J Physiol Sci (2014) 64:347-355
DOI 10.1007/s12576-014-0325-8

ORIGINAL PAPER

Effect of maternal protein restriction on liver metabolism in rat

offspring

Camila Moraes - Hércules J. Rebelato - Maria Esmeria C. Amaral -

Thais Marangoni Resende - Eduarda V. C. Silva -
Marcelo A. M. Esquisatto - Rosana Catisti

Received: 18 December 2013/ Accepted: 5 June 2014 /Published online: 4 July 2014

© The Physiological Society of Japan and Springer Japan 2014

Abstract Consequences of gestational protein restriction
(GPR) on liver metabolism in rat offspring were investigated.
Pregnant dams were divided into groups: normal (NP, 17 %
casein) or low-protein diet (LP, 6 % casein). Livers were col-
lected from 30-day-old offspring (d30) for analysis or isolation
of mitochondria. At d30, hepatic and muscle glycogen was
increased in LP group. Mitochondrial swelling and oxygen
uptake (recorded with a Clark-type electrode) were significantly
reduced in NP female and LP pups. Thiobarbituric acid reactive
substances production was lower in females (NP or LP), sug-
gesting significant inhibition of lipid peroxidation. Measure-
ment of mitochondrial respiration (states 3 and 4 stimulated by
succinate) showed a higher ADP/O ratio in LP pups, particularly
females, suggesting higher phosphorylation efficiency. In the 1st
month of life, under our experimental conditions, GPR protects
liver mitochondria against oxidative stress and females seem to
be more resistant or more suitable for survival.

Keywords Metabolism - Development - Gestational
protein restriction - Rat liver mitochondria - Oxidative
stress

Introduction

Maternal nutrient restriction during intrauterine develop-
ment has been recognized as a cause of mortality at birth
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[1] and is associated with postnatal kidney dysfunction [2]
and an increased risk of developing hypertension and car-
diovascular disease in adulthood [3-5]. An estimated 53 %
of perinatal mortality is attributed to low birth weight [6].
Thus, there is now widespread acceptance that the period
of pregnancy and the first years of life play a crucial role in
the development of metabolic and cardiovascular diseases
in adulthood [7].

The concept of fetal programming has been used to
explain the occurrence of events during the prenatal phase
that lead to changes in fetal development and that can
cause physiopathological alterations in adulthood [8]
although the mechanisms are still not completely under-
stood. In animal models of programming, sex differences
are also apparent, with males most often affected more
severely. In the rat, moderate maternal dietary protein
restriction during pregnancy results in hypertension in
adult male offspring, but not in females [9]. The severe
protein restriction (6 % protein diet compared to 20 % in
controls) causes hypertension in both males and female
offspring but the effect is more pronounced in the males
[10] and suggests that sex hormones may play an important
role in modulating cardiovascular responses to an adverse
fetal environment. A recent report showed that prenatal
exposure to testosterone was able to alter important aspects
of sexual and social behavior in adult male rats [11]. Many
published data report the effect of gestational protein
restriction (GPR) on adults but not on rats in the first month
of life.

Some studies suggest that mitochondria are targets for
programming in response to a number of insults, and that
mitochondrial oxidative stress is exacerbated in compli-
cated pregnancies, such as cases of preeclampsia or dia-
betes, in which production of reactive oxygen species
(ROS) is increased and antioxidant enzymes are decreased
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[12-14]. Mitochondrial dysfunction has been linked to
many of the diseases associated with early-life program-
ming, including atherosclerosis, hypertension, renal dys-
function, and diabetes [15]. The basis underlying these
effects of maternal diet is unclear and, while programming
is widely believed to be driven by epigenetic mechanisms
[16], there is no specific evidence for the differential reg-
ulation of genes that determine the balance between anti-
oxidant systems and ROS production. One hypothesis is
that early-life programming is achieved through altered
regulation of coupling efficiency [17]. Mitochondria are
intracellular organelles that produce ATP by oxidative
phosphorylation. Parameters for evaluating mitochondrial
integrity include: (a) respiration and phosphorylation [18];
(b) the ability of mitochondria to capture and retain cal-
cium [19, 20], and (c) protons ejected from the matrix
during respiration generating an electrical membrane
potential [21].

