PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Sadowska J, Dudzinska W, Dziaduch |
(2021) Effects of different models of sucrose intake
on the oxidative status of the uterus and ovary of
rats. PLoS ONE 16(5): €0251789. https://doi.org/
10.1371/journal.pone.0251789

Editor: Mahmoud A.O. Dawood, Kafrelsheikh
University, EGYPT

Received: February 15, 2021
Accepted: May 3, 2021
Published: May 18, 2021

Copyright: © 2021 Sadowska et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: The authors received no specific funding
for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Effects of different models of sucrose intake
on the oxidative status of the uterus and
ovary of rats

Joanna Sadowska®'*, Wioleta Dudzinska?, Izabela Dziaduch®'

1 Department of Applied Microbiology and Human Nutrition Physiology, Faculty of Food Science and
Fisheries, West Pomeranian University of Technology in Szczecin, Szczecin, Poland, 2 Institute of Biology,
University of Szczecin, Szczecin, Poland

* joanna.sadowska @ zut.edu.pl

Abstract

The aim of the study was to assess the effect of different models of sucrose intake on carbo-
hydrate-lipid metabolism and changes in oxidant balance in the ovaries and uterus of rats.
Animals were divided into three groups: [—basic feed, Il—feed contains 8% of sucrose, Ill—
alternately every second week the basic feed and modified feed contains 16% of sucrose.
The diet containing 8% of sucrose was found to result in an increased activity of antioxidant
enzymes in the blood, with unchanged malonylodialdehyde concentration. Variable sucrose
administration pattern intensified oxidative stress in the blood and led to disturbed redox
equilibrium in the rat uterus, even at a comparable long-term sucrose uptake as in the group
Il. This was manifested as a reduced superoxide dismutase activity (in the blood and uterus)
and a higher malonylodialdehyde concentration (in the uterus). The changes observed
could have been a result of metabolic disorders (higher amount of visceral fat, higher glu-
cose concentration, higher index of homeostasis model assessment of insulin resistance,
and reduced HDL-cholesterol concentration) and endocrine disorders (higher oestrogen
concentrations). Changes in the antioxidant status in the rats kept on the alternating diet,
may underpin the failure of fertilised egg implantation in the uterine tissue and pregnancy
completion.

Introduction

For health reasons the World Health Organization strongly recommends limiting daily intake
of free sugars to less than 10% of total energy intake [1]. But despite it becoming increasingly
known that sugars can have detrimental effects on health, people persist in consuming them in
excess [2-4].

Causes of excessive sugar consumption differ. The study suggests addictive effects of foods
rich in simple sugars such as sucrose. The sugar stimulates the release of serotonin, endoge-
nous opioids and dopamine in the opioid and dopaminergic systems in the brain, in the ven-
tral tegmental area and the nucleus accumbens, colloquially termed the reward system [5].
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Studies on animal models demonstrate the excessive sugar consumption to produce tolerance
symptoms, whereas sugar elimination results in symptoms similar to those of withdrawal,
including changes in the opioid and dopaminergic sub-systems in the reward system [6].
Excessive sugar consumption in humans may also result from succumbing to advertisements
of sugar-containing products and marketing practices of food manufacturers, aimed at boost-
ing food sales [7].

Strategies of reducing simple sugar dietary contents vary, but their efficacy being low [8].
Some subjects, following sucrose elimination from the diet, resume using sugar-rich diets and
alternate sugar-free and sugar-rich diets. However, frequent alternations of diet composition
may be perceived by the body as a stressor [9] which changes lipid metabolism and intensifies
reactions involving free radicals [10]. There are numerous reports on the increased oxidative
damage to human or experimental animal plasma, liver, skeletal muscles and heart in the
course of stress [11].

The course of metabolic and free-radical reactions is affected by, inter alia, the form sucrose
is applied in (solid or liquid sucrose-rich diet) [12]. But the effect of a different models of
sucrose intake on oxidative status in ovary and uterus is still unknown. When there are devia-
tions from reactive oxygen species (ROS) normal physiological ranges, it may lead to several
diseases in these tissues [13]. Endometriosis, unexplained infertility, anovulation, and the
impairment of oocyte quality may be the results of oxidative stress in the reproductive system.
Therefore, a delicate balance between ROS and antioxidant potential must be kept in the ova-
ries and uterus [14].

In females reproduction and metabolism are precisely associated and mutually regulated
[15]. Therefore, it has been hypothesised that frequent changes in the composition of the diet
may be a stress factor for the organism and that by disrupting carbohydrate-lipid metabolism,
they can cause oxidative stress in many tissues, including the ovaries and uterus.

Our analysis focused on the changes in red blood cells, ovaries and uterus superoxide dis-
mutase (Cu/Zn-SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), glutathione peroxidase (GPx,
EC 1.11.1.9) activities and malonylodialdehyde (MDA) concentration to determine the prooxi-
dant-antioxidant balance.

The aim of the study was to assess the effect of different models of sucrose intake on the car-
bohydrate-lipid metabolism and antioxidant status in the ovaries and uterus of female rats.
The sucrose amount in diet was set, taking into account the WHO recommendations to limit
the amount of free sugars in the diet to less than 10% of energy in the diet, but the models of
its consumption was different.

Materials and methods
Animals and study design

The study was carried out on 33 female Wistar rats, 3 months old, with the initial body weight
0f205.0 + 16.5 g. The animals were purchased from the Department of Toxicology of Poznan
University of Medical Sciences. Following a week long conditioning (drinking water and basic
feed) to vivarium conditions (temp. 21-22°C, relative humidity 55-60%, light-dark cycle 12/
12 h), the animals were sorted into three equinumerous groups (n = 11 each) of equal body
weight, housed in individual cages, fed ad libitum pelleted feeds. All the protocols were
approved by the Local Institutional Animal Care and Use Committee in Poznan (Approval
No. 18/2015) in accordance with the European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific Purposes, Council of Europe, Strasbourg
1986.
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The basic feed (BF) meet the nutrient requirements AIN-93M [16] and included most of all
whole wheat and maize grain. In the modified feeds (MF1 and MF2), part of wheat grain and
maize grain from the basic feed was substituted by wheat flour (type 500) and sucrose (8% or
16% of component composition which was 9.3% and 18.1% of energy diet in MF1 and MF2
respectively). The percentage of the remaining components was unchanged. Such design of
fodders allows to reflect the changes taking place nowadays in the composition of diets which
include simple sugars and refined carbohydrates and the way the fodders were administered
mirrored modern eating behavior.

