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Scope: One of the features of metabolic syndrome caused by liquid fructose intake is an
impairment of redox status. We have investigated whether maternal fructose ingestion modifies
the redox status in pregnant rats and their fetuses.
Methods and results: Fructose (10% wt/vol) in the drinking water of rats throughout gestation,
leads to maternal hepatic oxidative stress. However, this change was also observed in glucose-fed
rats and, in fact, both carbohydrates produced a decrease in antioxidant enzyme activity. Sur-
prisingly, mothers fed carbohydrates displayed low plasma lipid oxidation. In contrast, fetuses
from fructose-fed mothers showed elevated levels of plasma lipoperoxides versus fetuses from
control or glucose-fed mothers. Interestingly, a clearly augmented oxidative stress was observed
in placenta of fructose-fed mothers, accompanied by a lower expression of the transcription
factor Nuclear factor-erythroid 2-related factor-2 (Nrf2) and its target gene, heme oxygenase-1
(HO-1), a potent antioxidant molecule. Moreover, histone deacetylase 3 (HDAC3) that has been
proposed to upregulate HO-1 expression by stabilizing Nrf2, exhibited a diminished expression
in placenta of fructose-supplemented mothers.
Conclusions: Maternal fructose intake provoked an imbalanced redox status in placenta and a
clear diminution of HO-1 expression, which could be responsible for the augmented oxidative
stress found in their fetuses.
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1 Introduction

In the last few decades, obesity, metabolic syndrome, and di-
abetes have escalated to epidemic proportions in many coun-
tries worldwide. Fructose, present in added sugars such as
sucrose and high fructose corn syrup, has been linked to obe-
sity and metabolic syndrome [1]. Experimental studies have
shown that fructose can induce leptin resistance and features
of metabolic syndrome in rats, whereas glucose intake does
not [1]. Thus, diets incorporating 10% wt/vol of fructose in
drinking water induce hypertriglyceridemia and fatty liver [2].
Clinical studies also support fructose as a cause of metabolic
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syndrome [3, 4]. In contrast, several recent trials using fruc-
tose and other carbohydrates have instead reported that no
sugar has more deleterious effects than others [5, 6]. There-
fore, debate over the role of fructose in mediating metabolic
syndrome and related diseases remains open.

Fructose is differentially metabolized in comparison to
glucose and provokes an intracellular ATP depletion that gen-
erates uric acid and therefore, hyperuricemia [7]. Uric acid
works as an antioxidant in the extracellular environment,
but it can induce oxidative stress inside cells [1]. In fact, it
has been proposed that uric acid induces hepatic steatosis
by generation of mitochondrial oxidative stress [8]. On the
other hand, it has been demonstrated that fructose is very
reactive, even more so than glucose, and is able to partici-
pate in glycosilation reactions that generate free radicals [9].
Whether or not this is due to a direct effect of fructose or
an indirect one mediated by the uric acid generated during
fructose-metabolism, it is widely accepted that fructose-rich
syrups promote an increase of oxidative stress. In fact, as has
been previously demonstrated, short-term administration of
fructose to male rats induces changes in many oxidative stress
markers and also in the antioxidant system [10–12] both in
liver and adipose tissue.

On the other hand, several experimental and epidemi-
ological studies have demonstrated that metabolic events
during pre- and postnatal development markedly modulate
metabolic disease risks in later life [13]. Among them, feed-
ing conditions are likely to constitute one of the most in-
fluential parameters on the health of the adult [14]. Thus,
diet manipulation in mothers during critical developmental
periods (such as gestation and/or the early postnatal) can
permanently modify the physiology and metabolism of their
offspring [15,16]. This phenomenon is called early nutritional
or metabolic programming of adult health [13].

Therefore, we and others have speculated as to whether
fructose administration during gestation could cause changes
in the perinatal development of fetuses and after, long-
standing consequences in adult metabolism. Thus, we have
previously found that fetuses from fructose-fed mothers dis-
played impaired transduction of the leptin signal and hepatic
steatosis, and these findings were not observed in glucose-fed
rats [17]. Furthermore, in a long-term study [18], we reported
that maternal fructose intake produced adverse effects (im-
paired insulin signal transduction, hyperinsulinemia, and hy-
poadiponectinemia), which could only have originated during
intrauterine development since fructose administration was
strictly confined to the pregnancy period. Recently, Clayton
et al. (2015) have confirmed that early life exposure to fructose
alters maternal and perinatal hepatic gene expression [16].

Moreover, since fructose intake has also been confirmed
to alter the homeostasis redox [10–12], it should not be sur-
prising if fructose administration during gestation is able
to induce oxidative stress in perinatal and the later life of
progeny. In accordance with this, Ching et al. (2011) showed
that a high-fructose diet during gestation and lactation com-
promises hepatic antioxidant status in adult male offspring

[19]. In addition, we have also found an increase in plasma
levels of protein oxidation products in male, but not fe-
male, progeny from fructose-fed dams [9]. However, in or-
der to avoid all these adverse effects, placenta is supposed to
protect the fetus against oxygen toxicity. Thus, it has been
demonstrated that placental tissue suppresses lipoperoxide
formation in the late gestational period and lowers the con-
centration of lipoperoxides in the blood. In fact, although the
concentration of lipoperoxides in maternal blood increases as
gestation progresses, the concentration in the cord blood is
much lower than that in maternal blood [20] and, accordingly,
a gradual suppression of lipoperoxide content in fetal liver is
also observed as gestation progresses [21]. However, Vickers
et al. (2011) showed remarkably that maternal fructose con-
sumption leads to manifest changes in placental growth [22].
Therefore, it should be worth investigating whether fructose
is able to produce changes in the placenta that could cause an
imbalance in the redox status of the fetus.

