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The excessive consumption of carbohydrates is related to non-alcoholic fatty liver disease (NAFLD) in infants and adults. The effect of combining
maternal malnutrition and a high carbohydrate intake on the development of NAFLD in adulthood remains unknown.We therefore hypothesized
that consumption of 5% sucrose by the offspring of dams fed a low-protein diet during pregnancy promotes liver fat accumulation and oxidative
damage differently in females and males. To test this, 12-month-old female and male offspring of mothers fed a Control (C) or low-protein diet
(Restricted, R) were provided with either tap water or 5% sucrose for a period of 10 weeks. Livers were excised to measure the fat content and
3-nitrotyrosine (3-NTyr) immunostaining; serum samples were also obtained to measure the concentration of malondialdehyde (MDA). Data
were analyzed using a non-repeated measures three-way analysis of variance to determine significant differences (P< 0.05) regarding to the
interaction among maternal diet, sucrose consumption and sex. Results showed that the liver fat content of females from R mothers was higher
than that of their male counterpart. Hepatic 3-NTyr immunostaining and serum MDA concentrations were not affected by the interaction
involving maternal diet, sucrose consumption and sex. Otherwise, liver fat content was correlated with the hepatic 3-NTyr immunostaining and
serumMDA concentrations only in females. Thus, sucrose intake in adulthood increases fat content in the female but not in the male rat offspring
of dams fed with a low-protein diet during pregnancy. This research emphasizes the importance of a balanced diet during pregnancy and the
influence of the diet on the adult offspring.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) has been associated
with an excess of fatty acids (FA) accumulation in the liver, which
is accompanied by hepatocellular inflammation with or without
fibrosis. In the liver, the FA can be stored provided from both
serum and local synthesis. Triacylglycerols (TAG) accumulation
in the liver has been related to an inadequate lipid metabolism
including a deficient FA oxidation and elevated very low-density
lipoproteins (LDL).1 NAFLD could be therefore linked to high
levels of reactive oxygen species (ROS).2

The influence of sex on the development of NAFLD is
controversial. It has been proposed that high estrogen levels
protect against TAG accumulation and inflammation of the

liver in humans.3 Nevertheless, adolescent women have a
higher risk for elevated levels of serum total cholesterol and
LDL as well as for NAFLD, which is even higher than those for
men.4,5 Animal models have been also used to investigate the
protective effects of estrogens.6,7 The development of NAFLD
provoked by a rich-fructose intake in male and female is poorly
understand albeit some reports indicate that inflammation of
the liver is more pronounced in adult females.8

The gestational protein restriction has permanent effects on
the metabolism of the offspring, increasing the fetal oxidative
stress mediated by ROS,2 developing metabolic and cardio-
vascular diseases,9 increasing the serum concentration of leptin
in the adult male offspring10 and triggering the onset of
both insulin resistance and hepatic steatosis.11–14 Likewise, a
rich-carbohydrate diet has been associated with NAFLD in
childhood and adulthood elevating the amount of hepatic TAG
and lipogenesis, reducing the β-oxidation, and promoting liver
inflammation.15–17

*Address for correspondence: J. Rodríguez Antolín, Centro Tlaxcala de
Biología de la Conducta, Universidad Autónoma de Tlaxcala, Tlaxcala 90000,
México.
(Email jorge.rodrigueza@uatx.mx; antolin26@gmail.com)

Journal of Developmental Origins of Health and Disease (2018), 9(2), 151–159.
© Cambridge University Press and the International Society for Developmental Origins of Health and Disease 2017

ORIGINAL ARTICLE

doi:10.1017/S204017441700099X

https://doi.org/10.1017/S204017441700099X Published online by Cambridge University Press

mailto:jorge.rodrigueza@uatx.mx
mailto:antolin26@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1017/S204017441700099X&domain=pdf
https://doi.org/10.1017/S204017441700099X


Metabolic alterations provoked by gestational malnutrition
can be aggravated by a post-weaning high-fat18 or carbohydrate
diet.10 Particularly, the histological characteristics and function
of the liver seem to be affected by the combination of gesta-
tional malnutrition and postnatal high-fat diet.18 In the present
study, we tested the influence of the combination of gestational
protein restriction and the intake of high sucrose on the
development of NAFLD in both males and females at the
adulthood. We therefore hypothesized that 5% sucrose con-
sumption promotes oxidative damage and liver fat accumula-
tion in the adult offspring exposed to gestational protein
restriction, being these effects different between sexes. This
work could be relevant for a better understanding whether the
sex can influence on the development of NAFLD and whether
this occurs during prenatal age or at the adulthood.

Methods

Animals

In total, 16 Wistar pregnant rats (Rattus norvegicus) weighing
200–240 g from the breeding colony of the Centro Tlaxcala de
Biología de la Conducta from the Universidad Autónoma de
Tlaxcala, México, were used. Dams were housed alone in
polypropylene cages (37× 27× 16 cm) and maintained under
a 12-h light to 12-h dark cycle (with the lights off from 08:00 to
20:00 h) at a constant temperature of 20 ± 2°C and 40% of
humidity in our operating room. At birth, the size of litters was
adjusted to 10 pups per dam.