The prepared feed mixes were subjected to chemical analysis to determine the content of
total nitrogen, crude fat, crude fiber, dry matter and ash [17]. Content of total nitrogen was
determined by Kjeldahl method on a Kjeltec 2100 system from Foss Tecator Hillerod, Den-
mark and converted into an amount of protein. Crude fat was determined by Soxhlet method
on a Soxtec HT6 system from Foss Tecator Hillerod Denmark; crude fiber—with the gravimet-
ric method on ANKOM 220 Fiber Analyzer, ANKOM Technology, Macedon, NY, USA; dry
matter and ash by gravimetric method on SUP-4M laboratory dryer Wawa-Med, Warsaw,
Poland and muffle furnace Czylok Jastrzebie Zdrdj, Poland. The content of digested carbohy-
drates was calculated from the difference between dry mass and the sum of the other solid
ingredients. The content of gross energy and metabolic energy was estimated using the com-
monly applied energy equivalents [18]. The content of zinc, cooper, selenium and iron was
also determined in feeds by atomic absorption spectrophotometry on ICE-3300 (Thermo Sci-
entific, Walthom, MA, USA). The detailed component and chemical compositions of fodders
used in the experiment are presented in Tables 1 and 2.

During the experiment, group I (CG—Control Group) received the basic feed, group II
(SBG—Sucrose Balanced Group) received the modified feed 1 (contain 8% of sucrose), over
the whole experimental period, and group III (AFG— Alternately Fed Group) received alter-
nately every second week the basic feed and modified feed 2 (contain 16% of sucrose)—in
even week—BF, in odd week—MF2. The consumption of sucrose in groups II and III during

Table 1. Component composition of diets.

Component Basic feed (BF) Modified feed 1 (MF1) Modified feed 2 (MF2)
Wheat (g/100 g) 36.4 6.01 6.01
Corn grain (g/100 g) 20.0 10.0 10.0
Wheat bran (g/100 g) 20.0 20.0 20.0
Dry whey (g/100 g) 3.0 3.0 3.0
Fodder salt' (/100 g) 0.3 0.3 0.3
Soya-bean grain (g/100 g) 17.0 17.0 17.0
Fodder chalk” (g/100 g) 1.5 1.5 1.5
Phosphate 2-CA? (g/100 g) 0.8 0.8 0.8
Premix LRM* (g/100 g) 1.0 1.0 1.0
Wheat flour (g/100 g) 0.0 324 244
Sucrose (g/100 g) 0.0 8.0 16.0
! Mainly NaCl
2. Mainly CaCO;
*- CaHPO,

4. Vitamin-mineral composition used in animals feeds content per kg: IU: A 1500000, vit. D3, 100000; mg: vit. E
8000; vit. K 300, vit. B1 1200, vit. B2 1200, vit. B6 1000, vit. B12 8, Se 100, Fe 16000, Mn 4500, Zn 6000, Cu 1300, I
100, Co 200.

https://doi.org/10.1371/journal.pone.0251789.t001
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Table 2. Chemical composition of diets.

Component
Total protein (%)
% of diet energy
Crude fat (%)
% of diet energy
Carbohydrates (%)
total
fiber
digested
% of diet energy
Dry matter (%)
Total ash (%)
Metabolizable energy
(kcal/g)
K)/g)
Copper (mg/100 g)
Iron (mg/100 g)
Manganese (mg/100 g)
Selenium (mg/100 g)
Zinc (mg/100 g)

https://doi.org/10.1371/journal.pone.0251789.t002

Basic feed (BF) Modified feed 1 (MF1) Modified feed 2 (MF2)
17.9 £0.09 18.4 £0.12 16.9 £0.10
21.0 214 19.1
3.2 £0.11 3.5+0.15 3.6 £0.09
8.58 9.28 9.05
63.1 £0.55 63.9 £0.19 65.8 £0.48
6.0 £0.15 4.4 +0.21 4.4+0.13
57.1 £0.50 59.5 £0.61 61.5 £0.44
70.4 69.3 71.8
90.8 £0.20 92.4 £0.16 92.9 +0.11
6.5 £0.12 6.6 £0.09 6.6 £0.18
3.4 +0.03 3.4 £0.04 3.5 £0.04
14.2 £0.21 14.3 £0.25 14.8 £0.25
1.8 £0.09 1.5 +£0.05 1.4 £0.08
20.1 £0.71 15.6 £0.61 15.8 £0.68
8.0 £0.45 7.6 £0.49 6.7 £0.51
0.04 £0.001 0.03 £0.001 0.03 £0.001
9.2 £0.52 8.6 £0.49 7.8 £0.61

the entire experimental period was similar and amounted to approx. 10% of the energy value
of the diet. Animals from all groups received tap water to drink.

The experiment lasted for eight weeks. The amounts of consumed feeds were recorded
daily and the animals were weighted once a week. On the end of the experiment rats weresacri-
ficed and samples collected after determining that the rats were in the oestrus phase. The status
of the oestrus phase was determined by examining the type and abundance of cells present in
the vaginal lavage, according to the methodology described by Marcondes et al. [19]. The ani-
mals were also weighed at this time. The assigned rats were fasted overnight (12 h), and anaes-
thetised with an intramuscular injection (10 mg/kg b.w.) of Ketanest (Pfizer Ireland
Pharmaceuticals, Ireland). The animals from the AFG group received basic feed during the last
week of the experiment.

Sample collection

Blood samples was taken from the heart (cardiac puncture) and collected into vacuum tubes
(Sarstedt, Germany) with K,EDTA as anticoagulant, after which they were immediately centri-
fuged (1000 x g, 10 min, 4°C) and plasma was separated from erythrocytes. Next the erythro-
cytes were washed three times with cold phosphate-buffered saline solution (0.01 M phosphate
buffer, 0.14 M NaCl, pH 7.4), and then their lysis was performed by adding 4 volumes of ice-
cold high-performance liquid chromatography (HPLC)-grade water. After centrifugation (10
000 x g, 15 min, 4°C) supernatant was collected (erythrocytes lysate) and stored at —70°C until
analysis, but not longer than for one month.

After separation, blood plasma was divided into portions and immediately deep-frozen at
—70°C until analysis, but not longer than for one month.