Accordingly, the current report is a follow-up study to in-
vestigate the effects of fructose intake (10% wt/vol) through-
out gestation on oxidative stress both in mothers and their
fetuses. In contrast to others [19, 22], our model of ma-
ternal liquid fructose intake is confined to the prenatal
stage and compares the effects of fructose- versus glucose-
supplementation. First of all, to check the oxidative stress
status in both the mothers and their fetuses, lipid peroxi-
dation as thiobarbituric acid reactive substances and protein
oxidation as carbonyls of proteins were measured in plasma,
adipose tissue, liver, and placenta. Secondly, the activity and
mRNA expression of scavenging enzymes (superoxide dis-
mutase, SOD; catalase; glutathione peroxidase, Gpx1; and
glutathione reductase, GR) as well as the concentrations of
nonenzymatic antioxidants (glutathione) or prooxidants (uric
acid) were determined in maternal and fetal liver and pla-
centa. And finally, in order to elucidate the mechanism of
action of fructose-induced changes in oxidative stress, the ex-
pression of potent endogenous antioxidant genes, such as
hemeoxygenase-1 (HO-1) and NAD(P)H quinone oxidore-
ductase 1 (NOQ1), and several components of the signaling
cascade that regulate their gene expression, were also deter-
mined.

2 Materials and methods

2.1 Animals and experimental design

An animal model of maternal liquid fructose intake was
developed as previously described [17]. Briefly, female
Sprague–Dawley rats weighing 200–220 g were fed ad
libitum standard rat chow (B&K Universal, Barcelona, Spain)
and housed under controlled light and temperature condi-
tions (12-h light-dark cycle; 22 ± 1°C). The experimental
protocol was approved by the Animal Research Committee
of the University San Pablo-CEU, Madrid, Spain. Animals
were mated, and day 0 of pregnancy was determined by
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the appearance of spermatozoids in vaginal smears. Then,
the animals were randomly separated into a control group
(seven rats), a fructose-supplemented group (Fructose;
seven rats), and a glucose-supplemented group (Glucose; six
rats). Fructose and glucose were supplied as a 10% (wt/vol)
solution in drinking water throughout gestation. Control
animals received no supplementary sugar.

On the morning of the 21st day of pregnancy, rats were
decapitated and blood collected using tubes containing Na2-
EDTA. Liver and lumbar adipose tissues were immediately
removed, placed in liquid nitrogen and kept at –80°C un-
til analysis. The conceptus was dissected and, after being
weighed, fetuses were counted and weighed. Placentas were
also obtained, weighted, frozen, and those coming from the
same litter were pooled. Fetuses (without being separated by
gender) were decapitated, and blood from all pups of the same
mother was collected and pooled into receptacles containing
Na2-EDTA for immediate separation of plasma at 4°C. The
livers of the fetuses were obtained, and those coming from
the same mother were pooled and placed in liquid nitrogen
to be stored at −80°C until processed for further analysis.

2.2 Determinations

One hundred milligrams of frozen liver (or placenta), or
200 mg of frozen adipose tissue were homogenized into
0.25 M Tris-HCl, 0.2 M sucrose, and 5 mM DTT pH 7.4
buffer. Plasma aliquots or tissue homogenates were used to
determine the oxidative stress state. The concentration of
malondialdehyde (MDA) was measured as a marker of lipid
peroxidation using the method previously described [23],
by measuring the fluorescence of MDA-thiobarbituric acid
complexes at 515 nm/553 nm excitation/emission wave-
lengths. As a protein oxidative stress biomarker, carbonyls
of protein content were measured using the method pre-
viously described [24]. Uric acid concentration was deter-
mined in plasma or homogenates using a commercial kit
(Spinreact, Spain). Further, where indicated, the advanced
oxidation protein products (AOPP) were also determined us-
ing homogenates prepared into Tris 50 mM pH 7.4 buffer
and the spectrophotometric technique previously described
[25]. The AOPP concentrations were expressed as �mol/L of
chloramine-T equivalents.

Samples of tissue were also used to determine the ra-
tio between the contents of reduced glutathione (GSH) and
oxidized glutathione (GSSG), using capillary electrophoresis
coupled to UV-DAD and following the method previously
reported [26] for liver and, with some modifications, for pla-
centa. Namely, 50 mg of placenta were homogenized with a
Tissue Lyser LT (Qiagen, Valencia, CA, USA) in cold purified
water, 134 mM EDTA, and 100 mM N-ethylmaleimide (1:1:4)
buffer solution. After centrifugation, 400 �L of supernatant
were deproteinized by ultrafiltration, using a Microcon-30
column (Millipore, Billerica, MA, USA) and centrifugation at
36 220 x g for 10 min at 4�C. Finally, for placenta, the BGE was
prepared with 0.4M H3BO3 pH 8.0. A voltage of 27 kV was

applied and the current generated was 62 �A. The injection
was by pressure at 33 mbar for 40 s.