Diet

Details of the maternal diet, breeding and management have
been published elsewhere.10 Briefly, 16 female rats were mated
with male breeders; the presence of seminal plug in the vagina
was used to designate the day 0 of pregnancy. Pregnant rats
were randomly fed with a Control (C, n= 8) or Restricted (R,
n= 8) diet consisting of semi-purified diet containing 20% (C)
or 10% casein (R); both diets were isocaloric (4 kcal/g).
Hematocrit was measured at the end of pregnancy as an indi-
cator of malnutrition in mothers.19 Each litter was weaned at
postnatal day 21 and separated for sex. Sex ratio was maintained
as close to 1:1 as possible. After weaning, all litters were fed
with Chow Purina 5001 rodent diet and had continuous access
to tap water. At 12 weeks of age, two females and two males of
C litters (n= 8 each) were randomly assigned to continue
receiving the standard control diet and tap water or the stan-
dard control diet plus 5% sucrose (sugar food grade10) diluted
in the drinking water. Moreover, two females and two males of
R litters (n= 8 each) were fed with the standard control diet
and drunk tap water or 5% sucrose in the drinking water. After
10 weeks, 12-h fasted rats were decapitated using a rodent
guillotine (Harvard-Apparatus, Holliston, MA, USA). Litters
were used as the unit of analysis. The final sample size for each
measured variable was shown on the footnote of results.

Liver and hepatocyte measurements

Livers were removed and weighed. The relative liver weight was
expressed as percentage. A half of the tissue was frozen to
−40°C for subsequent analyzes and the middle portion of the
major lobe of the liver was fixed in neutral formalin (10%
formaldehyde, 0.1M phosphate buffer, pH 7) for 24 h at room
temperature. Tissue was embedded in Paraplast X-tra (Sigma-
Aldrich, St. Louis, MO, USA) and 7-μm thick longitudinal
sections were obtained using a microtome (Leica RM2135,
Germany), mounting four sections per slide. One series of
slides from each animal were stained with hematoxylin and
eosin. Photomicrographs of liver sections were done with a
digital camera (Tuczon Olympus, USA) with reference to the
central hepatic vein (one at the left side and another at the right
side). The cross-sectional area (CSA) of hepatocytes was mea-
sured on six selected fields at 100× per animal using Axio
Vision Rel 4.6 (Zeiss Software Inc.). The averaged CSA of
hepatocytes was calculated for each rat and averaged per litter.20

Liver fat content

Liver fat content was measured using the method reported by
Folch et al.21 with some modifications. Briefly, frozen liver sam-
ples (1 g, approximately) were disrupted in 5ml of chloroform–

methanol (2:1; v/v; J. T. Baker, México) using an electronic
homogenizer (Tissue Tearor; Biospec Products Inc., México).
Organic and inorganic layers were separated by adding 2ml of
0.7% NaCl (NaCl J. T. Baker). Samples were mixed and
centrifuged at 1500 g at 4°C for 20min. The organic phase was
carefully transferred to a new tube, evaporated and weighed. The
fat percentage was reported as g/g of wet liver weight.

3-nitrotyrosine (3-NTyr) immunostaining

Other slides from the middle portion of each liver were
deparaffinized and incubated in microwave-heated 10mM
sodium citrate pH 6 to retrieve antigens. Endogenous peroxi-
dases were quenched with 0.3% hydrogen peroxide (H2O2;
Sigma-Aldrich) during 30min. Liver sections were blocked
with 5% normal goat serum diluted in phosphate buffered
saline (PBS) for 1 h to prevent non-specific binding of anti-
bodies. The primary antibody was a mouse monoclonal anti-3-
NTyr (MAB 5404; Chemicon Millipore, USA) used at a 1:200
dilution and incubated overnight at 4°C. Sections were incu-
bated for 2 h at 4°C with a biotinylated goat anti-mouse IgG
(1:250; Vector Labs, USA). Sections were rinsed with PBS and
the immunostaining was developed according to the Vectastain
ABC kit directions (Vector Labs, USA). Immunostained sec-
tions were counterstained with cresyl violet. Sections were
dehydrated and mounted using a histological resin. Liver sec-
tions were observed under an optical microscope, photo-
graphed and the 3-NTyr immunoreactivity was considered as
indicator of the presence of oxidative stress. To comparative
ends, we used homologous liver sections that were simulta-
neously processed to estimate the resultant immunoreactivity.
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We calculated the percentage area of positive staining using a
true color image analysis system Axio Vision Rel 4.6 (Zeiss
Software Inc.) applying a segmentation method with fixed
thresholds.22

Serum concentration of malondialdehyde (MDA)

Lipid peroxidation was assessed by estimating the serum MDA
concentration by using the thiobarbituric acid spectrometry
assay. Thus, 200 µl of serum was reacted with 1.5ml of 20%
acetic acid (Sigma-Aldrich), 1.5ml of 0.8% thiobarbituric acid
(Sigma-Aldrich) and 0.6ml of ultrapure water. This mixture
was incubated for 60min. Later, samples were cooled in ice
water and added with 1ml of 2% KCl (w/v; Sigma-Aldrich)
and 5ml of a mixture of butanol/pyridine (15:1 v/v; Sigma-
Aldrich). Samples were vortexed and centrifuging at 2000 g for
10min. Supernatant was collected and read at 532 nm on a
spectrophotometer and MDA levels were calculated using its
extinction coefficient (1.54× 105 cm−1/M) and expressed as
nanomols per 100 μl.