Opvaries and uterus were collected immediately after blood samples collection. The tissue
were weighed to the nearest 0.001 g and then washed with phosphate-buffered saline solution
(pH 7.4), and immediately frozen in liquid nitrogen and stored at —70°C until analysis.
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Biochemical analysis

Plasma glucose (BioSystems S.A., Cat. No. 11503), triglycerides (BioSystems S.A., Cat. No.
11828), total cholesterol (BioSystems S.A., Cat. No. 11805), HDL-cholesterol (BioSystems S.A.,
Cat. No. 11557), LDL-cholesterol (BioSystems S.A., Cat. No. 11585) concentration were deter-
mined by the enzymatic colorimetric method on the Metertech SP-8001 spectrophotometer
(Metertech, Taipei, Taiwan) according to the manufacturer’s protocol.

Insulin end estradiol (Insulin: Rat ELISA kit Demeditec Diagnostics, Kiel, Germany, Cat.
No. DE2048; Estradiol: Rat ELISA kit Fine Test Wuhan Fine Biotech Co., Wuhan, China, Cat.
No. ER1507) were assayed using a monoclonal antibody against rat insulin/estradiol, accord-
ing to the manufacturer’s instructions. It was done using an EnVision apparatus (PerkinElmer
Inc., Waltham, MA, USA).

The index of homeostasis model assessment of insulin resistance (HOMA-IR) was calcu-
lated as fasting plasma glucose [mM] and fasting plasma insulin [mU/L] divided by 22.5 [20].

Blood analysis

Activity of CAT, SOD and GPx was measured in red blood cells lysate and expressed per gram
of haemoglobin, whose concentration was measured using the Drabkin’s method (the concen-
tration of haemoglobin was measured in hemolysates). The concentration of MDA was
assayed in blood plasma.

GPx (EC 1.11.1.9) enzyme activity was measured with a GPx Assay Kit (Cayman Chemical,
Ann Arbor, MI, USA, Cat. No. 703102) according to the manufacturer’s protocol. Directly
before measurements, erythrocytes lysate was diluted to 1:10 using a sample buffer. The
method of measuring GPx activity is based on the reaction of hydroperoxide (ROOH) reduc-
tion with reduced glutathione (GSH) catalyzed by GPx. The product of this reaction is oxi-
dized glutathione (GSSG), which is reduced to 2 GSG in the reaction catalyzed with
glutathione reductase (GR). This enzyme, by reducing GSSG to 2 GSH, at the same time oxi-
dizes NADPH to NADP", which is connected with the decrease of absorbance at the wave
length of 340 nm at the temperature of 25°C. The decrease of absorbance is proportional to the
activity of GPx, which is expressed as unit per millilitre.

SOD (EC 1.15.1.1) enzyme activity was measured with a SOD Assay Kit (Cayman Chemi-
cal, Ann Arbor, MI, USA, Cat. No. 706002) according to the manufacturer’s protocol. Directly
before measurements, erythrocytes lysate was diluted to 1:100 using a sample buffer.

Superoxide anions generated by xanthine oxidase and hypoxanthine are detected with tet-
razolium salt. The amount of enzymes needed to exhibit half of dismutation of the superoxide
anions (U/ml) is defined as one unit of SOD. SOD activity is standardized using the cytochrom
c and XO coupled assay. Absorbance is measured at 450 nm.

CAT (EC 1.11.1.6) enzyme activity was measured with a CAT Assay Kit (Cayman Chemi-
cal, Ann Arbor, M1, USA; Cat. No. 707002) according to manufacturer’s protocol. Directly
before measurements, erythrocytes lysate was diluted to 1:1000 using a sample buffer. Measur-
ing CAT activity is based on oxidizing methanol in the presence of an optimal concentration
of hydrogen peroxide (H,O,). In the reaction formaldehyde is created, which generates col-
ored reaction product from 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald) and are
measured with spectrophotometry (540 nm). The amount of enzyme that leads to the produc-
tion of 1 nmol of formaldehyde per minute (nmol/min/ml) is defined as one unit of CAT
activity.

The coefficient of variation (CV) intra- and inter-assay for the tests was 5.7 and 7.2%, 3.2
and 3.7%, 3.8 and 9.9%, respectively, for the GPx, SOD and CAT assay Kits.
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Plasma MDA concentrations were measured with MDA Assay Kit (Wuhan EIAab Sciences
Co., Ltd., Wuhan, China; Cat. No. E0597Ge) according to manufacturer’s protocol. In order to
use the competitive immunoenzymatic technique with inhibition enzyme, a microplate was
pre-coated with a monoclonal antibody specific for MDA. There is a competitive inhibition
reaction between biotin labeled MDA and unlabeled MDA (standards or samples) pre-coated
with an antibody specific for MDA. After washing off the unbound conjugate and adding avi-
din conjugated to Horseradish Peroxidase (HRP) substrate is added. The intensity of the
achieved color is inversly proportional to the concentration of MDA in the tested sample. The
CV intra- and inter-assay for the tests was <10% and <12%.

Tissue analysis

Samples of ovarian and uterine tissue were crushed in a liquid nitrogen medium. The frozen,
powdered tissue was placed in a test tube containing 500 pL of phosphate-buffered saline

(pH = 7.4). Before it was cooled to 4°C, and later homogenised with a blade homogeniser (Pro
Scientific, PRO200 P/N 01-02200, S/N 02-1167). The homogenates were centrifuged (10,000x
£ 20 min, 4°C) and the supernatant that was obtained was used to assay the activities of antiox-
idant enzymes, malondialdehyde concentrations and total protein.

Tissue GPx, SOD, CAT and MDA were analysed using an ELISA kit—Shanghai Sunred
Biological Technology Co., Ltd., Shanghai, China (GPx: Cat. No. 201-11-1705; SOD: Cat. No.
201-11-0169; CAT: Cat. No. 201-11-5106; MDA: Cat. No. 201-11-0157). We described the
methods above.

Bovine serum albumin as the standard (Sigma Aldrich, St. Louis, MO, USA, Cat. No.
B6916) was used to measuring the concentration of protein in each supernatant. The protein
concentration was determined according to Bradford method.

Statistical analysis

In order to assess the homogeneity of variances and normality of distribution, respectively the
Levene test and a modified Shapiro-Wilk test were used. All data are expressed as means + S.E.
M. One-way ANOVA and the Tukey test using Statistica 12.0® program (Statsoft, Tulsa, OK,
USA) were used to analyze differences between groups. If the assumptions were not met, a log-
arithmic transformation was applied to the data before ANOVA. Differences between groups
were considered significant when p < 0.05.