2.3 Total RNA preparation and analysis

Total RNA was isolated from liver or placenta using Ribop-
ure (Ambion Inc., USA). RNA was prepared either from
the liver of individual animals or from pools of the same
litter for fetal livers or placentas. The 260/280 absorption
ratio of all samples was between 1.8 and 2.0. Total RNA
was subjected to DNase I treatment using Turbo DNA-free
(Ambion Inc., USA), and RNA integrity was confirmed by
agarose gel electrophoresis. Genomic DNA contamination
was discarded by PCR using primers for ribosomal protein
S29 (Rps29), resulting in a negative reaction. After, cDNA
was synthesized by oligo(dT)-primed reverse transcription
with Superscript II (Invitrogen, USA). qPCRs were carried
out using a Light Cycler 1.5 (Roche, Germany). The reac-
tion solution was performed in a volume of 20 �L, con-
taining 10 pmol of both forward and reverse primers, 10x
SYBR Premix Ex Taq (Takara Bio Inc., Japan) and appro-
priate nanograms of the cDNA stock. Rps29 was used as a
reference gene for qPCR. The sense and antisense primers se-
quences were: 5’-GAAGGCAAGATGGGTCACCAGCAGC-
3’ and 5’-CAGGGTAGACAGTTGGTTTCATTGGG-3’ for
Rps29 (BC058150). The rest of the primer sequences were
obtained either from Atlas RT-PCR Primer Sequences (Clon-
tech, CA, USA) or designed using Primer3 software (Uni-
versity of Massachusetts Medical School, Worcester, Mas-
sachusetts, USA) [27]. Samples were analyzed in duplicate
on each assay. Amplification of nonspecific targets was dis-
carded using the melting curve analysis method for each
amplicon. qPCR efficiency and linearity were assessed by op-
timization of standard curves for each target. The transcrip-
tion was quantified with Light Cycler Software 4.05 (Roche,
Germany) using the efficiency correction method [28].

2.4 Determination of antioxidant enzymes activity

The activity of the enzyme glutathione reductase was deter-
mined by following the oxidation of NADPH to NADP+ co-
factor for the reduction of oxidized glutathione, which is pro-
portional to the activity thereof [29]. To measure the activity
of glutathione peroxidase, the protocol previously described
was used [30]. Catalase activity was studied by the H2O2 de-
composition caused by the activity of that enzyme [31]. This
was done by recording the absorbance maximum of H2O2 to
240 nm. Finally, the activity of SOD was measured using a
commercial kit (Spinreact, Spain).

2.5 Western blot analysis

Thirty micrograms of different protein fractions from rat
tissues were subjected to 10% SDS-polyacrylamide gel
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electrophoresis. Proteins were transferred to Immobilon
polyvinylidene difluoride transfer membranes (Millipore, Bil-
lerica, MA, USA) and blocked for 1 h at room temperature
with 5% nonfat milk solution in 0.1% Tween-20-Tris-buffered
saline (TBS). Membranes were then incubated overnight
with the primary antibody raised against Nrf2 or HO-1, in
0.1% Tween-20-TBS with 5% BSA at 4°C. Detection was
achieved using the enhanced chemiluminescence (ECL) kit
for horseradish peroxidase (HRP) (Amersham GE Healthcare
Europe GmbH, Barcelona, Spain). To confirm the unifor-
mity of protein loading, the blots were incubated with �-actin
antibody (Sigma-Aldrich, St. Louis, MO, USA) as a control.
The size of detected proteins was estimated using protein
molecular-mass standards (Invitrogen, Life Technologies).
Primary antibodies for HO-1 and Nrf2 were obtained from
Santa Cruz Biotechnologies (Dallas, TX, USA).

2.6 Statistical analysis

Results were expressed as means ± SE. Treatment effects
were analyzed by one-way analysis of variance (ANOVA).
When treatment effects were significantly different (p < 0.05),
means were tested by Tukey multiple range test, using the
computer program SPSS (version 15). When the variance was
not homogeneous, a post hoc Tamhane test was performed.

3 Results

3.1 Ingestion of a 10% w/v fructose solution

throughout gestation increases oxidative stress

in liver but decreases it in plasma of pregnant

rats

We have previously reported that maternal fructose intake
during gestation did not change maternal body weight by

the end of the gestation, after 21 days of fructose admin-
istration [17]. The total amount of ingested energy did not
differ between fructose-supplemented and control rats [17].
Interestingly, and unlike most of the other studies, one
group of fed glucose mothers was studied in parallel. Neither
fructose-fed nor glucose-fed pregnant rats showed alterations
in the litter size, body weight of their fetuses [17], nor in
placental weight (data not shown). No differences were seen
among the three groups for either glycemia or insulinemia
[17].

Surprisingly, plasma MDA, which would indicate lipid
oxidation, was significantly diminished in the carbohydrate-
fed mothers (Fig. 1A). Moreover, this effect was observed
in spite of there being a higher amount of substrate to be
oxidized given that fructose-fed pregnant rats were hyper-
triglyceridemic compared to control rats [17]. In contrast,
hepatic MDA was augmented both in fructose-fed and in
glucose-fed mothers in comparison to the control pregnant
rats (Fig. 1B). Curiously, MDA values found in lumbar adi-
pose tissue showed a similar pattern to those observed in
plasma. That is, adipose MDA concentration was lower in
the carbohydrate-fed pregnant rats in comparison to the con-
trol mothers (Fig. 1C) (x0.49 and x0.61 fold reduction for
fructose and glucose groups, respectively, versus the con-
trol group), although the effect did not become significant.
The lower oxidative stress in adipose tissue was confirmed
since both AOPP and uric acid levels were also diminished
in carbohydrate-fed mothers. Thus, AOPP levels, which are
an indicator of protein oxidation, were reduced in fructose-
and glucose-fed mothers in comparison to the control preg-
nant rats (0.40 ± 0.04; 0.34 ± 0.01; and 0.26 ± 0.05 �mol of
chloramine-T equivalents/g of tissue, for control, fructose-,
and glucose-fed mothers, respectively). Also, uric acid con-
centration in adipose tissue was diminished (8.6 ± 0.5; 6.2
± 0.4; and 5.9 ± 0.8 �g/mg of protein, for control, fructose-,
and glucose-fed mothers, respectively; p < 0.05, fructose and
glucose versus control groups).
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Figure 1. Maternal ingestion of a 10% w/v fructose solution throughout gestation does affect maternal oxidative stress in plasma, liver,
and lumbar adipose tissue. (A) Plasma MDA values of control, fructose-, and glucose-fed 20-day-pregnant rats. (B) Hepatic MDA values of
control, fructose-, and glucose-fed pregnant rats. (C) Adipose MDA values of control, fructose-, and glucose-supplemented pregnant rats.
Results are the mean ± SE of values from 6–7 rats. Small letters correspond to the statistical comparisons between rats receiving different
supplementation into the drinking water. Values not sharing a common letter are significantly different at p < 0.05.
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Table 1. Oxidative stress markers and antioxidant system in fructose- or glucose-supplemented pregnant rats