Statistical analysis

Both maternal protein intake and hematocrit are means ± S.E.M.
Two-tail unpaired Student-t tests were done to compare these
between the C and R mothers. Offspring data were analyzed
using a three-way analysis of variance to identify significant
differences among effects of maternal diet, trial water and sex.
Thus, protein and total and carbohydrate intake, liver weight,
hepatocyte CSA, liver 3-NTyr immunoreactivity and the
serum MDA concentration were used as dependent variables,
and maternal diet, trial water and sex were used as fixed factors.
The second-order interaction maternal diet× trial water×
sex was tested in each analysis. The first-order interactions
maternal diet× trial water, maternal diet× sex and trial
water× sex were then considered and Tukey post-hoc tests were

done to determine the statistical differences that could explain
the second-order interaction. Data for these interactions are
least squares means ± S.E.M. Otherwise, only effects of each
separated factor were considered. Correlation analyses were
performed using non-parametric Pearson’s tests. For all cases a
P< 0.05 was accepted as statistically significant. Statistical tests
were carried out with the program JMP 4 (version 4.0.4) and
graphs made in Graph Pad Prism (version 5.01 for Windows).

Results

Maternal protein intake and hematocrit

Along pregnancy, protein intake for the R mothers was lower
than for the C mothers (18.9 ± 1.6 v. 37.1 ± 1.3 g/100 g body
weight; P= 0.0001). The same was true for the hematocrit
measured at the end of pregnancy (40 ± 0.002% v. 53 ± 0.03%;
P= 0.01).

Offspring protein and total carbohydrates intake during
trial water

The interaction maternal diet× sucrose trial× sex did not affect
the protein and total carbohydrates intake (Table 1). The same
was true for the maternal diet× sucrose intake, maternal
diet× sex and sucrose intake× sex interactions as well as the
maternal diet alone (Table 1). The sucrose administration
decreased the protein intake, whereas increased that of total
carbohydrates. The intake of both nutrients was higher in males
than in females (Table 1).

Relative liver weight and hepatocyte CSA

Neither the interaction maternal diet× sucrose trial× sex
nor sucrose trial× sex interaction affected the relative liver
weight (Table 2). Otherwise, the interaction maternal diet×
trail water and sex× trial water altered the relative liver weight

Table 1. Offspring protein and total carbohydrates intakes during trial drink (post 10 weeks)

Sex Maternal diet Trial water Protein intake (g/day) Total carbohydrates intake (g/day)

Females C Water 4.3 ± 0.27 8.82 ± 0.8
Sucrose 2.6 ± 0.27 11.32 ± 0.8

R Water 3.8 ± 0.28 7.75 ± 0.8
Sucrose 2.5 ± 0.28 11.84 ± 0.8

Males C Water 5.3 ± 0.27 10.77 ± 0.8
Sucrose 3.5 ± 0.27 13.08 ± 0.8

R Water 5.2 ± 0.27 10.61 ± 0.8
Sucrose 3.9 ± 0.27 13.45 ± 0.8

Effect of sex (P ) <0.0001 0.0005
Effect of maternal diet (P ) 0.7562 0.8854
Effect of sucrose drink (P ) <0.0001 <0.0001
Effect of sex×maternal diet (P ) 0.2108 0.7340
Effect of sex× sucrose drink (P ) 0.9783 0.5228
Effect of maternal diet× sucrose drink (P ) 0.2339 0.3490
Effect sex×maternal diet× sucrose drink (P ) 0.8976 0.6371
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(Table 2). Thus, the liver of the offspring from R mothers
drinking 5% sucrose was heavier than the offspring from
C mothers drinking tap water (Table 2). The effect of 5%
sucrose intake on the relative liver weight was higher in females
than in males.

The hepatocyte CSA was not modified by the interactions
maternal diet× sucrose trial× sex nor by maternal diet× trial
water, maternal diet× sex and trial water× sex (Table 2). In con-
trast, the offspring from R mothers and the sucrose administration
increased the hepatocyte CSA in females and males (Table 2).