Results

The aim of the study was to assess the effect of different models of sucrose intake on the carbo-
hydrate-lipid metabolism and antioxidant status in the ovaries and uterus of female rats.

An analysis of the effect of the factors used on the amount of feed intake and that of selected
minerals revealed that there were no differences between groups in feed intake (335 + 8.5 g/
100 g b.w./8 weeks and 328 + 13.8 g/100 g b.w./8 weeks and 330 + 6.9 g/100 g b.w./8 weeks),
while the intake of selected minerals differed, which was related to the different content of
these components in individual feeds—higher in the BF feed-Table 3. Hence, the highest
intake of all the analyzed minerals was observed in control group animals (CG), while animals
from the groups fed modified feed 1 (SBG) or alternately fed group (AFG) consumed them sta-
tistically significantly less. Sucrose consumption during the entire experiment was comparable
in groups SBG and AFG (26.1 + 1.10 g/100 g b.w./8 weeks and 25.8 + 1.04 g/100 g b.w./8
weeks). Summarizing the entire period of the experiment in SBG and AFG groups the share of
sucrose in total energy intake was comparable and amounted to approx. 9.5%.
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Table 3. Effect of sucrose content diet and alternating feeding on feed, sucrose, zinc, copper, selenium, iron and manganese intake in the examined rats.

Intake
Feed intake (g/100 g b.w./8 weeks)

CG SBG AFG

335+8.5 328 +13.8 ¥ 330+ 6.9
169 + 7.8 (BF)
161 + 6.5 (MF2)

Sucrose intake (g/100 g b.w./8 weeks) 0.0* 26.1+1.10° 25.8+1.04°
Zinc intake (mg/100 g b.w./8 weeks) 30.9+0.77° 28.3+0.86° 28.1+0.67°
Copper intake (mg/100 g b.w./8 weeks) 6.0+0.15° 49+021° 53+0.35°
Selenium intake (mg/100 g b.w./8 weeks) 0.12+0.003° 0.11 +£0.004 * 0.11 +£0.003*
Iron intake (mg/100 g b.w./8 weeks) 67.3+1.68° 512+1.96° 59.4+1.87°
Manganese intake (mg/100 g b.w./8 weeks) 26.7 £0.67 249+0.81° 21.8+0.78°

CG—Control Group, SBG—Sucrose Balanced Group, AFG—Alternately Fed Group

ab,c

https://doi.org/10.1371/journal.pone.0251789.t003

-Means marked with different letters in the same line are statistically different, p < 0.05.

The effect of nutrition manner on the ovarian mass was found, both in absolute values and
per 100 g of body weight—Table 4. A smaller weight of this organ was found in SBG and AFG
animals compared to CG ones (55.8 + 12.20 mg and 56.2 + 8.40 mg vs. 68.1 + 7.01 mg). The
uterine weight of the examined female rats not differ statistically significantly.

Results of the activity of antioxidant defence enzymes in erythrocytes and malonyldialde-
hyde concentrations analyses in blood plasma of the examined animals are presented in Fig 1.
In the erythrocytes of SBG animals, statistically significantly higher superoxide dismutase and
glutathione peroxidase activities were found compared to CG ones (SOD 2.51 + 0.32 U/gHb
vs. 1.90 + 0.21 U/gHb; GPx 56.2 + 2.33 U/gHb vs. 29.8 + 2.33 U/gHD). In animals from the
AFG group the activities of superoxide dismutase and catalase were lower, while the activity of
GPx was higher compared to the SBG group (SOD 2.03 + 0.23 U/gHb vs. 2.51 + 0.32 U/gHb;
CAT 55.6 + 3.33 U/gHb vs. 77.8 + 5.15 U/gHb; GPx 91.8 + 6.66 U/gHb vs. 56.2 + 2.33 U/gHDb).
There were no differences in blood plasma malonyldialdehyde concentrations.

The results of analyses of the antioxidant defence enzyme activities and malonyldialdehyde
concentrations in ovarian homogenates are shown in Fig 2. There were no differences in the
analyzed parameters between the CG and SBG groups and the SBG and AFG groups. There
was, however, a marked difference in the activity of superoxide dismutase between the CG and
AFG groups. It was significantly lower in AFG animals (8.01 £ 0.81 pg/g protein vs.

10.6 £ 0.27 pg/g protein).

The results of the analyses of the effect of the factors used on the redox balance in uterine
homogenates are presented in Fig 3. When analysed the obtained results we observed that
there were no differences in the analyzed parameters between the CG and SBG groups. In the
uterine homogenates from AFG animals statistically significantly higher glutathione

Table 4. Effect of sucrose content diet and alternating feeding on rat ovary and uterus weights.

Organ weight
Ovary (mg)
Ovary (mg/100 g b.w.)
Uterus (mg)
Uterus (mg/100 g b.w.)

CG SBG AFG
68.1+7.01° 56.2+8.47 55.8 +12.2°
29.6 + 4.54° 242+337 240+537

492 +59.8 517 +88.3 531+89.8
217 +36.0 224 + 36.5 230 +43.1

CG—Control Group, SBG—Sucrose Balanced Group, AFG—Alternately Fed Group

a5 _Means marked with different letters in the same line are statistically different, p < 0.05.

https://doi.org/10.1371/journal.pone.0251789.t1004
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Fig 1. Effect of sucrose content diet and alternating feeding on erythrocyte superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) activities
and plasma malonyldialdehyde (MDA) concentrations. CG—Control Group, SBG—Sucrose Balanced Group, AFG— Alternately Fed Group, *> -Columns marked
with different letters are statistically different, p < 0.05.

https://doi.org/10.1371/journal.pone.0251789.9001

peroxidase activity and MDA concentration were found compared to SBG ones (GPx
11.05 + 1.38 pg/g protein vs. 8.8 £ 1.56 ug/g protein; MDA 3.9 + 0.90 pM/g protein vs.

2.4 +0.70 uM/g protein) and lower superoxide dismutase activity compared to CG animals
(5.01 + 1.08 pg/g protein vs. 7.4 + 0.73 pg/g protein).

Glucose concentration was statistically significantly higher in AFG animals than in CG and
SBG ones (5.60 + 0.68 mmol/L vs. 4.56 + 0.54 mmol/L and 4.91 + 0.41 mmol/L)—Table 5.
Insulin concentration was statistically significantly higher in SBG group compared to CG and
AFG groups (3.29 £ 1.05 vs. 2.51 + 0.89 mU/mL and 2.73 + 0.91 mU/mL). The HOMA-IR
index value was also statistically significantly different between grups, it was higher in SBG
and AFG animals compared to CG ones (0.72 + 0.18 and 0.68 + 0.23 vs. 0.51 £ 0.11).