In order to assess whether mitochondrial uncoupling
could justify the harmful effects of GPR for offspring such
as low birth weight and hypertension, the purpose of this
study was to determine the effects of GPR on liver mito-
chondrial bioenergetics. To avoid interference of sex ste-
roid hormones and to clarify the gender difference during
development, the effect of maternal protein restriction on
the mitochondrial oxidative stress in male and female
offspring was examined separately in the first month of life.
Since the liver is the organ with the largest number of
functions, the aim of the present study was to evaluate the
effects of GPR on liver structure and function of male and
female rat offspring by measuring mitochondrial energy
parameters in isolated liver mitochondria on day 30 after
birth (d30). We specifically investigated oxygen uptake,
mitochondrial swelling, thiobarbituric acid reactive sub-
stance (TBARS) production, and mitochondrial phosphor-
ylation efficiency. Serum glucose, insulin, total protein and
lipid levels, muscle and liver glycogen, and changes in
hepatic morphology and weight were analyzed. In order to
evaluate the effects of GPR in adult life, the oxygen con-
sumption measurements were performed on mitochondria
isolated from livers of adult male rats at 45, 60, 120, 180,
240 and 300 days old.

Materials and methods

Animal care

All experiments were conducted in strict agreement with
the National Institute of Health Guidelines for Humane
Treatment of Animals. Virgin female Wistar rats weighing

180-225 g were mated with stud males. After confirmation
of pregnancy by the presence of sperm in a vaginal smear,
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female rats were randomly allocated to be fed one of two
isocaloric and normal-sodium semi-synthetic diets (17 %
casein, NP; 6 % casein, LP) as described previously [22,
23]. The animals were maintained at a controlled temper-
ature (21 £ 1 °C) on a 12 h light/dark cycle, with free
access to water. Pregnant rats (n = 36) were fed the semi-
synthetic diets (NP, n = 18; LP, n = 18) until they
delivered pups at 22 days of gestation. After delivery, the
mothers and pups received a standard laboratory diet
(Nuvilab CR-1, Nuvital, Colombro, PR, Brazil) containing
21.6 % protein and 4.0 % lipid. The anogenital distance
was measured in all pups [24] and litters were culled to a
maximum of 8 pups (4 males and 4 females) to minimize
variation in nutrition during the suckling period. At d30,
for mitochondrial isolation, the rat offspring (NP, n = 6
dams; LP, n = 6 dams) were sacrificed after a 12-h fast by
cervical dislocation by a technician experienced in the
procedure. For biochemical analyses, offspring blood
samples (NP, n = 6 dams; LP, n = 6 dams) were obtained
after anesthesia by heart puncture and sera were stored at
—20 °C. Liver tissues were collected and weighed and
fragments were processed for biochemical and histological
analysis. To study the mitochondrial oxidative stress in
adult rats, the experiments were performed on isolated liver
mitochondria of male rats, aged between 45 and 300 days
after birth (NP, n = 6 dams; LP, n = 6 dams). Adult
female rats were not employed in these experiments to
avoid interference of sex steroid hormones.

Biochemical analysis

Serum glucose, total protein, cholesterol and triacylglyc-
erol levels were measured using a kit according to manu-
facturer’s instructions (Laborlab, Sao Paulo, Brazil).
Hepatic and muscle glycogen was determined as described
elsewhere [25]. Total liver lipids were extracted according
to the method of Folch et al. [26].

Histology and morphometric analysis

The livers were removed, fixed in 10 % paraformaldehyde
in Millonig’s buffer, pH 7.4, for 24 h at room temperature
and embedded in Paraplast (Merck). Sections (6 pm thick)
were stained with periodic acid Schiff (PAS) for glycogen
morphometry, and hematoxylin & eosin for morphological
analysis. For glycogen quantification, the periodate of the
PAS method oxidizes the hydroxyl moieties of glucose
residues to aldehydes, which in turn react with the Schiff
reagent, generating a purple-magenta color. Five repre-
sentative fields from at least three different liver fragments
per rat were analyzed by light microscopy (Leica DM 2000
Photomicroscope) and captured with a digital video cam-
era. Each digital image was photographed with the 40x
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objective and formatted at fixed pixel density (8 x 10
inches at 150 dpi) using Sigma Scan Pro (v.6.0). Each
digital image was then analyzed for histomorphometric
analysis. The glycogen signal (standard color) was
expressed as a percentage of total tissue area analyzed
(10* um?). The area of glycogen signal was calculated in
relation to total tissue area [27].