Control Fructose Glucose

Plasma Oxidative stress markers
Protein carbonylation (nmol/mg protein) 1.78 ± 0.14 2.11 ± 0.08 1.70 ± 0.17
Uric acid (mg/dL) 3.15 ± 0.42a 5.91 ± 0.31b 3.91 ± 0.37a

Liver Oxidative stress markers
Protein carbonylation (nmol/mg protein) 2.38 ± 0.06a 2.89 ± 0.09b 2.65 ± 0.04b

Uric acid (�g/mg protein) 0.498 ± 0.050a 0.715 ± 0.023b 0.709 ± 0.032b

Antioxidant system
GSH/GSSG ratio 10.8 ± 0.8 21.8 ± 3.4 21.1 ± 5.0
Catalase (mU/mg protein) 260.7 ± 19.8 254.8 ± 15.7 222.2 ± 14.0
Gpx1 activity (U/mg protein) 2.16 ± 0.04b 1.80 ± 0.06a 1.91 ± 0.14ab

GR activity (mU/mg protein) 46.1 ± 1.3 43.9 ± 0.3 42.7 ± 1.5
SOD1 activity (U/mg protein) 8.25 ± 0.66 5.84 ± 0.67 7.57 ± 1.44
SOD2 activity (U/mg protein) 29.3 ± 1.3 31.1 ± 2.1 30.0 ± 2.6

Data are M ± SE, from 6–7 pregnant rats per group. Different letters indicate significant differences between the groups (p < 0.05).

Regarding other plasma oxidative stress markers, the
levels of protein carbonyls were similar among the three
groups and uricemia, as expected, was significantly aug-
mented in fructose-fed mothers in comparison to the control
and glucose-fed pregnant rats (Table 1). On the other
hand, hepatic protein carbonyls and uric acid concentration
presented the same profile (Table 1) for the three groups
as the one observed for liver MDA in Fig. 1B. To further
investigate the mechanism behind this carbohydrate-induced
prooxidant effect, we determined several components of the
antioxidant system in the pregnant livers. The GSH/GSSG
ratio tended to be augmented in carbohydrate-fed pregnant
rats, although it only became (marginally) significant
(p = 0.064) for the fructose group, in comparison to the
control rats (Table 1). The reason for these findings was not
an increase in the levels of GSH, since they were similar for
the three groups (5.7 ± 0.3; 6.4 ± 0.5; and 5.9 ± 0.7 �M/g
of tissue, for control, fructose-, and glucose-fed mothers,
respectively), but a diminution in the levels of GSSG (0.55
± 0.05; 0.27 ± 0.03; and 0.29 ± 0.04 �M/g of tissue, for
control, fructose-, and glucose-fed mothers, respectively; p
< 0.05, fructose and glucose versus control). According to
this, Gpx1 activity (Table 1) and mRNA expression (1.25 ±
0.25; 1.07 ± 0.22; and 1.01 ± 0.19 arbitrary units (a.u.), for
control, fructose, and glucose-fed mothers, respectively) were
decreased in the liver of carbohydrate-fed mothers. Catalase
and manganese-SOD (SOD2) activities showed no difference
between the three groups. However, copper/zinc-superoxide
SOD (SOD1) tended to be diminished in fructose-fed moth-
ers in comparison to the control and glucose-fed pregnant
rats, although this did not become significant (Table 1).
The SOD1 mRNA gene expression did not show any
differences among the three experimental groups (data not
shown).

3.2 Ingestion of a 10% w/v fructose solution

throughout gestation increases oxidative stress

in placenta and fetal liver and plasma

One of the most important aims of the present work was to
determine whether the ingestion of a fructose solution (10%
w/v) by pregnant rats throughout gestation would affect the
oxidative stress of their fetuses. Interestingly, fetuses from
fructose-fed mothers presented, in contrast to the findings
observed in their mothers, higher plasma MDA in compari-
son to fetuses from control and glucose-fed mothers (5.44 ±
0.21, 6.56 ± 0.45, and 5.27 ± 0.36 �M, for control, fructose-
fed, and glucose-fed mothers, respectively; p = 0.058, fructose
versus glucose group), becoming significant when expressed
as nmol of MDA/mg of triglycerides (Fig. 2A). Coincident
with this finding, hepatic MDA was also augmented in fe-
tuses from fructose-fed mothers (Fig. 2B). Curiously, pla-
cental MDA concentration was also higher in the fructose-
fed pregnant rats versus those values found in control and
glucose-fed mothers (Fig. 2C).

In contrast to the higher oxidation observed for lipids in
fetal plasma from fructose-fed pregnant rats (Fig. 2A), both
plasma protein carbonyls and uricemia were similar in fe-
tuses from fructose-fed mothers versus fetuses of the other
two groups (Table 2). On the other hand, hepatic carbonyls
and uric acid concentration were augmented in fetuses from
fructose-fed in comparison to the fetuses from glucose-fed
and control pregnant rats (Table 2), becoming significant only
for the uric acid and (marginally) significant for the protein
oxidation (p < 0.08, fructose versus control group). To fur-
ther investigate the mechanism behind this fructose-induced
prooxidant effect, we found that the GSH/GSSG ratio, cata-
lase, Gpx1, and SOD2 activities did not show any differences
between the three groups. However, GR and, principally,
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Figure 2. Maternal ingestion of a 10% w/v fructose solution throughout gestation affects oxidative stress in fetal plasma and liver and in
placenta. (A) Plasma MDA values of fetuses from control, fructose-, and glucose-fed pregnant rats. (B) Hepatic MDA values of fetuses from
control, fructose-, and glucose-fed mothers. (C) Placental MDA values of control, fructose-, and glucose-fed 20-day-pregnant rats. Results
are the mean ± SE of values from 6–7 fetal plasma, liver or placenta pools of the same litter. Small letters correspond to the statistical
comparisons between rats receiving different supplementation into the drinking water. Values not sharing a common letter are significantly
different at p < 0.05.