The influence of the factors used was found on concentrations of blood lipid parameters-
Table 5. The concentration of triglycerides was higher in AFG compared to CG and SBG
groups (0.61 + 0.08 mmol/L vs 0.48 + 0.05 mmol/L and 0.45 + 0.09 mmol/L). However, the
total cholesterol level was statistically significantly lower in AFG animals compared to CG and
SBG ones (1.71 £ 0.19 mmol/L vs. 2.03 + 0.16 mmol/L and 2.08 + 0.20 mmol/L). This was asso-
ciated with a statistically significantly lower HDL-cholesterol and higher LDL-cholesterol
concentration.
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Fig 2. Effect of sucrose content diet and alternating feeding on ovarian superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) activities and
malonyldialdehyde (MDA) concentrations. CG—Control Group, SBG—Sucrose Balanced Group, AFG—Alternately Fed Group, *® -Columns marked with different

letters are statistically different, p < 0.05.
https://doi.org/10.1371/journal.pone.0251789.g002

The applied experimental factors also influenced the concentration of estrogens—Table 5.
Their higher concentrations were found in the groups fed with modified feeds compared to
that fed with control feed (22.5 + 1.95 pg/mL and 21.1 + 2.52 pg/mL vs. 14.3 + 1.84 pg/mL).

Weight gains stated during the experiment were statistically significantly higher in SBG and
AFG animals compared to CG one (27.7 £ 2.51 g and 26,8 + 3.13 g vs. 22.7 £ 2.74 g)—Table 6.
But in SBG they were not associated with the deposition of visceral fat, because its highest
amount was found only in AFG animals, which accumulated it statistically significantly more
compared to CG and SBG animals, both in absolute values and per 100 g body weight
(3.77 £0.35 gb.w. vs. 2.99 £ 0.37 g b.w. and 3.02 £ 0.29 g/100 g b.w.).

Discussion

Results of the study point to a relationship between the presence of sucrose in the diet and a
model of its application and the oxidant-antioxidant equilibrium in the female rat blood and
reproductive organs.

Erythrocytes of the individuals consistently supplied with sucrose at a level of 8% of diet
(group SBG) showed a significantly higher activity of SOD and GPx, despite a significantly
lower consumption of minerals involved in synthesis of the enzymes. A higher activity of anti-
oxidant enzymes may be indicative of strengthened defence mechanisms which protect cells
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Fig 3. Effect of sucrose content diet and alternating feeding on uterine superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) activities and
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Table 5. Effect of sucrose content diet and alternating feeding on glucose, insulin, lipid concentrations and HOMA-IR value in the examined rats.

Traits CG SBG AFG
Glucose (mmol/L) 4.56 +0.54° 491+041° 5.60 + 0.68 °
Insulin (mU/mL) 2.51+0.89° 329+ 1.05° 2.73+091°
HOMA-IR 0.51+0.11° 0.72+0.18° 0.68 +0.23°
TG (mmol/L) 0.48 +0.05° 0.45+0.09° 0.61+0.08°
TC (mmol/L) 2.03+0.16° 2.08+0.20° 1.71+0.19°
HDL-C (mmol/L) 1.21+0.08°¢ 1.25+0.09° 0.76 + 0.08
LDL-C (mmol/L) 0.58 + 0.03 * 0.54 + 0.06 0.72 +0.08°
Oestrogens (pg/mL) 143 +1.84° 22.5+1.95° 21.1+252°

TG—Triglycerides, TC—Total cholesterol, HDL-C—HDL-cholesterol, LDL-C—LDL-cholesterol, CG—Control Group, SBG—Sucrose Balanced Group, AFG—

Alternately Fed Group
a,b,c—Means marked with different letters in the same line are statistically different, p < 0.05.

https://doi.org/10.1371/journal.pone.0251789.t005
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Table 6. Effect of sucrose content diet and alternating feeding on body weight gain and visceral fat in the examined rats.

Traits
Body weight gain (g)
Visceral fat (g)
Visceral fat (g/100 g b.w.)

CG SBG AFG
22.75+2.74 2 27.7+£251° 26.8 +3.13°
6.62 +0.48° 7.04 % 0.52° 8.75  0.68°
2.99+0.37° 3.02+0.29° 3.77£0.35°

CG—Control Group, SBG—Sucrose Balanced Group, AFG—Alternately Fed Group
a,b—Means marked with different letters in the same line are statistically different, p < 0.05.

https://doi.org/10.1371/journal.pone.0251789.t006

from negative effects of ROX, inter alia lipid peroxidation, as indicated by the absence of
changes in the MDA concentration.

At the nutrition model involving alternating periods of sucrose-free and sucrose-rich
(group AFG) diets, the activity of SOD and CAT was lower, the GPx activity remaining
increased, which may result in the absence of effective antioxidant defence in cells and tissues.
This may be indicative of intensified ROS production and antioxidant defence being strength-
ened until the potential for SOD and CAT synthesis becomes exhausted. The blood antioxi-
dant potential was maintained, as indicated by the lack of changes in the MDA concentration,
most probably due to a higher GPx activity.

Also Maciejczyk [21] and Sadowska et al. [22] reported an increased ROS production and
intensified blood and hepatic antioxidant processes in rats fed sucrose-containing diets. In
addition, Jarukamjorn et al. [23] demonstrated temporal changes in the blood and tissue anti-
oxidant status in animals fed sucrose-containing diets. In their study, the high-sucrose diet
resulted initially in an intensified antioxidant defence manifested as increased SOD, CAT and
GPx activities. However, in week 8 of the experiment, activities of SOD and CAT were
observed to decline, the GPx activity undergoing small changes only. However, Busserolles
et al. [24] showed the sucrose-rich diet to result, as early as after 2 weeks, in an increased lipid
peroxidation product concentration (as measured with the TBARS concentration) and a
reduced SOD activity, the GPx activity remaining unchanged. Busserolles et al. [24] demon-
strated that even a short-term application of a sucrose-rich diet adversely affects the redox
equilibrium, which suggests that metabolic disorders accompanying a sucrose-rich diet may
be associated with oxidative stress, particularly if consumption of dietary antioxidants is low.
Data reported by various authors are, however, difficult to compare on account of different
dietary sucrose levels used. The sucrose contribution to dietary energy in high-sucrose diets
ranged within 15-40%, whereas in the MF1 diet applied in this study the sucrose content was
8%; hence, this diet cannot be regarded as a high-sucrose one. It may be seen, however, that
even such low amounts of dietary sucrose disturb the blood oxidant-antioxidant equilibrium.