Isolation of rat liver mitochondria

Rat liver mitochondria (RLM) were isolated from Wistar
rat pups fasted overnight by conventional differential
centrifugation at 4 °C according to Schneider and Hoge-
boom [28]. For this purpose, the livers were quickly
weighed after sacrifice, chopped and minced, and then
homogenized in ice-cold isotonic isolation medium
(250 mM sucrose, 1.0 mM EGTA, and 10 mM HEPES
buffer, pH 7.2). The mitochondrial suspension was washed
twice in the same medium containing 0.1 mM EGTA and
the final pellet was diluted in 250 mM sucrose and 10 mM
HEPES buffer, pH 7.2. RLM samples were homogenized
for the determination of protein content. All experiments
using isolated mitochondria were conducted within 1 h of
isolation.

Standard incubation procedure

The RLM experiments were carried out at 28 °C in a
reaction medium containing 125 mM sucrose, 65 mM
KCl, 10 mM HEPES buffer (pH 7.2), 1 mM inorganic
phosphate, and 10 uM CaCl,. Sodium succinate (2 mM)
was used as respiratory substrate. Rotenone (5.0 pM) was
added to prevent respiration by endogenous site-I sub-
strates. Rotenone, sodium succinate, and HEPES were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Determination of mitochondrial swelling

Mitochondrial swelling was estimated based on the
decrease in absorbance at 540 nm measured with a Gene-
sys 10UV spectrophotometer (Thermo Electron Corpora-
tion, Madison, Wisconsin, USA) according to Nicholls and
Akerman [29]. RLM (0.5 mg/ml) isolated from d30 male
and female offspring were added to a temperature-con-
trolled (28 °C) chamber under gentle stirring and incubated
in a standard reaction medium. Inner mitochondrial mem-
brane permeabilization induced by Ca®" can be assessed by
the classical mitochondrial swelling technique to monitor
the net influx of osmotic support associated with a non-
specific increase in membrane permeability [30]. In the
presence of low concentrations of calcium (10 uM CacCl,),
the mitochondrial permeability transition can be stimulated
with inorganic phosphate [31] and this effect is inhibited in

the presence of the Ca®" chelator EGTA. To evaluate a
possible role of GPR in liver oxidative stress, RLM were
incubated in a standard reaction medium and the variation
in absorbance at 540 nm and oxygen uptake were moni-
tored for 10 min. Inorganic phosphate (2 mM) was added
after 1 min of mitochondrial preincubation and absorbance
was recorded over a period of 10 min. The results are
reported as the mean = standard deviation (SD) of the
variation in absorbance obtained for at least six different
animals. The mitochondrial swelling and oxygen uptake
experiments were performed simultaneously using the
same preparation of isolated RLM under the same experi-
mental conditions.

Measurement of oxygen uptake

RLM (0.5 mg/ml) isolated from d30 male and female
offspring were added to a temperature-controlled (28 °C)
chamber equipped with a Clark-type electrode (Oxytherm
System, Hansatech Instruments, Norfolk, UK) under gentle
stirring and incubated in a reaction medium according to
Robinson and Cooper [32]. The experiments were carried
out at 28 °C in a reaction medium containing 125 mM
sucrose, 65 mM KCI, 10 mM HEPES buffer (pH 7.2),
1 mM inorganic phosphate, and 0.5 mM EGTA. Sodium
succinate (5.0 mM) was used as respiratory substrate.
Rotenone (4.0 uM) was added to prevent respiration by
endogenous site-I substrates. Oxygen tension was moni-
tored for 1-2 min (state 2 respiration) prior to the addition
of 200 nmol ADP to initiate state 3 respiration. Mito-
chondrial respiration (oxygen uptake) was recorded over a
period of 10 min, assuming a solubility of 210 pmol/ml at
28 °C. Respiration rates, expressed as natom O/min/mg
protein, were measured during state 3 and then state 4
(after all ADP is consumed). We also evaluated the
integrity of the inner mitochondrial membrane by calcu-
lation of the ADP/O ratio (stoichiometry between the
number of molecules of ADP phosphorylated per atom of
oxygen consumed). The efficiency of oxidative phosphor-
ylation can be measured in isolated mitochondria by the
respiration rate in states 3 and 4 after the addition of 200
nmol ADP using succinate as respiratory substrate. The
ADP/O ratio was calculated from the amount of ADP
added and oxygen consumed during state 3. The results are
reported as the mean + SD (n = 6).