Fat liver content

The interaction maternal diet× trial water× sex was statisti-
cally significant for the fat liver content (F= 4.9794,
P= 0.0308; Fig. 1a and 1b). Statistical analyses showed this
was driven for the interaction maternal diet× sex
(F3,28= 27.81, P< 0.0001; Fig. 1c) but not for the interaction
maternal diet× trial water (F3,28= 3.12, P= 0.084) nor the
trial water× sex (F3,28= 0.31, P= 0.5798). Tukey post-hoc
tests indicated a significant increase (P< 0.0001) in the liver fat
content of the female offspring from R mothers, which did not
occur for the case of males (Fig. 1c). Furthermore, the female
offspring from R mothers showed higher a liver fat content
(P< 0.0001) that its male counterpart. Thus, the increment in
fat liver amount promoted by drinking 5% was exacerbated in
the female offspring from R mothers. In contrast, the extent in
which the fat liver content was elevated in males was similar
than in the offspring from R and C mothers.

3-NTyr immunostaining

The proportion (as percentage) of 3-NTyr immunostaining in
liver sections was assessed as an indicator of protein oxidation
(Fig. 2a and 2b). This variable was not modified by the inter-
actions maternal diet× trial water× sex (F3,20= 0.7426,

P= 0.3935), maternal diet× trial water (F3,20= 0.4697,
P= 0.4967), maternal diet× sex (F3,20= 0.0517, P= 0.8212)
and trial water× sex interactions (F3,20= 0.9728, P= 0.3553).
The same was true for the sex factor (F1,12= 2.5345,
P= 0.1185). In contrast, the maternal diet (F1,12= 24.1600,
P< 0.0001) and trial water (F1,12= 10.388, P= 0.0024)
affected the percentage of 3-NTyr immunostaining. Thus,
both female and male offspring from R mothers that had
drunken 5% sucrose showed a high hepatic 3-NTyr immuno-
staining as compared with the offspring of C mothers
(Fig. 2c and 2d).

Concentrations of serum MDA

The maternal diet× trial water× sex interaction did not affect
the concentration of serum MDA (F= 0.119, P= 0.7314;
Fig. 3a and 3b). The same was true for the maternal diet× trail
water (F3,28= 3.8009, P= 0.0562) and trial water× sex
(F3,28= 0.0521, P= 0.8204) interactions. In contrast, the
maternal diet× sex interaction significantly modified
(F3,28= 7.7453, P= 0.0073) the concentration of serum
MDA. The same was true for the trial water (F1,14= 4.5788,
P= 0.0367) and sex (F= 7.7021, P= 0.0075), but not the
maternal diet (F= 1.4901, P= 0.2273). Thus, the female off-
spring from R mothers showed high values for serum MDA
levels as compared with those of males (Fig. 3c).

Correlation analyses

As the differences in the liver fat content caused by 5% sucrose
intake in the female and male offspring from R mothers, we
analyzed its correlation with hepatic 3-NTyr immunostaining
and concentrations of serum MDA (Fig. 4). There was a
positive correlation between the liver fat content and 3-Ntyr
immunostaining for females (P= 0.006, r= 0.307; Fig. 4a) and
males (P= 0.006, r= 0.548; Fig. 4b). A positive correlation

Table 2. Weight and morphometry of liver

Sex Maternal diet Trial water Relative liver weight (%) Cross-sectional area hepatocyte (µm2)

Females C Water 3.3 ± 0.1 187.2 ± 5.7
Sucrose 3.6 ± 0.1 221.9 ± 5.7

R Water 3.0 ± 0.2 209.3 ± 5.7
Sucrose 3.9 ± 0.2 229.9 ± 5.7

Males C Water 3.0 ± 0.1 188.8 ± 5.7
Sucrose 3.1 ± 0.1 209.8 ± 5.7

R Water 3.2 ± 0.1 204.8 ± 5.7
Sucrose 3.5 ± 0.1 221.5 ± 5.7

Effect of sex (P) 0.0070 0.1305
Effect of maternal diet (P) 0.1295 0.0011
Effect of sucrose drink (P) <0.0001 <0.0001
Effect of sex×maternal diet (P) 0.1107 0.7442
Effect of sex× sucrose drink (P) 0.0475 0.2022
Effect of maternal diet× sucrose drink (P) 0.0384 0.2947
Effect sex×maternal diet× sucrose drink (P) 0.4207 0.6574
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Fig. 2. Effect of maternal diet and 5% sucrose consumption at adulthood on the percentage (%) of hepatic 3-nitrotyrosine (3-NTyr)
immunostaining for the female (a,c) and male (b,d) offspring. Data are expressed as least squares means ± S.E.M. Non-repeated measures three-
way analysis of variance (ANOVA) was done to determine significant differences. Data were analyzed by three-way ANOVA (seven litters per
combination of maternal diet and trial water per sex). The maternal diet× trial water× sex was not statistically significant (P= 0.4). The same
was true for the other interactions analyzed. Scale bar is 50 µm.