Changes in antioxidant enzyme activity in the blood of the AFG individuals, observed in
this study and indicative of a disturbed oxidant-antioxidant equilibrium, could have been pro-
duced by a higher blood plasma glucose concentration. Hyperglycaemia initiates numerous
changes influencing cellular metabolic disorders, including the redox equilibrium, inter alia
via intensification of oxidation processes in mitochondria, an intensified NADPH oxidase [EC
1.6.3.1] activity; intensified non-enzymatic glycation of proteins, lipids, and nucleic acids; pro-
tein kinase C activation; formation of glycosaminoglycans; and activation of the nuclear tran-
scription factor (NFKB) responsible for, inter alia, development of inflammatory reactions
[25, 26]. Oxidative stress could have been additionally strengthened by a higher accumulation
of visceral adipose tissue found in that group, compared to groups CG and SBG. The visceral
adipose tissue, constituting a source of pro-inflammatory cytokines [27], is capable of generat-
ing ROS via inflammatory processes [28]. Important could have also been the HDL-cholesterol
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level, lower than that in other groups. High-density proteins have the antioxidant properties
resulting of the presence of apo A-I protein and enzymes such as 1-sphingosine phosphate,
platelet-activating acetyl hydrolase and paraoxonase I, and are capable of immobilising lipid
peroxidation products [29, 30]. The SBG and AFG individuals showed also a reduced insulin
sensitivity, manifested as a significant increase in HOMA-IR, the values of which are positively
correlated with increased ROS production and antioxidant defence intensification [31]. An
excessive ROS synthesis and deficient antioxidant defence act in favour of insulin resistance
[32] and, consequently, poor availability of glucose in cells. The poor glucose availability, or
the absence of glucose altogether, may alter preferential oxidation of the available energy sub-
strates and intensify metabolism of fatty acids as an alternative energy substrate [33]. The
result is an intensified formation of NADH and FADH2 dinucleotides, major energy vectors
for ATP production. During the intensive electron transport, some electrons leave the main
reaction pathway to initiate superoxide anion (02") generation. Oxidative stress within the
AFG individuals could have been thus a consequence of an excessive ROS generation, a
reduced efficiency of natural antioxidant systems, or both.

Results of our studies showed that alternation of sucrose-free and sucrose-rich diets intensi-
fied oxidative stress and disturbed the redox homeostasis, compared to the diet in which
sucrose contributed 9.3% to the energy content, even at a similar long-term sucrose uptake
(26.1 vs. 25.8 g/100 b.w./8 weeks). The AFG animals showed reduced activities of SOD and
CAT at a higher activity of GPx, the uterus showing a higher concentration of MDA (a cellular
oxidative stress indicator), which points to an intensified ROS production in the face of unsat-
isfactory antioxidant protection.

The emergent oxidative stress may result in structural changes in proteins, lipids, carbohy-
drates, and nucleic acids. ROS bring about oxidative modification of LDL lipoproteins, inten-
sify oxidative modification of LDL lipoproteins, cause damage and remodeling of blood vessels
and increase expression of ICAM-1 and VCAM-1 adhesive molecules [34]. This increases the
risk of cardiac-vascular diseases such as atherosclerosis and aortal hypertension. In our study,
changes in antioxidant enzymes in the blood and tissues of the AFG rats were accompanied by
adverse changes in blood lipid parameters: higher concentrations of TG and LDL-C as well as
a decreased concentration of HDL-C. Such a profile of blood lipid parameter changes is partic-
ularly disadvantageous because low HDL concentrations are a significant atherosclerosis risk
factor [30, 35], additionally enhanced by oxidative stress in the animals studied.

Our study showed oxidative stress in the AFG rats to be visible not only in the blood, but
also in the uterus and ovaries, which may, in consequence, result in female fecundity disorders.
Uterine homogenates from animals fed alternately sucrose-free and sucrose-rich diets showed
a lower SOD activity, compared to the CG animals, as well as a higher GPx activity and MDA
concentration, compared to the SBG rats. Disturbances in the redox equilibrium in the uterus
were thus more intense in the AFG animals, compared to the SBG ones. The results show the
uterus and ovary to differ considerably in the oxidative defence status and the amount of ROS
generated. The AFG rat uterus showed changed activities of the antioxidant defence enzymes
and intensified lipid peroxidation processes, confirmed by the higher MDA concentration. On
the other hand, the CAT and GPx activities as well as the MDA concentration in ovaries of
that group were comparable to those determined in the remaining groups, whereas the SOD
activity was lower, but only with respect to the control.

The difference in the amount of ROS generated and in the performance of antioxidant
mechanism between the uterus and ovaries were confirmed also by Sadowska et al. [22] and
Farombi et al. [36]. Ovaries seem to be primarily protected from free radicals. Farombi et al.
[36] showed that the H,O, concentration, which is a marker of intensified free radical reaction,
remain unchanged in the ovaries, but was significantly greater in the uterus.
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In the analysed tissues, the redox status could have been affected by oestrogens. They play
an important part in maintaining the tissue redox balance by controlling the mitochondrial
ROS level [37]. But their anti free-radical activity is marked in tissues in which dominate beta
oestrogen receptors, characteristic for the ovaries, but not for the uterus, in which dominate
alpha oestrogen receptors [38-40]. This may explain the absence of oxidative stress in the SBG
and AFG ovaries.

Higher blood oestrogen concentrations in the SBG and SFG rats could have resulted from a
higher body weight increase during the experiment and, as a result, a higher final body weight,
compared to the control. Body weight has been shown to be directly correlated with the oestro-
gen concentration [41]. The excessive body weight and the correlated increase in the oestrogen
concentration could result in cessation of ovulation [42]. This is a result of the FSH release
being inhibited at an excessive oestrogen content [43]. Obesity brings about disturbances in
fecundity not only via an increased oestrogen concentration, but also as a consequence of
higher insulin concentration and insulin resistance, which was exposed as an increased
HOMA-IR [44].