SOD1 activities were significantly augmented in fetuses from
fructose-fed mothers in comparison to those from control and
glucose-fed pregnant rats (Table 2). The fetal SOD1 mRNA
gene expression, instead, did not show any differences among
the three experimental groups (data not shown).

Interestingly, placental MDA was augmented in fructose-
fed mothers (Fig. 2C). Likewise, the concentration of protein
carbonyls did parallel the MDA content, this being higher

in the fructose group versus the other two groups (Table 2).
However, the uric acid content in placenta was similar for the
three experimental groups (Table 2). On the other hand, we
found that the GSH/GSSG ratio, Gpx1, GR, and SOD1 activi-
ties did not show any differences among the three groups. As
well, catalase activity showed no differences between control
and fructose group, although it was different for the glucose
group. However, SOD2 activity was significantly augmented

Table 2. Oxidative stress markers and antioxidant system in fetuses and placentas from fructose- or glucose- supplemented pregnant rats

Control Fructose Glucose

Fetal plasma Oxidative stress markers
Protein carbonylation (nmol/mg protein) 1.50 ± 0.07 1.64 ± 0.13 1.38 ± 0.15
Uric acid (mg/dL) 2.21 ± 0.34 1.89 ± 0.15 2.25 ± 0.16

Fetal liver Oxidative stress markers
Protein carbonylation (nmol/mg protein) 2.26 ± 0.04 2.48 ± 0.05 2.32 ± 0.10
Uric acid (�g/mg protein) 0.488 ± 0.043a 0.651 ± 0.050b 0.558 ± 0.021ab

Antioxidant system
GSH/GSSG ratio 17.8 ± 3.2 19.3 ± 2.8 20.0 ± 2.8
Catalase (mU/mg protein) 166.9 ± 4.1 166.6 ± 7.5 167.6 ± 6.7
Gpx1 activity (U/mg protein) 1.14 ± 0.04 1.03 ± 0.02 1.04 ± 0.04
GR activity (mU/mg protein) 28.2 ± 1.3a 32.2 ± 0.3b 28.9 ± 0.9ab

SOD1 activity (U/mg protein) 0.64 ± 0.10a 1.18 ± 0.13b 0.67 ± 0.12a

SOD2 activity (U/mg protein) 4.09 ± 0.07 4.20 ± 0.16 4.21 ± 0.12

Placenta Oxidative stress markers
Protein carbonylation (nmol/mg protein) 2.33 ± 0.41a 3.93 ± 0.37b 2.59 ± 0.34ab

Uric acid (�g/mg protein) 0.855 ± 0.053 0.820 ± 0.034 0.838 ± 0.030

Antioxidant system
GSH/GSSG ratio 9.56 ± 1.46 8.69 ± 0.96 8.26 ± 0.68
Catalase (mU/mg protein) 25.5 ± 0.7b 24.6 ± 0.3b 19.7 ± 0.2a

Gpx1 activity (U/mg protein) 0.926 ± 0.026 0.922 ± 0.030 0.907 ± 0.018
GR activity (mU/mg protein) 18.0 ± 0.8 16.2 ± 0.2 20.2 ± 1.6
SOD1 activity (U/mg protein) 0.164 ± 0.018 0.190 ± 0.007 0.157 ± 0.022
SOD2 activity (U/mg protein) 0.673 ± 0.025a 0.778 ± 0.018b 0.704 ± 0.013a

Data are M ± SE from n = 6–7 liver pools of the fetuses of the same litter or n = 6–7 placental pools of the same litter. Different letters
indicate significant differences between the groups (p < 0.05).
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Figure 3. Maternal intake of a 10% w/v fructose solution throughout gestation affects maternal liver and placenta HO-1 mRNA gene
expression. (A) Relative hepatic levels of specific mRNA for heme oxygenase-1 (HO-1) of control (empty bar), fructose- (black bar), and
glucose-fed (gray bar) 20-day-pregnant rats. (B) Relative hepatic levels of specific mRNA for HO-1 of fetuses from control (empty bar),
fructose- (black bar), and glucose-fed (gray bar) pregnant rats. (C) Relative hepatic levels of specific mRNA for HO-1 of placentas from
control (empty bar), fructose- (black bar), and glucose-fed (gray bar) pregnant rats. Relative target gene mRNA levels were measured by
real-time PCR, as explained in Materials and Methods, and normalized to Rps29 levels and expressed in arbitrary units (a.u.). Each bar
represents the mean ± SE of values from 6–7 animals. RNA was prepared from maternal liver and fetal liver or placenta pools of the same
litter. Small letters correspond to the statistical comparisons between fetuses from mothers receiving different supplementation into the
drinking water. Values not sharing a common letter are significantly different at p < 0.05.

in placenta from fructose-fed mothers in comparison to the
control and glucose-fed pregnant rats (Table 2). Further, pla-
cental SOD2 mRNA gene expression mirrored the findings
observed for the SOD2 activity (0.261 ± 0.044; 0.396 ± 0.024;
and 0.247 ± 0.030 a.u., for control, fructose-, and glucose-fed
mothers, respectively; p < 0.05, fructose versus control and
glucose groups).