Fig. 1. Effect of maternal diet and 5% sucrose consumption at adulthood on the liver fat content (as percentage, %) of the female (a) and male
(b) offspring. Data are least squares means ± S.E.M. (a–c). Data were analyzed by non-repeated measures three-way analysis of variance (seven
litters for each maternal diet and trial water per sex). The maternal diet× trial water× sex interaction was statistically significant (P= 0.0308).
Only the interaction maternal diet× sex was retained as statistically significant (P< 0.0001). Tukey post-hoc tests were conducted to determine
significant differences among data (c). ****P< 0.0001.
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Fig. 3. Effect of maternal diet and 5% sucrose consumption at adulthood on the serum malondialdehyde (MDA) levels. Data are expressed as
least squares means ± S.E.M. (a–c). Data were analyzed by non-repeated measures three-way analysis of variance (eight litters per combination of
maternal diet and trial water per sex). The interaction maternal diet× trial water× sex was not statistically significant (P= 0.7). Only the
interaction maternal diet× sex was retained as statistically significant (P< 0.007). Tukey post-hoc tests were conducted to determine significant
differences among data (c). *P<0.05.

Fig. 4. Liver fat content correlates with local and systemic oxidative parameters. Pearson’s tests were done to determine the correlation between
the liver fat content and the percentage (%) of hepatic 3-nitrotyrosine (3-NTyr) immunostaining (a,b) and the liver fat content and serum
malondialdehyde (MDA) levels (c,d) in female (a,c) and male (b,d) offspring of mothers fed C or R diet and drinking tap water or 5% sucrose
at adulthood.
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was found between the liver fat content and serum MDA levels
for females (P= 0.03, r= 0.17; Fig. 4c) but not for males
(P= 0.1, Fig. 4d).

Discussion

At the end of gestation, a low hematocrit is considered as an
indicator of malnutrition.19 Present findings suggest that, at
least in the first days of life, the offspring from R mothers could
present malnutrition increasing the possibility of developing
metabolic problems.9 Present findings show that a high-sucrose
intake during adulthood amplifies or, even, reveals some
hepatic alterations promoted by the low-protein intake during
pregnancy. Importantly, none of the interactions involving sex,
maternal diet and sucrose intake affects the intake of both
proteins and carbohydrate of the offspring, which in turn were
separately influenced by the sucrose intake and sex of the off-
spring. Strikingly, the increase in the hepatic fat content in
females was more pronounced than in males.

The sucrose intake promotes an increase in the relative liver
weight of both female and male offspring of rats fed low-
protein diet at pregnancy. This finding agrees with the aug-
mentation in the adipocyte size and adiposity index previously
reported.10 Data herein supports this notion as the R diet and
sucrose intake enlarged hepatocyte CSA in females and males.
Other study has suggested that a high hepatocyte area,
prompted by a gestational low-protein diet, increases the
vacuolization of hepatocytes, fat droplets and glycogen
granules.23–27 This could be explained in terms of an elevation
in the delivery of FA from adipose tissue or the diet, an
increased synthesis of FA in the de novo lipogenesis pathway,
and-or a decrement in the mitochondrial β-oxidation of
FA.24,25. Certainly, de novo lipogenesis inside hepatocytes uses
carbohydrates as the major substrate.26 Otherwise, low-protein
intake at pregnancy increases adiposity in the offspring.27

Furthermore, male and female offspring from mothers fed a
junk food diet promotes enlarged hepatocytes with both
macro- and microvesicular steatosis.28 Some studies have
shown that the FA composition and/or protein content in the
maternal diet can affect the hepatic lipid amount and metabolic
gene expression,29–31 as well as hepatic enzymes in the pro-
geny.32,33 In general, unbalanced diets may predispose them to
both fat accumulation in the liver and subsequent metabolic
alterations. Certainly, excessive lipid accumulation in the liver
is frequently accompanied by oxidative stress.1

Findings herein demonstrate the great extent in which fat is
accumulated in the liver as an outcome of sucrose intake in the
female offspring from mothers fed low-protein diet while this
response was absent in the male offspring. In our study we did
not measure estrogen levels. It would be relevant as estrogens
are responsible for the accumulation of visceral fat depots.34 In
contrast, it has been suggested that estrogens may play a pro-
tective role in the preventing of hepatic steatosis and inflam-
mation in females.3–5 Even, estrogens can have protective
properties for the liver in healthy men.35 Although, we did not

measure the serum concentration of sex hormones in females
and males, it is possible that the production of estrogens could
be affected by the gestational protein restriction, favoring the
fat liver accumulation.36 In this regard, it is known that gesta-
tional undernutrition impacts on genes involved in folliculo-
genesis and these changes were underpinned by ovarian
oxidative stress.37 For its part, a significant increase in the ROS
andMDA levels was found in both testes and sperm of the male
offspring from protein-restricted mothers.38 This high oxida-
tive process in males could affect estrogens synthesis in the
testis. Furthermore, Western-type diets impair the hepatic
testosterone metabolism and its conversion to estrogens,39

which could affect the liver metabolism.
Findings herein show that the hepatic 3-NTyr immunostain-