To maintain the regular tissue function, necessary is the equilibrium between the amount
of emergent ROS and the antioxidant defence. An adequate ROS level and its scavenging sys-
tems play an important role in various processes of reproductive physiology and fertility [45,
46] including follicular development [14], oocyte maturation [47] and ovulation [48]. They
make it also possible to maintain endocrine equilibrium via, inter alia, inhibition of progester-
one synthesis at the end of the luteal phase of the cycle [49]. On the other hand, oxidative stress
in the uterus may be one of the causes of repeated embryo implantation failure and recurrent
abortions [36].

Limitations

In order to verify the current findings and more fully examine the mechanisms underlying our
observations, it is necessary to extend the research to identify and explain the relationship
between the observed changes and 1) the level of pro-inflammatory cytokines, especially in the
AFG group, where an increase in visceral adipose tissue was observed; 2) the level of oestrogen
receptors and the ratio of ERa to Erf in the ovaries and uterus; 3) increase in oestrogen con-
centration and decrease in ovarian weight in the SBG and AFG groups and the reasons for the
lower weight of the ovaries in the test groups should be clarified.

Conclusions

To sum up, the diet containing a 8% of sucrose (9.3% contribution of sucrose to the energy
content) was found to result in an intensification of the free-radical-based process, compen-
sated by an increased activity of antioxidant enzymes in the blood. Alternation, at a week-long
interval, of sucrose-free and sucrose-rich diets intensified oxidative stress in the blood and led
to disturbed redox equilibrium in the rat uterus, even at a comparable long-term sucrose
uptake, such as that in the SBG rats. The changes observed could have been a result of meta-
bolic disorders (a higher amount of visceral fat tissue, a higher glucose concentration, a higher
HOMA-IR, and a reduced HDL-C concentration) as well as endocrine disorders (higher oes-
trogen concentrations).

Supporting information

S1 Table. Effect of sucrose content diet and alternating feeding on feed, sucrose, zinc, cop-
per, selenium, iron and manganese intake in the examined rats. CG—Control Group, SBG

PLOS ONE | https://doi.org/10.1371/journal.pone.0251789 May 18, 2021 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251789.s001
https://doi.org/10.1371/journal.pone.0251789

PLOS ONE

Models of sucrose intake and the oxidative status of the uterus and ovary of rats

—Sucrose Balanced Group, AFG—Alternately Fed Group.
(DOCX)

S2 Table. Effect of sucrose content diet and alternating. CG—Control Group, SBG—Sucrose
Balanced Group, AFG—Alternately Fed Group.
(DOCX)

S3 Table. Effect of sucrose content diet and alternating feeding on glucose, insulin, lipid
concentrations and HOMA-IR value in the examined rats. CG—Control Group, SBG—
Sucrose Balanced Group, AFG—Alternately Fed Group.

(DOCX)

$4 Table. Effect of sucrose content diet and alternating feeding on body weight gain and
visceral fat in the examined rats. CG—Control Group, SBG—Sucrose Balanced Group, AFG
—Alternately Fed Group.

(DOCX)

S5 Table. Effect of sucrose content diet and alternating feeding on erythrocyte superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) activities and plasma mal-
onyldialdehyde (MDA) concentrations. CG—Control Group, SBG—Sucrose Balanced
Group, AFG—Alternately Fed Group.

(DOCX)

S6 Table. Effect of sucrose content diet and alternating feeding on ovarian superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GPx) activities and malonyldialde-
hyde (MDA) concentrations. CG—Control Group, SBG—Sucrose Balanced Group, AFG—
Alternately Fed Group.

(DOCX)

S7 Table. Effect of sucrose content diet and alternating feeding on uterine superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GPx) activities and malonyldialde-
hyde (MDA) concentrations. CG—Control Group, SBG—Sucrose Balanced Group, AFG—
Alternately Fed Group.

(DOCX)

Author Contributions

Conceptualization: Joanna Sadowska.

Formal analysis: Wioleta Dudzinska.

Investigation: Wioleta Dudzinska, Izabela Dziaduch.

Methodology: Joanna Sadowska, Wioleta Dudziniska.

Visualization: Joanna Sadowska, Wioleta Dudziriska, Izabela Dziaduch.

Writing - original draft: Joanna Sadowska, Wioleta Dudzinska, Izabela Dziaduch.

Writing - review & editing: Joanna Sadowska.

References
1.  World Health Organization Guideline: Sugars intake for adults and children. Geneva, 2015.

2. Azais-Braesco V, Sluik D, Maillot M, Kok F, Moreno LA. A review of total & added sugar intakes and die-
tary sources in Europe. Nutr J. 2017; 16: 6. https://doi.org/10.1186/s12937-016-0225-2 PMID:
28109280

PLOS ONE | https://doi.org/10.1371/journal.pone.0251789 May 18, 2021 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251789.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251789.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251789.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251789.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251789.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251789.s007
https://doi.org/10.1186/s12937-016-0225-2
http://www.ncbi.nlm.nih.gov/pubmed/28109280
https://doi.org/10.1371/journal.pone.0251789

PLOS ONE

Models of sucrose intake and the oxidative status of the uterus and ovary of rats

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Newens KJ, Walton J. A review of sugar consumption from nationally representative dietary surveys
across the world. J Hum Nutr Diet. 2016; 29: 225-240. https://doi.org/10.1111/jhn.12338 PMID:
26453428

Chatelan A, Gaillard P, Kruseman M, Keller A. Total, Added, and Free Sugar Consumption and Adher-
ence to Guidelines in Switzerland: Results from the First National Nutrition Survey menuCH. Nutrients.
2019; 11: 1117, https://doi.org/10.3390/nu11051117 PMID: 31109151

de Macedo IC, de Freitas JS, da Silva Torres IL. The Influence of Palatable Diets in Reward System
Activation: A Mini Review. Adv Pharmacol Sci. 2016; 2016: 7238679. https://doi.org/10.1155/2016/
7238679 PMID: 27087806

Wiss A, Avena N, Rada P. Sugar Addiction: From Evolution to Revolution. Front Psychiatry. 2018; 9:
545. https://doi.org/10.3389/fpsyt.2018.00545 PMID: 30464748

Tripicchio G, Heo M, Diewald L, Noar SM, Dooley R, Pietrobelli A, et al. Restricting Advertisements for
High-Fat, High-Sugar Foods during Children’s Television Programs: Attitudes in a US Population-
Based Sample. Child Obes. 2016; 12: 113-118. https://doi.org/10.1089/chi.2015.0174 PMID:
26977541