Measurement of thiobarbituric reactive substances

TBARS production by mitochondria was quantified [33] in
a reaction medium containing 250 mM sucrose, 10 mM
HEPES buffer (pH 7.2), 4.0 uM rotenone, 0.5 uM anti-
mycin A, and 2.0 mM citrate. After 1 min of mitochondrial
preincubation, 50 pM Fe>" was added. The optical density
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Fig. 1 a Growth curve of offspring: the 1st to the 30th day after birth.
The body weight gain (g) of the offspring of mothers fed the normal
(NP) or low-protein diet (LP) animals were determined for male NP
pups (full square symbols, n = 10), female NP pups (full triangle
symbols, n = 14), male LP pups (empty square symbols, n = 6) and
female LP pups (empty triangle symbols, n = 10). b Liver weight of
pups on day 30 after birth. The values (g) were determined in the male
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NP pups (full bars, n = 18); in the female NP pups (empty bars,
n = 23); in the male LP pups (dotted bars, n = 18) and in the female
LP pups (grid bars, n = 16). ¢ Hepatic glycogen of pups on d30 (mg/
g tissue). d Glycogen granules of pups on d30 (% of area in 10* um?).
e Muscle glycogen of pups on d30 (mg/g tissue). Mean £ SD (n > 6)
*p < 0.05 LP vs NP (ANOVA); #p < 0.05 male vs female (Student’s
t-test)



J Physiol Sci (2014) 64:347-355

351

of the supernatant was determined at 535 nm. Under these
conditions, the molar extinction coefficient used to calcu-
late TBARS concentration was 1.56 x 10° M~' cm™".

Data analysis

Figures 1 and 3 report the mean & SD of measurements
from 6 to 9 different animals. Data were compared by one-
way ANOVA followed by Tukey’s post hoc test performed
by GraphPad Prism software (GraphPad Software, Inc. La
Jolla, CA, USA) adopting a level of significance of 5 %
(p < 0.05). When one parameter was compared between
two groups, male vs female, Student’s 7-test was used.

Results
Animal characteristics

The body weight gain of the animals was analyzed over a
period of 30 days after birth (Fig. 1a). Recently we have
found that GPR alters the placental structure on the 19th
gestational day [34]. Analysis of the weight of pups on day
1 after birth (previously published in [34, Table 2] to
validate the GPR model) showed that male (5.114 £ 1.4 g,
n = 6, empty square symbols) and female (5.001 £+ 2.2 g,
n = 10, empty triangle symbols) offspring of mothers fed a
low protein diet (LP) were significantly lighter than off-
spring of mothers fed the normal protein diet (NP) (male
5726 £15g, n=10, full square symbols; female
5.701 = 2.5, n = 14, full triangle symbols). With respect
to body weight gain, the body weight of male and female
offspring of NP or LP dams was similar on day 25 after
birth. On d30, there was no significant difference between
offspring of NP or LP dams (males LP, 76.66 £ 13.77 g,
n = 18; NP, male NP 71.41 £ 6.64 g, n = 18; female LP
67.46 £ 10.24 g, n = 16; female NP 64.99 £ 5.20 g,
n = 23). In the same group, NP or LP, there was no sig-
nificant difference between body mass of male or female

pups.
Biochemical and histological parameters

The liver weights of rats on d30 are shown in Fig. 1b. The
values (g) found were 3.401 £ 0.82, n = 18, in the male
NP pups (full bars); 3.393 £ 0.87, n = 23, in the female
NP pups (empty bars); 4.235 £+ 1.49, n = 18, in the male
LP pups (point bars) and 3.642 &+ 1.10, n = 16, in the
female LP pups (grid bars). No significant differences were
observed between groups.

