically significant difference from the IUGR group (Tukey Multiple Comparison Test).

In the same day, the insulin concentration increased (P < .05) in
the IUGR group compared to C and IUGRex groups (Figure 2).
The cholesterol levels showed no significant difference
(P> .05) among the experimental groups (data not shown). The
mean triglyceride level at day 14 of pregnancy showed no
alteration among groups. At day 20 of pregnancy, there was
increase (P < .05) in the triglyceride level in the [UGR group
compared to C and IUGRex groups. (Figure 3). In relation to
lactate concentration, at days 0 and 20 of pregnancy, there was
a significant increase (P < .05) in the ITUGR and IUGRex
groups compared with the C group (Figure 4).

Classification of Body Weights of the Offspring as SPA,
APA, and LPA

There was a reduced percentage of APA fetuses in the IUGR
and IUGRex groups in relation to the C group. It was observed
an increase in the proportion of SPA fetuses in the [UGRex
compared to the C group (Figure 5).

Discussion

In the present study, it was verified a decreased rate of at-term
pregnancy in rats from severe diabetes and IUGR groups.
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Figure 3. Maternal triglyceride levels on days 14 and 20 of pregnancy. (control group, n = 12; intrauterine growth restriction [I[UGR] group, n =
10; IUGRex group, n = 12). Data presented as mean =+ standard deviation (SD). *P < .05—statistically significant difference from the control
group (Tukey Multiple Comparison Test). #P <.05—statistically significant difference from the IUGR group (Tukey Multiple Comparison Test).
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Figure 4. Maternal lactate levels before (day 0 of pregnancy) and after exercise (swimming; day 20 of pregnancy; control group, n = 12; intrau-
terine growth restriction [IUGR] group, n = 10; IUGRex group, n = 12). Data presented as mean + standard deviation (SD). *P < .05—sta-
tistically significant difference from control group (Tukey Multiple Comparison Test).

Hyperglycemia (severe diabetes) in an unfavorable maternal
intrauterine environment (IUGR) caused a disturbed fetal
programming, which affected at adulthood of these animals.
These disturbances led to a prejudicial effect on fecundation,
embryonic implantation, and embryofetal development. This
may be explained because diabetes is associated with increased
risk of reproductive problems such as impaired folliculogenesis
and steroidogenesis, anovulation, and spontaneous abor-
tions.?” A study performed in our laboratory showed that the
STZ-induced diabetic state in rats caused a larger proportion
of fetuses classified as SPA and a lower number of those

classified as APA.?* Maternal hyperglycemia causes a func-
tional exhaustion of fetal pancreas with a reduced insulin
synthesis and secretion (fetal hypoinsulinemia), leading to
fetal hyperglycemia. This hormone is similar to growth hor-
mone and it is necessary for proper growth in children. Then,
its lack leads to an IUGR. Fetal decreased insulinemia has
also been suggested in the etiology of fetal growth restriction,
showing that severe diabetes in rats is a model for [UGR.>***2%
The terms IUGR, SGA, and low body weight (LBW) are often
used interchangeably. However, while IUGR means a fetal
phenotype resulting from the failure of the fetus to reach its
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Figure 5. Fetal body weight classification as appropriate (APA), small
(SPA), and large (LPA) for pregnancy age at birth day of offspring from
control and intrauterine growth restricted dams. Data presented as
percentage. *P < .05—statistically significant difference from the con-
trol group (Fisher’s exact test).

growth potential (leading or not to LBW), SGA is defined as a
birth weight below a certain cutoff for the respective gesta-
tional age. In the present study, the IUGR rats continued pre-
senting LBW at until adulthood (data not shown) and during
pregnancy (day 14). However, at day 20 of pregnancy, the
body weight of IUGR rats was similar to C rats, showing that
IUGR rats presented no catch-up growth. In relation to swim-
ming program, [IUGR dams showed lower body weight gain at
late pregnancy. This fact maybe explained because the pro-
longed reduction in availability of substrates leads to a slow-
ing in growth. This enhances the ability of the fetus to survive
by reducing the use of substrates and lowering the metabolic
rate. This fact contributes for slowing of growth at-term preg-
nancy and discrepancy in organ size.*’