ing increases by gestational low-protein diet and 5% sucrose
intake in adulthood differentially in both females and males. In
concordance, patients with NAFLD have a greater systemic
nitrosative stress.33 In contrast, serumMDA levels were higher in
the female offspring from R mothers. Oxidative stress is able to
program to the offspring for metabolic outcomes.40 Restricted
protein diet during gestation and lactation in rats increases the
production of ROS and decreases the antioxidant activity levels in
heart associated with an increase in the susceptibility to develop
metabolic and cardiac diseases in adulthood.41 Moreover, a high-
fat diet induces obesity and oxidative stress that correlate with an
increase in the MDA and protein carbonyl levels in various
tissues.42 In this regard, a positive correlation between the
percentage of hepatic fat with the serum MDA levels and the
expression 3-NTyr in the liver was observed. In general, both
oxidative and nitrosative stresses can damage the hepatic
function, favor fibrosis and apoptosis of hepatocytes, as well as
ischemia of the liver,43–45 but females seem to be more suscep-
tible to lipoperoxidation than males. Considering that females
with prenatal malnutrition and consumption of sucrose 5% in
adulthood show a great visceral fat and adiposity index,10 possibly
they had a high fat accumulation in the liver accompanied by
high concentrations of serum MDA levels. Although the FAT
accumulation in the liver of males was lower.
Whereas the association between a high-fat diet and

increased oxidative stress is well known,34 little or nothing has
been mentioned regarding to the impact of consumption of
carbohydrates. Our present findings provide compelling evi-
dence that the female offspring from dams fed low protein
during pregnancy are more prone to accumulate fat in the liver
that could increase the hepatic and systemic oxidative stress
following sucrose intake at adulthood.

Acknowledgments

The authors acknowledge the assistance of Dr. Arturo Estrada
Torres in the statistical analysis.

Financial Support

This study was supported by the Centro Tlaxcala de Biología de
la Conducta and the Posgrado en Ciencias Biológicas.

Maternal malnutrition plus rich-carbohydrate diet 157

https://doi.org/10.1017/S204017441700099X Published online by Cambridge University Press

https://doi.org/10.1017/S204017441700099X


Conflicts of Interest

None.

Ethical Standards

The Research Ethics Committee from the Universidad
Autónoma de Tlaxcala approved all the experimental proce-
dures in accordance with the Mexican Guidelines for Animal
Care (NOM-062-ZOO-1999).

References

1. Berlanga A, Guiu-Jurado E, Porras JA, Auguet T. Molecular
pathways in non-alcoholic fatty liver disease. Clin Exp
Gastroenterol. 2014; 7, 221–239.

2. Podrini C, Borghesan M, Greco A, et al. Redox homeostasis and
epigenetics in non-alcoholic fatty liver disease (NAFLD). Curr
Pharm Des. 2013; 19, 2737–2746.

3. Gilsanz V, Chung SA, Kaplowitz N. Differential effect of gender
on hepatic fat. Pediatr Radiol. 2011; 41, 1146–1153.

4. Fernandes MT, Ferraro AA, de Azevedo RA, Fagundes Neto U.
Metabolic differences between male and female adolescents with
non-alcoholic fatty liver disease, as detected by ultrasound. Acta
Paediatr. 2010; 99, 1218–1223.

5. Ayonrinde OT, Olynyk JK, Beilin LJ, et al. Gender-specific
differences in adipose distribution and adipocytokines influence
adolescent nonalcoholic fatty liver disease. Hepatology. 2011; 53,
800–809.

6. Xin G, Qin S, Wang S, et al. Sex hormone affects the severity of
non-alcoholic steatohepatitis through the MyD88-dependent
IL-6 signaling pathway. Exp Biol Med (Maywood). 2015; 240,
1279–1286.

7. Zhang ZC, Liu Y, Xiao LL, et al. Upregulation of miR-125b by
estrogen protects against non-alcoholic fatty liver in female mice.
J Hepatol. 2015; 63, 1466–1475.

8. Spruss A, Henkel J, Kanuri G, et al. Female mice are more
susceptible to nonalcoholic fatty liver disease: sex-specific
regulation of the hepatic AMP-activated protein kinase-
plasminogen activator inhibitor 1 cascade, but not the hepatic
endotoxin response. Mol Med. 2012; 18, 1346–1355.

9. Jahan-Mihan A, Rodriguez J, Christie C, Sadeghi M,
Zerbe T. The role of maternal dietary proteins in development
of metabolic syndrome in offspring. Nutrients. 2015; 7,
9185–9217.

10. Cervantes-Rodriguez M, Martinez-Gomez M, Cuevas E, et al.
Sugared water consumption by adult offspring of mothers fed
a protein-restricted diet during pregnancy results in increased
offspring adiposity: the second hit effect. Br J Nutr. 2014; 111,
616–624.

11. Day CP, James OF. Steatohepatitis: a tale of two ‘hits’?
Gastroenterology. 1998; 114, 842–845.

12. Pessayre D. Role of mitochondria in non-alcoholic fatty liver
disease. J Gastroenterol Hepatol. 2007; 22(Suppl. 1), S20–S27.

13. Kumon M, Yamamoto K, Takahashi A, Wada K, Wada E.
Maternal dietary restriction during lactation influences postnatal
growth and behavior in the offspring of mice. Neurochem Int.
2010; 57, 43–50.