Figure 1c shows a significant increase of hepatic gly-
cogen observed on d30 in LP pups, which was more pro-
nounced in male animals (*p < 0.05 vs NP); female NP

Fig. 2 Photomicrographs of rat liver specimens obtained on day 30
after birth. The sections were stained by the periodic acid Schiff
method. Top panels male offspring born to dams receiving a normal
(a) or low-protein diet (b). Bottom panels female offspring born to
dams receiving a normal (c¢) or low-protein diet (d). Centrolobular
vein (CLV), hepatocytes (H) and glycogen granules (arrows) Bar
50 pm

pups also showed significant increase compared to male NP
pups (*p < 0.05). These data were demonstrated by histo-
logical analysis (Fig. 2) and the number of glycogen
granules was counted. In fact, these were confirmed by the
results of the area of glycogen signal (% of area in
10* pm?; Fig. 1d), which was 17.5 & 3.2 in the male NP
pups (full bars); 21.6 & 9.4 in the female NP pups (empty
bars, #p < 0.05 vs male NP); 59.3 4 18.8 in the male LP
pups (point bars, *p < 0.05 vs male NP); 76.5 £ 12.9 in
the female LP pups (grid bars, *p < 0.05 vs female NP).
Muscle glycogen also was increased on d30 in LP animals
(Fig. 1e). The values (mg/g tissue) found were 7.68 £ 4.79
in the male NP pups; 5.66 + 4.92 in the female NP pups;
14.68 + 7.98 in the male LP pups (*p < 0.05 vs male NP);
10.09 + 2.73 in the female LP pups (*p < 0.05 vs female
NP). There were no significant differences on d30 between
male and female NP or LP pups in muscle glycogen.

The results of biochemical analysis on d30 (shown in
Table 1) of serum glucose, cholesterol, triacylglycerol,
total protein, liver triacylglycerol, or cholesterol showed no
significant differences between all groups.

Effect of GPR on liver mitochondrial metabolism
on day 30 after birth

To evaluate a possible role of GPR in liver oxidative stress,
the RLM swelling and oxygen uptake were monitored
simultaneously. The results show that Ca*" induced
mitochondrial swelling was significantly inhibited in
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Table 1 Biochemical parameters on day 30 after birth of offspring born to dams fed a normal (NP, 17 % casein) or low-protein (LP, 6 % casein)

diet during pregnancy

Parameter NP males NP females LP males LP females
Glucose (mg/dl) 101.8 £ 9.032 104.3 £ 5.377 96.00 £ 12.52 102.3 £ 2.986
Cholesterol (mg/dl) 90.87 £+ 13.83 107.8 £ 17.93 107.0 £ 13.39 95.61 £ 12.95
Triacylglycerol (mg/dl) 58.34 £ 13.14 72.21 £ 15.48 83.41 £ 234 94.33 £ 56.99
Total protein (g/dl) 3.893 £+ 0.823 3.516 £ 0.707 4.095 £ 0.9 4.337 £ 0.902
Liver cholesterol (mg/g tissue) 0.163 £ 0.052 0.144 £+ 0.019 0.165 £ 0.026 0.173 £ 0.045
Mitochondrial swelling 0.2743 £+ 0.06 0.2217 + 0.045" 0.1853 4+ 0.005* 0.0703 + 0.0245%*
Oxygen uptake (nmol/mg/min) 185.7 £ 15.57 124.7 + 4.509% 150.3 £ 5.508* 101.3 + 10.07%+