Normal pregnancy is associated with hyperinsulinemia and
a progressive decline in insulin sensitivity.*>*' In response to
the increased demand for insulin, the maternal pancreas
adapts by increasing insulin synthesis, secretion, and cell pro-
liferation.**>* In the rat, these adaptations peak around day 14
of pregnancy, and by the end of gestation, the maternal cell
mass has nearly doubled.***® In the present study, the [IUGR
dams presented higher levels of insulin at day 14 of pregnancy
compared to the C group (normal pregnancy). In another
investigation it was also verified that [UGR rats presented
increased levels of insulin at day 14 of pregnancy.®’ The addi-
tional stress of pregnancy may result in a further deterioration
of these processes in the [IUGR dams, leading to the adverse
effect on glucose homeostasis.>® Retarded growth of fetuses
and newborns has a reduced population of pancreatic 3
cells.®® The adaptations to ITUGR that limit insulin secretion
during fetal period are not fully known, and studies in humans
demonstrated contradictory results in relation to P cell

mass.*>*! However, the normal compensation to insulin resis-
tance in adults is an increase in 3 cell mass and insulin secre-
tion,*** and, any restriction of this compensation as an
individual ages and develops obesity and insulin resistance
will result in hyperglycemia and type 2 diabetes.** In humans,
measures of basal and glucose-stimulated insulin secretion are
not consistently related to birth weight. A positive relation-
ship between birth weight and insulin secretion may reflect
compensatory increases in insulin secretion in response to
developing insulin resistance, whereas in others a negative
relationship may reflect late stages of B cell failure.*> Thus,
in our model of [IUGR, we hypothesized that these dams pres-
ent defects in insulin action that precede defects in insulin
secretion leading to development of insulin resistance, which
was reverted by exercise during pregnancy. The regular prac-
tice of exercise increases insulin sensitivity on the muscle and
other tissues in rodents and, promotes the translocation of glu-
cose transporter 4 (GLUT-4) stimulating the PI3K, which is
involved in glycogen synthesis in liver and muscle and lipogen-
esis.*>*” Similar to the effects of physical exercise, insulin also
causes GLUT-4 translocation in rat skeletal muscle.**** Because
blood flow is increased during exercise, it could be hypothesized
that the exercise-induced recruitment of GLUT-4 to the plasma
membrane is secondary to increased delivery of insulin to the
working muscles. The contraction can recruit GLUT-4 to the
plasma membrane in rat skeletal muscle independent of insulin,
showing that insulin is not required for muscle contraction to
increase glucose uptake in skeletal muscle.’®>* Goodyear
et al>® verified that insulin-resistant patients can increase rates
of muscle glucose uptake with exercise because the muscle is
able to bypass defects in the insulin-signaling molecules and
activate the exercise-specific signaling mechanisms.

In the present study, it was verified a hypertriglyceridemia
at late pregnancy (day 20 of pregnancy) in C rats, corrobor-
ating to other studies.”-* However, the IUGR dams pre-
sented hypertriglyceridemia more pronounced compared to
the C group, and exercise contributed to reduce the levels
of this parameter in [UGR dams similar to levels observed
in the C group. Boloker et al.*’ also verified increased trigly-
ceride levels in IUGR rats at late pregnancy when compared
to C rats. However, these authors observed no hypertriglycer-
idemia in C rats.

The IUGR dams presented hyperlactatemia, and the swim-
ming program was not efficient to normalize this parameter
in pregnancy. The literature evidences that placental insuffi-
ciency is present in severe diabetic rats.'®>>-° The placental
insufficiency leads to fetal hypoxemia, hypoglycemia, and
therefore hypercatecholaminemia, leading to a continuous sup-
pression of glucose oxidation. Therefore, endocrine and meta-
bolic adaptations are necessary to conserve fetal nutrients by
lowering skeletal muscle energy requirements for protein
synthesis and fetal growth in IUGR condition.’’° We propose
that [UGR animals from diabetic mothers maintain these phe-
notypes and continue using lactate produced by anaerobic gly-
colysis in skeletal muscle as a substrate for glucose,*”°" and the
liver clearance stabilizes plasma lactate concentrations leading
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to the mild hyperlactatemia® confirming the fact that the
TUGR rats presented higher lactate levels during pregnancy.

The IUGR dams presented lower number of fetuses classi-
fied as APA. This finding shows the impaired repercussions of
an unfavorable intrauterine environment from severe diabetes
(grandmother) up to offspring of IUGR dams, confirming
altered fetal programming. A more prolonged reduction in
availability of substrates leads to a slowing in growth. This
enhances the ability of the fetus to survive by reducing the use
of substrates and lowering the metabolic rate. Slowing of
growth in late gestation leads to disproportion in organ size
because organs and tissues that are growing rapidly at that
time are affected the most.>” This study showed an increased
number of small fetuses for pregnancy age in exercised dams.
Thus, we suggested that the exercise did not contribute for
nutrient delivery in complicated pregnancies like IUGR, but
it did not aggravate the status found in [IUGR dams.

Conclusion

Thus, the swimming program applied during pregnancy of
IUGR rats improved lipid metabolism and higher insulin sen-
sitivity of these rats. However, the resources to produce an
adequate fetal development were limited, contributing to
retarded growth of their offspring. These data reinforce the
need to stimulate the exercise practice in women under supervi-
sion with different professional expertise to promote appropriate
gestational conditions and to improve perinatal outcomes.
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