14. Szostaczuk N, Priego T, Palou M, Palou A, Picó C. Oral leptin
supplementation throughout lactation in rats prevents later

metabolic alterations caused by gestational calorie restriction.
Int J Obes (Lond). 2017; 41, 360–371.

15. Mosca A, Della Corte C, Sartorelli MR, et al. Beverage
consumption and paediatric NAFLD. Eat Weight Disord. 2016;
21, 581–588.

16. Kanuri G, Spruss A, Wagnerberger S, Bischoff SC, Bergheim I.
Fructose-induced steatosis in mice: role of plasminogen activator
inhibitor-1, microsomal triglyceride transfer protein and
NKT cells. Lab Invest. 2011; 91, 885–895.

17. Mock K, Lateef S, Benedito VA, Tou JC. High-fructose corn syrup-
55 consumption alters hepatic lipid metabolism and promotes
triglyceride accumulation. J Nutr Biochem. 2017; 39, 32–39.

18. Souza-Mello V, Mandarim-de-Lacerda CA, Aguila MB. Hepatic
structural alteration in adult programmed offspring (severe
maternal protein restriction) is aggravated by post-weaning high-
fat diet. Br J Nutr. 2007; 98, 1159–1169.

19. Golub SM, Hogrefe EC, Tarantal FA, et al. Diet-induced iron
deficiency anemia and pregnancy outcome in rhesus monkeys.
Am J Clin Nutr. 2006; 83, 647–656.

20. Rodríguez-Castelán J, Corona-Pérez A, Nicolás-Toledo L, et al.
Hypothyroidism induces a moderate steatohepatitis accompanied
by liver regeneration, mast cells infiltration, and changes in the
expression of the Farnesoid X receptor. Exp Clin Endocrinol
Diabetes. 2017; 125, 183–190.

21. Folch J, Lees M, Sloane Stanley GH. A simple method for the
isolation and purification of total lipides from animal tissues.
J Biol Chem. 1957; 226, 497–409.

22. Willemse F, Nap M, Henzen-Logmans SC, Eggink HF.
Quantification of area percentage of inmunohistochemical
staining by true color image analysis with application
of fixed thresholds. Anal Quant Cytol Histol. 1994; 16,
357–364.

23. Ramadan WS, Alshiraihi I, Al-karim S. Effect of maternal low
protein diet during pregnancy on the fetal liver of rats. Ann Anat.
2013; 195, 68–76.

24. Mehta K, Van Thiel DH, Shah N, Mobarhan S. Nonalcoholic
fatty liver disease: pathogenesis and the role of antioxidants. Nutr
Rev. 2002; 60, 289–293.

25. Musso G, Gambino R, Cassader M. Recent insights into hepatic
lipid metabolism in non-alcoholic fatty liver disease (NAFLD).
Prog Lipid Res. 2009; 48, 1–26.

26. Neuschwander-Tetri BA. Carbohydrate intake and nonalcoholic
fatty liver disease. Curr Opin Clin Nutr Metab Care. 2013; 16,
446–452.

27. Sasaki A, Nakagawa I, Kajimoto M. Effect of protein nutrition
throughout gestation and lactation on growth, morbidity and
life span of rat progeny. J Nutr Sci Vitaminol. 1982; 28,
543–555.

28. Bayol SA, Simbi BH, Fowkes RC, Stickland NC. A maternal
‘junk food’ diet in pregnancy and lactation promotes
nonalcoholic fatty liver disease in rat offspring. Endocrinology.
2010; 151, 1451–1461.

29. Zhang J, Wang C, Terroni PL, et al. High-unsaturated-fat, high-
protein, and low-carbohydrate diet during pregnancy and
lactation modulates hepatic lipid metabolism in female adult
offspring. Am J Physiol Regul Integr Comp Physiol. 2005; 288,
R112–R118.

30. Erhuma A, Salter AM, Sculley DV, Langley-Evans SC, Bennett
AJ. Prenatal exposure to a low-protein diet programs disordered

158 L. Nicolás-Toledo et al.

https://doi.org/10.1017/S204017441700099X Published online by Cambridge University Press

https://doi.org/10.1017/S204017441700099X


regulation of lipid metabolism in the aging rat. Am J Physiol
Endocrinol Metab. 2007; 292, E1702–E1714.

31. Gosby AK, Maloney CA, Phuyal JL, et al. Maternal protein
restriction increases hepatic glycogen storage in young rats.
Pediatr Res. 2003; 54, 413–418.

32. Maloney CA, Gosby AK, Phuyal JL, et al. Site-specific changes in
the expression of fat-partitioning genes in weanling rats exposed
to a low-protein diet in utero. Obes Res. 2003; 11, 461–468.

33. Musso G, Gambino R, De Michieli F, et al. Nitrosative stress
predicts the presence and severity of nonalcoholic fatty liver at
different stages of the development of insulin resistance and
metabolic syndrome: possible role of vitamin A intake. Am J Clin
Nutr. 2007; 86, 661–671.

34. Kozakowski J, Gietka M, Leszczynska D, Majos A. Obesity in
menopause– our negligence or an unfortunate inevitability?
Menopause Rev. 2017; 16, 61–65.