ADP/O 1.370 £ 0.061
TBARS (nmol/mg protein/10 min) 3.973 £ 0.005

1.494 + 0.35
3.147 £ 0.002*

1.878 £ 0.474%*
2.850 £ 0.123%*

1.508 £ 0.094*
3.047 £ 0.078%*

Rat liver mitochondria (0.5 mg/ml) isolated from d30 offspring were added to a standard reaction medium. Mitochondrial swelling and oxygen
uptake were monitored for 10 min at 28 °C. Inorganic phosphate (2 mM) was added after 1 min of mitochondrial preincubation (*p < 0.05, NP
vs LP). TBARS production and ADP/O were measured as described in ‘Materials and methods’. The experiments were performed simulta-
neously on the same day using the same RLM preparation under the same experimental conditions. All experiments using isolated mitochondria
were conducted within 1 h of isolation. Mean & SD (rn > 6) *p < 0.05 LP vs NP; #p < 0.05 female vs male (ANOVA)

isolated RLM from offspring of mothers fed a low protein
diet (LP) (Table 1). Under the same experimental condi-
tions, a significant reduction in oxygen uptake was
observed in isolated RLM from female NP pups and all LP
pups when compared to male NP pups, and this inhibition
of respiration was proportional to the inhibition observed in
the mitochondrial swelling experiments. The ADP/O ratio
was increased in male and female LP pups. Analysis of
TBARS production (nmol/mg protein/10 min) of isolated
RLM showed that female NP pups and male and female LP
pups were significantly lower than male LP pups.

Effect of GPR on liver mitochondrial metabolism
in adult male rats

Oxygen consumption experiments performed in isolated
RLM from adult male rats (on day 45—day 300 after birth)
under the same experimental conditions (Fig. 3) showed
significant increase in oxygen uptake on isolated RLM
from offspring of mothers fed a low protein diet (LP) on
day 45 (d45), on day 60 (d60) and on day 120 (d120) after
birth. There was no significant difference in oxygen con-
sumption on day 180 (d180), on day 240 (d240) or day 300
(d300) between groups NP or LP.

Discussion

Studies have shown that change in dietary protein is del-
eterious to the formation and development of the fetus,
causing malnutrition and low birth weight of offspring [34—
36]. In the present study, differences were observed in
animals submitted to GPR. As expected and previously
published [34], offspring of mothers fed a low protein diet
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Fig. 3 Effect of gestational protein restriction (GPR) on the oxygen
consumption of adult male rat liver mitochondria. RLM (0.5 mg/ml)
isolated from offspring of mothers fed a normal (NP) or low-protein
diet (LP). The 45-, 60-, 120-, 180-, 240- or 300-day-old male rat livers
were added to a standard reaction medium containing 125 mM
sucrose, 65 mM KCl, 10 mM HEPES buffer, pH 7.2; 10 uM CaCl,,
5.0 mM succinate and 4.0 uM rotenone, and the oxygen consumption
followed for 10 min. Inorganic phosphate (2 mM) was added after
1 min of mitochondrial preincubation. All experiments were con-
ducted within 1 h of isolation. Mean & SD (n > 6) *p < 0.05 LP vs
NP (Student’s r-test)

(LP) were significantly lighter than offspring of mothers
fed the normal protein diet (NP). These results validate the
GPR model showing that restricted animals presented
lower intrauterine weight gain than controls not submitted
to restriction [37].The observation of a lower birth weight
in offspring of LP dams and higher weight on d30 when
compared to NP pups is known as “catch-up growth”. This
phenomenon is characterized by a growth rate above the
normal range for age after the transitional period of intra-
uterine growth inhibition and increases the risk of cardio-
vascular disease [38—40]. As evident from their body
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weight at d30, restoration of protein in the maternal diet at
birth resulted in complete catch-up growth in LP pups, with
no changes in the liver to body weight ratio.

Biochemical analysis showed no differences in serum
glucose, cholesterol, triacylglycerol, total protein, liver
triacylglycerol, or cholesterol. The similar total protein
levels of the groups might be attributed to the period of
lactation of the pups during which the mothers again
received a diet containing 21.6 % protein. Furthermore, the
pups were fed a diet with 21.6 % protein after weaning.
The present results agree with the literature, i.e., the lipid
profile was characterized by similar levels of circulating
cholesterol and triacylglycerol and hepatic cholesterol and
triglycerides in all groups of animals [41]. A significant
increase of hepatic and muscle glycogen was observed in
LP pups. This increased glycogen storage is mainly due to
an increase of insulin sensitivity despite reduced secretion
of this hormone [42]. Another hypothesis is that increased
glycogen observed in fetuses submitted to GPR is a con-
sequence of energy conservation due to increased gluco-
neogenesis and glycolysis in response to a reduction of
nutrient availability [43, 44].