3.3 Fructose decreases HO-1 expression in maternal

liver and placenta

Heme oxigenase-1 (HO-1) is a potent endogenous antioxidant
gene, playing a key role in decreasing oxidative stress [32].
Moreover, both murine hepatocytes treated with fructose and
adipose tissue from mice fed a high-fructose diet displayed a
decrease in HO-1 mRNA levels [32,33]. As shown in Fig. 3A,
not only fructose-fed mothers but also glucose-fed mothers
showed a marked decrease in hepatic HO-1 mRNA expres-
sion in comparison to the control rats. Unexpectedly, fetal
liver HO-1 mRNA gene expression did not display any differ-
ences between the three experimental groups (Fig. 3B). Inter-
estingly, placenta displayed a fructose-specific drop in HO-1
mRNA gene expression, this being significantly different in
comparison to control and glucose-fed mothers (Fig. 3C). In
addition, since HO-1 is a target gene of the transcription fac-
tor Nrf2 (nuclear factor-erythroid 2-related factor 2) [34], we
also determined the gene expression of another well-known
Nrf2- target gene, that is, NOQ1. As shown in Table 3, NOQ1
mRNA gene expression was clearly diminished in the liver of
carbohydrate-fed mothers, not affected in the liver of fetuses
independently of the mother´s diet and specifically decreased
in placenta from fructose-fed mothers.

Table 3. Gene expression (mRNA) in the liver and placenta of
fructose- or glucose-supplemented pregnant rats and
their fetuses

Control Fructose Glucose

Maternal liver expression

NOQ1 (a.u.) 3.50 ± 0.16b 2.61 ± 0.11a 2.66 ± 0.07a

HDAC3 (a.u.) 1.92 ± 0.07a 2.22 ± 0.07b 2.23 ± 0.11b

XBP1u (a.u.) 2.17 ± 0.26b 1.53 ± 0.07a 1.23 ± 0.04a

Fetal liver expression

NOQ1 (a.u.) 0.66 ± 0.09 0.59 ± 0.03 0.66 ± 0.08
HDAC3 (a.u.) 0.82 ± 0.04 0.77 ± 0.05 0.78 ± 0.03
XBP1u (a.u.) 0.24 ± 0.02 0.25 ± 0.02 0.26 ± 0.01

Placental expression

NOQ1 (a.u.) 0.52 ± 0.02b 0.34 ± 0.03a 0.44 ± 0.05ab

HDAC3 (a.u.) 2.06 ± 0.30ab 1.57 ± 0.20a 2.76 ± 0.15b

XBP1u (a.u.) 0.45 ± 0.05 0.47 ± 0.08 0.45 ± 0.07

M ± SE, n = 6–7 pregnant rats; n = 6–7 liver pools of the fetuses of
the same litter; n = 6–7 placental pools of the same litter. Different
letters indicate significant differences between the groups (p <

0.05). Relative target gene mRNA levels were measured by real-
time PCR, as explained in Materials and Methods, and normalized
to Rps29 levels and expressed in arbitrary units (a.u.).

Recently, it has been reported that the interaction
between unspliced X-box-binding protein 1 (XBP1u) and
histone deacetylase 3 (HDAC3) modulates oxidative stress
by stabilizing Nrf2 transcription factor and regulating HO-1
expression [35]. Thus, although both fructose and glucose
diets increased HDAC3 mRNA expression in maternal
liver (+15% and +16% versus control, respectively), XBP1u
mRNA levels were significantly reduced in carbohydrate-fed
mothers in comparison to the control pregnant rats (–30%
and –43%, for fructose and glucose versus control groups)
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Figure 4. Maternal intake of a 10% w/v fruc-
tose solution throughout gestation affects pla-
cental Nrf2 and HO-1 protein expression. Nrf2
(A) and HO-1 (B) protein levels determined by
Western blot. Bars represent the mean ± SE
of values obtained from five placenta pools
of the same litter. Small letters correspond to
the statistical comparisons between placen-
tas from mothers receiving different supple-
mentation into the drinking water. Values not
sharing a common letter are significantly dif-
ferent at p < 0.05. (C) Representative Western
blots corresponding to three different control,
fructose-, and glucose-fed rats are shown.

(Table 3), in consonance to the decrease found in the HO-1
expression of these rats (Fig. 3A). In accordance with the lack
of effect observed in fetal liver HO-1 expression (Fig. 3B),
both HDAC3 and XBP1u mRNA levels were not affected by
maternal carbohydrate intake (Table 3) in fetal liver. However,
and more notably, although XBP1u placental expression did
not display any differences among the three groups, HDAC3
mRNA levels were clearly reduced in placenta from fructose-
fed mothers (Table 3) versus the other two groups, coincident
with the decrease observed in the HO-1 gene expression
(Fig. 3C).

Finally, in order to corroborate the findings observed in
mRNA expression, HO-1 and Nrf2 protein levels were also
measured. Thus, although Nrf2 tended to be diminished in
liver of carbohydrate-fed mothers, only HO-1 protein levels
were decreased, although not significantly, in fructose-fed
mothers (Supporting Information Table 1). As expected, in
fetal liver, neither HO-1 nor Nrf2 presented significant differ-
ences between the three experimental groups. Interestingly,
as shown in Fig. 4, Nrf2 and HO-1 protein levels were signif-
icantly reduced in placenta of fructose-fed mothers.