35. Tian GX, Sun Y, Pang CJ, et al. Oestradiol is a protective factor
for non-alcoholic fatty liver disease in healthy men. Obes Rev.
2012; 13, 381–387.

36. Kamada Y, Kiso S, Yoshida Y, et al. Estrogen deficiency worsens
steatohepatitis in mice fed high-fat and high-cholesterol diet. Am J
Physiol Gastrointest Liver Physiol. 2011; 301, G1031–G1043.

37. Bernal AB, Vickers MH, Hampton MB, Poynton RA, Sloboda
DM. Maternal undernutrition significantly impacts ovarian
follicle number and increases ovarian oxidative stress in adult rat
offspring. PLoS One. 2010; 5, e15558.

38. Rodríguez-González GL, Reyes-Castro LA, Vega CC, et al.
Accelerated aging of reproductive capacity in male rat offspring of

protein-restricted mothers is associated with increased testicular
and sperm oxidative stress. Age. 2014; 36, 9721.

39. Krawczyńska A, Herman AP, Antushevich H, et al. Modifications
of Western-type diet regarding protein, fat and sucrose levels as
modulators of steroid metabolism and activity in liver. J Steroid
Biochem Mol Biol. 2017; 165(Pt B), 331–341.

40. Vega CC, Reyes Castro LA, Rodríguez Gonzalez GL, et al.
Resveratrol partially prevents oxidative stress and metabolic
dysfunction in pregnant rats fed a low protein diet and their
offspring. J Physiol. 2016; 594, 1483–1499.

41. Nascimento L, Freitas CM, Silva-Filho R, et al. The effect of
maternal 711 low-protein diet on the heart of adult offspring: role
of mitochondria and oxidative stress. Appl Physiol Nutr Metab.
2014; 39, 880–887.

42. Noeman SA, Hamooda HE, Baalash AA. Biochemical study of
oxidative stress markers in the liver, kidney and heart high fat diet
induced obesity in rats. Diabetol Metab Syndr. 2011; 3, 17.

43. Lee JF, Wang D, Hsu YH, Chen HI. Oxidative and nitrosative
mediators in hepatic injury caused by whole body hyperthermia
in rats. Chin J Physiol. 2008; 51, 85–93.

44. Bulle S, Reddy VD, Padmavathi P, Maturu P. Modulatory role of
Pterocarpus santalinus against alcohol-induced liver oxidative/
nitrosative damage in rats. Biomed Pharmacother. 2016; 83,
1057–1063.

45. Kattaia AA, Abd E-Baset SA, Mohamed EM, Abdul-Maksou RS,
Elfakharany YM. Molecular mechanisms underlying histological
and biochemical changes induced by nitrate in rat liver and the
efficacy of S-allylcysteine. Ultrastruct Pathol. 2016; 14, 1–13.

Maternal malnutrition plus rich-carbohydrate diet 159

https://doi.org/10.1017/S204017441700099X Published online by Cambridge University Press

https://doi.org/10.1017/S204017441700099X

	Hitting a triple in the non-alcoholic fatty liver disease field: sucrose intake in adulthood increases fat content in the female but not in the male rat offspring of dams fed a gestational low-protein�diet
	Introduction
	Methods
	Animals
	Diet
	Liver and hepatocyte measurements
	Liver fat content
	3-nitrotyrosine (3-NTyr) immunostaining
	Serum concentration of malondialdehyde (MDA)
	Statistical analysis

	Results
	Maternal protein intake and hematocrit
	Offspring protein and total carbohydrates intake during trial water
	Relative liver weight and hepatocyte CSA

	Table 1Offspring protein and total carbohydrates intakes during trial drink (post 10�weeks)
	Fat liver content
	3-NTyr immunostaining
	Concentrations of serum MDA
	Correlation analyses

	Table 2Weight and morphometry of�liver
	Fig. 2Effect of maternal diet and 5&#x0025; sucrose consumption at adulthood on the percentage (&#x0025;) of hepatic 3-nitrotyrosine (3-NTyr) immunostaining for the female (a,c) and male (b,d) offspring. Data are expressed as least squares means�&#x00B1;�
	Fig. 1Effect of maternal diet and 5&#x0025; sucrose consumption at adulthood on the liver fat content (as percentage, &#x0025;) of the female (a) and male (b) offspring. Data are least squares means�&#x00B1;�s.e.m. (a&#x2013;c). Data were analyzed by non-
	Fig. 3Effect of maternal diet and 5&#x0025; sucrose consumption at adulthood on the serum malondialdehyde (MDA) levels. Data are expressed as least squares means�&#x00B1;�s.e.m. (a&#x2013;c). Data were analyzed by non-repeated measures three-way analysis 
	Fig. 4Liver fat content correlates with local and systemic oxidative parameters. Pearson&#x2019;s tests were done to determine the correlation between the liver fat content and the percentage (&#x0025;) of hepatic 3-nitrotyrosine (3-NTyr) immunostaining (
	Discussion
	Acknowledgments
	ACKNOWLEDGEMENTS
	References