The study of inner mitochondrial membrane perme-
ability (MMP) induced by Ca®" can be associated with a
nonspecific increase in membrane permeability that stim-
ulates respiratory rates and decreases the coupling between
oxygen consumption and oxidative phosphorylation [31].
Surprisingly the results suggest that RLM on d30 from
female NP and both male and female LP pups were less
susceptible to the same MMP transition conditions than
male NP pups. For the same stimulus of oxidative damage
(10 uM CaCl, and 2 mM inorganic phosphate), RLM from
male NP animals exhibit a higher respiration rate to com-
pensate for the increased production of ROS or reduced
production of antioxidant enzymes. In this respect, GPR
seems to increase the protection of offspring liver from
conditions of oxidative stress by increasing the production
of antioxidant enzymes or reducing the production of ROS.
The ADP/O ratio was increased in LP pups. This finding
indicates that mitochondrial membrane integrity is main-
tained in female and male LP pups, respiration and phos-
phorylation are coupled, and the process of oxidative
phosphorylation is more efficient.

Changes in the respiration rate indicate variations in
mitochondrial ROS production [45]. To quantify the pro-
duction of ROS in this experimental model, we evaluated
inner MMP induced by lipid peroxidation and protein frag-
mentation based on TBARS production. Castilho et al. [46]
demonstrated that mitochondrial membrane permeability is
mediated by lipid peroxidation and protein fragmentation is
due to the attack of ROS in the presence of calcium and the
Fe*" citrate free radical generating system. The results
shown in Table 1 indicate that female NP and LP pups

produce fewer reactive products with thiobarbituric acid,
suggesting the inhibition of lipid peroxidation, and fewer
free radicals and ROS than NP males or females. These data
agree with those obtained in the mitochondrial swelling and
respiration experiments.

As expected, the uncoupling effect on mitochondrial
respiration can be observed by the results of liver oxygen
uptake in adult male LP pups (Fig. 3). The results indicate
that RLM respiration was faster in the LP group, on d45-
d120, in order to compensate the increased ROS produc-
tion. This increase can be estimated by the rate of mito-
chondrial oxygen uptake, which promotes uncoupling
between mitochondrial respiration and oxidative phos-
phorylation. Qasem et al. [47] showed that maternal
protein restriction during pregnancy and lactation reduces
the lipid content selectively in the male offspring on d65—
d150. Opposite data were published by Sohi et al. [48].
Could the lipid alteration change the lipid/protein content
of the inner mitochondrial membrane, promoting the
increase of ROS by the electron transport chain and
change mitochondrial respiration rate? Further studies are
needed to test this hypothesis. From d180, the liver of the
animal has recovered from the harmful effects of GPR
and liver tissue returns to its normal physiological
conditions.

Zambrano et al. [49] suggest that a key principle of
developmental programming is that the consequences of
cellular and molecular changes that occur during devel-
opment may lie dormant to emerge in adulthood. Thus
changes occurring from fetal development to puberty can
affect later life stages.

Taken together, the present results suggest that GPR
induces greater protection of the liver from conditions of
oxidative stress in d30 pups by reducing the production of
ROS and increasing mitochondrial coupling between
respiration and oxidative phosphorylation. This effect is
more pronounced in female LP pups. Female NP pups are
more resistant than male NP pups of the same age. GPR
causes low birth weight in rat offspring but increases
muscle and liver glycogen, and protects RLM from dif-
ferent conditions of oxidative stress, with female RLM
producing less ROS. Conversely, GPR induces uncou-
pling between mitochondrial respiration and oxidative
phosphorylation in adult male rat liver mitochondria. It
can be suggested that GPR protects pups during the 1st
month after birth, preparing them for adverse conditions
of life. The livers of these offspring contain energy
reserves and are protected from conditions of oxidative
stress. Hepatic mitochondria produce lower amounts of
ROS and the integrity of the inner mitochondrial mem-
brane is maintained. Female NP pups and both sex LP
pups seem to be more protected against the adverse
effects of oxidative stress on first month of life.
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