4 Discussion

Fructose, present in added sugars such as sucrose and high
fructose corn syrup, has been linked to obesity and metabolic
syndrome [1]. Further, it is well known that fructose-rich
syrups promote oxidative stress [10–12]. Therefore, oxidative
stress could be the missing link between fructose consump-
tion, obesity, and metabolic syndrome. However, consump-
tion of those beverages and fruit juices is allowed during ges-

tation. Moreover, it is well known that placenta must combat
oxidative stress during gestation to protect the fetus against
toxicity associated with reactive oxygen species (ROS). Toxi-
city of ROS is due to their ability to modify macromolecules
such as proteins, lipids, and DNA thereby destroying the in-
tegrity of the cells. Furthermore, most of the ROS are able
to cross the placenta and reach the fetus [21], and placental
oxidative stress has been reported as a potential factor in the
pathogenesis of preeclampsia, early pregnancy failure and fe-
tal malformations [21, 36]. In spite of all these findings, the
number of studies based on the effects of fructose in the re-
dox status during the perinatal period is scarce. Therefore, the
current report is a follow-up study to investigate the effects
of fructose intake (10% wt/vol) throughout gestation in the
redox status of mothers, their fetuses and placentas.

Thus, fructose induced oxidative stress in maternal liver.
However, this increase was also found in glucose-fed preg-
nant rats. These findings reinforce the importance of study-
ing the effects of fructose in comparison to those of glucose-
supplementation, in order to be sure that the effects provoked
by fructose are specific to this carbohydrate. Coincident to this
augmentation in hepatic oxidative stress, an increase in hep-
atic uric acid content was found. Lanaspa et al. (2012) had
already shown that many of the fructose-induced effects ob-
served in the liver (lipid deposition, oxidative stress) are medi-
ated by uric acid [8]. Related to this, carbohydrate-fed mothers
had showed a clear accumulation of triglycerides in the liver,
in our previous study [17]. Moreover, the expression of un-
coupling protein 2 (UCP2), a molecule with the capacity to
attenuate both mitochondrial ROS production and oxidative
damage [37], was also reduced in carbohydrate-supplemented
mothers [17].
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On the other hand, a deficient hepatic antioxidant defence
system was observed. Thus, Gpx1 activity was decreased in
glucose- and fructose-mothers versus control rats. This find-
ing could explain the augmented GSH/GSSG ratio found in
the liver of carbohydrate-supplemented mothers. Since GR
activity was not affected by the maternal diet, the diminution
observed in the hepatic GSSG content in carbohydrate-fed
mothers could be due to their decreased Gpx1 activity. Ac-
cording to this, it has also been shown that, upon oxidative
stress, a decrease in the GSSG content could eventually re-
sult in a decrease in the antioxidant potential of the cell [38].
Further, fructose has been demonstrated to be able to re-
duce HO-1 expression in both liver and adipose tissue and,
accordingly, increase oxidative stress [32, 33]. However, in
our model, not only fructose-fed, but also glucose-fed, moth-
ers displayed a clear reduction in liver HO-1 expression in
comparison to the control rats. Like HO-1, NOQ1 is a Nrf2
target gene with antioxidant properties [34]. Likewise, NOQ1
gene expression was diminished by carbohydrate ingestion
throughout gestation, which corroborates the participation of
that transcription factor (Nrf2). In order to elucidate the action
mechanism, we have studied XBP1u and HDAC3 gene ex-
pression since it was demonstrated that unspliced XBP1 and
HDAC3 are involved in the formation of a complex that sta-
bilizes Nrf2 and, accordingly, regulates HO-1 mRNA expres-
sion [35]. Thus, although carbohydrate-fed mothers showed
an increase in HDAC3 expression, the drop in the XBP1u
expression was so highly pronounced in those animals that it
could be compromising the formation of the XBP1u/HDAC3
complex, which, in turn, would affect the Nrf2 stabilization
and its transcriptional activity. In fact, protein levels of Nrf2
were diminished in carbohydrate-fed pregnant rats.

Unexpectedly, fructose- and glucose-fed mothers showed
a clear diminution in plasma oxidative stress. This situation
appeared to be due to a decreased lipid oxidation. It is well-
known that adipose lipolytic activity is increased in late preg-
nancy [39, 40] providing nonesterified fatty acids to the ma-
ternal circulation. Then, a great amount of the lipids present
in blood would come from this active lipolysis and, therefore,
it is not surprising that the low content of lipid peroxidation
products found in lumbar adipose tissue of carbohydrate-fed
mothers mirrored that found in plasma. An estrogen protec-
tion against fructose-induced oxidation cannot be discarded
[41], since the pregnant rats present higher plasma estrogen
levels than rats in a nonpregnant condition [42].

Interestingly, fetuses from fructose-fed mothers showed
higher plasma lipid peroxidation than pups from control and
glucose-fed dams. Further, fetuses from fructose-fed preg-
nant rats presented a significantly higher accumulation of
lipid peroxidation products in their livers than those observed
in fetuses from dams fed glucose or control rats, with a slight
rise in protein oxidation. Consistent with these results, the
levels of hepatic methylglyoxal, an inducer of oxidative stress
and protein carbonylation [43], were clearly augmented in fe-
tuses from fructose-fed mothers (unpublished results). The
increase observed in lipid peroxidation of the fetal liver was

coincident with an increase in the uric acid content. As men-
tioned above, it has been previously shown that lipid depo-
sition and oxidative stress could be mediated by uric acid
[8]. In our previous study, fetuses from fructose-fed mothers
displayed a clear accumulation of triglycerides in the liver
and diminished expression of UCP2 [17]. Nevertheless, an
increased antioxidant defence system was detected as a com-
pensatory mechanism in response to the lipid peroxidation
observed in fetuses from fructose-fed mothers. Thus, both GR
and SOD1 activities were specifically increased in this group.
However, neither HO-1 nor NOQ1 gene expression showed
differences among the three experimental groups. Coincident
to this lack of effect, neither XBP1u and HDAC3 mRNA, nor
Nrf2 and HO-1 protein expression displayed changes in re-
sponse to the maternal diet. Therefore, it could be assumed
that the high hepatic lipid peroxidation found in fetuses from
fructose-fed mothers is mainly due to the oxidation state of
the lipids arriving to the liver from the circulation, rather than
an augmented oxidation inside the organ.

On the other hand, it is known that placenta allows fatty
acids to reach the fetus from maternal circulation in order
to be used for triglyceride synthesis in the fetal liver [44].
Interestingly, placenta from fructose-supplemented mothers
presented a clear oxidative stress in comparison to the other
two groups, measured as both lipid and protein oxidation
markers. In order to compensate this oxidative damage, both
gene expression and activity of SOD2 were clearly augmented
in the fructose-fed group. However, the potent antioxidant
gene HO-1 presented a marked lower expression in placenta
of fructose-fed mothers in comparison to the other pregnant
rats. Coincident to this finding, NOQ1 gene expression was
also reduced. This is a relevant finding since, although it has
been previously proposed that fructose inhibits HO-1 mRNA
expression in liver and adipose tissue [32, 33], this is the first
time the way in which fructose is able to downregulate HO-1
gene expression in placenta has been demonstrated. Impor-
tantly, in our model, the inhibitory fructose-induced effect
was also mediated by a glucose-diet in liver, but not in pla-
centa, suggesting a different mechanism of action. In fact,
whereas in liver, XBP1u is the component of the complex that
was diminished, in placenta, it is the HDAC3 molecule whose
expression is downregulated by fructose. This finding rein-
forces HDAC3 as a key component in the complex regulating
Nrf2-target gene expression [35]. Coincident to these effects,
the transcription factor Nrf2 and its target gene, HO-1, exhib-
ited a drop in their protein levels exclusively in the placenta
of fructose-fed mothers. Therefore, the fructose-induced re-
duction observed in HO-1 and NOQ1 perfectly would explain
the increase in oxidative stress found in the placenta of this
experimental group.

Thus, in our model, we propose that low placental HO-1
would be unable to counteract the fructose-induced oxidative
stress in placenta in such a way that lipids from the maternal
plasmatic side (poorly oxidized) arriving at the fetus (highly
oxidized) would be being oxidized while they were crossing
the placenta and thus, generating a redox state imbalance
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in fetuses from fructose-fed mothers [21]. Nonetheless,
some other mechanisms could also be involved. Thus, it has
been recently proposed that an excess of maternal fructose
consumption alters placental function via a xanthine oxi-
dase/uric acid-dependent mechanism [45]. However, Vickers
et al. (2011) showed that the impairment of placental growth
and function could be due to fructose-induced effects on pla-
cental transporters, growth factors, glucocorticoid sensitivity,
and placental leptin transfer [22]. In fact, it has been shown
that fructose can induce a deranged antioxidant system
by modulating glucocorticoid signaling [46]. Moreover, the
decidual cells support pregnancy by producing hormones,
cytokines, and antioxidants, and it has been shown that
maternal fructose consumption impairs endometrial decid-
ualization in mice [47]. On the other hand, accumulation
of bile acids in maternal serum has been demonstrated to
produce placental oxidative stress [48], and maternal fructose
intake reduces maternal cholesterolemia [45].

Placental HO-1 has a protective role due to its antiinflam-
matory, antiapoptotic, antioxidative, and antiproliferative ac-
tions, and it is a major regulator of immune homeostasis
[49]. Thus, HO-1 and its byproducts may prevent or treat
pregnancy complications, prematurity, and adverse neona-
tal outcomes. Therefore, the situation observed in our study,
where fructose intake in pregnancy downregulates placen-
tal HO-1, may be relevant since it has been demonstrated
that maternal sugar consumption is associated with an in-
creased risk of preeclampsia [50]. Nevertheless, our study
has some limitations that could be addressed in the future,
apart from difficulties in extrapolating results from experi-
mental animals to humans. These are: (1) We have suggested
that placenta is responsible for the contrary findings found
in maternal plasma lipoperoxidation (low) and in their fe-
tuses (high). However, we have no information about sub-
strate availability and transport from placenta to fetus. (2)
We used fructose only during pregnancy. However, Kendig
et al (2015) observed differences between providing sucrose
only when the rats were already pregnant or commencing
access to sucrose several weeks prior to mating [51]. (3) Fe-
tuses and placentas were harvested without being separated
by gender, and sex differences exist in oxidative stress and
response to nutrients, as reported previously [22, 52]. (4) We
have used simple sugars solutions instead of sucrose (ta-
ble sugar) or high fructose corn syrup (HFCS), and it is
known that fructose absorption is improved by the presence
of glucose. Moreover, in our society, fructose and glucose are
rarely taken separately. However, the concentration used here
(10% w/v) is very close to that of sugar-sweetened beverages
and the amount of total calories obtained from simple sug-
ars in our study (25% for the fructose-group; 35% for the
glucose-group) was similar to the daily energy intake from
simple sugars observed in heavy consumers of sweetened
beverages in human populations (20–25%).

Finally, the present findings can help us to further under-
stand how the action mechanism of fructose induces some
features of the metabolic syndrome. Rebollo et al. (2014)

proposed that the fructose-induced inhibition of fatty acid ox-
idation and the increase of lipid synthesis in the liver occur by
a mechanism that involves a decrease of sirtuin 1 (Sirt1) func-
tion [53]. More recently, Sodhi et al. (2015) showed that HO-1
and oxidative stress were upstream of Sirt1 in the fructose-
activated pathway to induce hepatic lipid deposition [32]. Fur-
thermore, Martin et al. (2014) demonstrated that XBP1u and
HDAC3 participate, forming a complex, in the regulation of
HO-1 expression antagonizing ROS generation [35]. Here, we
have demonstrated that fructose affects XBP1u and HDAC3
mRNA expression, inhibiting HO-1 expression and, accord-
ingly, increasing the oxidative stress. Therefore, our findings
would reinforce the hypothesis that the imbalance in the re-
dox status produced by fructose is one of the most important
and possibly the first alteration in the plethora of detrimental
effects that fructose provokes [32].
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