Di Monaco R, Miele NA, Cabisidan EK, Cavella S. Strategies to reduce sugars in food. Curr. Opin. Food
Sci. 2018; 19: 92-97. https://doi.org/10.1016/j.cofs.2018.03.008

Laugero KD, Falcon LM, Tucker KL. Relationship between perceived stress and dietary and activity pat-
terns in older adults participating in the Boston Puerto Rican Health Study. Appetite. 2011; 56: 194—
204. https://doi.org/10.1016/j.appet.2010.11.001 PMID: 21070827

Christiansen JJ, Djurhuus CB, Gravholt CH, Iversen P, Christiansen JS, Schmitz O, et al. Effects of cor-
tisol on carbohydrate, lipid, and protein metabolism: studies of acute cortisol withdrawal in adrenocorti-
cal failure. J Clin Endocrinol Metab. 2007; 92: 3553—-3559. https://doi.org/10.1210/jc.2007-0445 PMID:
17609300

Cenini G, Lloret A, Cascella R. Oxidative Stress in Neurodegenerative Diseases: From a Mitochondrial
Point of View. Oxid Med Cell Longev. 2019; 2019: 2105607. https://doi.org/10.1155/2019/2105607
PMID: 31210837

Mastrocola R, Ferrocino |, Liberto E, Chiazza F, Cento AS, Collotta D, at al. Fructose liquid and solid for-
mulations differently affect gut integrity, microbiota composition and related liver toxicity: a comparative
in vivo study. J Nutr Biochem. 2018; 55: 185-199. https://doi.org/10.1016/j.jnutbio.2018.02.003 PMID:
29539590

Al-Gubory KH, Fowler PA, Garrel C. The roles of cellular reactive oxygen species, oxidative stress and
antioxidants in pregnancy outcomes. Int J Biochem Cell Biol. 2010; 42: 1634—1650. https://doi.org/10.
1016/j.biocel.2010.06.001 PMID: 20601089

LuJ, Wang Z, Cao J, Chen Y, Dong Y. A novel and compact review on the role of oxidative stress in
female reproduction. Reprod Biol Endocrinol. 2018; 16: 80. https://doi.org/10.1186/s12958-018-0391-5
PMID: 30126412

Fontana R, Della Torre S. The Deep Correlation between Energy Metabolism and Reproduction: A
View on the Effects of Nutrition for Women Fertility. Nutrients. 2016; 8: 87. https://doi.org/10.3390/
nu8020087 PMID: 26875986

Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 purified diets for laboratory rodents: Final report of the
American Institute of Nutrition ad hoc writing committee on the reformulation of the AIN-76 rodent diet. J
Nutr. 1993; 123: 1939-1951. https://doi.org/10.1093/jn/123.11.1939 PMID: 8229312

AOAC, Association of Official Analytical and Chemists. Official Methods of Analysis, 20th ed.; AOAC,
Association of Official Analytical and Chemists: Gaithersburg, MD, USA, 2016.

FAQ. Food Energy—Methods of Analysis and Conversion Factors; Chapter 2; Food Nutrition Paper;
FAO: Rome, ltaly, 2003, 77, 12—14.

Marcondes FK, Bianchi FJ, Tanno AP. Determination of the estrous cycle phases of rats: Some helpful
considerations. Braz J Biol. 2002; 62: 609—614. https://doi.org/10.1590/s1519-69842002000400008
PMID: 12659010

Li S, Yin C, Zhao W, Zhu H, Xu D, Xu Q, et al. Homeostasis model assessment of insulin resistance in
relation to the poor functional outcomes in nondiabetic patients with ischemic stroke. Biosci Rep. 2018;
38: BSR20180330. https://doi.org/10.1042/BSR20180330 PMID: 29588341

Maciejczyk M, Matczuk J, Zendzian-Piotrowska M, Niklinska W, Fejfer K, Szarmach |, et al. Eight-Week
Consumption of High-Sucrose Diet Has a Pro-Oxidant Effect and Alters the Function of the Salivary
Glands of Rats. Nutrients. 2018; 10: 1530. https://doi.org/10.3390/nu10101530

Sadowska J, Dudzinska W, Skotnicka E, Sielatycka K, Daniel |. The impact of a diet containing sucrose
and systematically repeated starvation on the oxidative status of the uterus and ovary of rats. Nutrients.
2019; 11: 1544. https://doi.org/10.3390/nu11071544

PLOS ONE | https://doi.org/10.1371/journal.pone.0251789 May 18, 2021 15/17


https://doi.org/10.1111/jhn.12338
http://www.ncbi.nlm.nih.gov/pubmed/26453428
https://doi.org/10.3390/nu11051117
http://www.ncbi.nlm.nih.gov/pubmed/31109151
https://doi.org/10.1155/2016/7238679
https://doi.org/10.1155/2016/7238679
http://www.ncbi.nlm.nih.gov/pubmed/27087806
https://doi.org/10.3389/fpsyt.2018.00545
http://www.ncbi.nlm.nih.gov/pubmed/30464748
https://doi.org/10.1089/chi.2015.0174
http://www.ncbi.nlm.nih.gov/pubmed/26977541
https://doi.org/10.1016/j.cofs.2018.03.008
https://doi.org/10.1016/j.appet.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21070827
https://doi.org/10.1210/jc.2007-0445
http://www.ncbi.nlm.nih.gov/pubmed/17609300
https://doi.org/10.1155/2019/2105607
http://www.ncbi.nlm.nih.gov/pubmed/31210837
https://doi.org/10.1016/j.jnutbio.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29539590
https://doi.org/10.1016/j.biocel.2010.06.001
https://doi.org/10.1016/j.biocel.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20601089
https://doi.org/10.1186/s12958-018-0391-5
http://www.ncbi.nlm.nih.gov/pubmed/30126412
https://doi.org/10.3390/nu8020087
https://doi.org/10.3390/nu8020087
http://www.ncbi.nlm.nih.gov/pubmed/26875986
https://doi.org/10.1093/jn/123.11.1939
http://www.ncbi.nlm.nih.gov/pubmed/8229312
https://doi.org/10.1590/s1519-69842002000400008
http://www.ncbi.nlm.nih.gov/pubmed/12659010
https://doi.org/10.1042/BSR20180330
http://www.ncbi.nlm.nih.gov/pubmed/29588341
https://doi.org/10.3390/nu10101530
https://doi.org/10.3390/nu11071544
https://doi.org/10.1371/journal.pone.0251789

PLOS ONE

Models of sucrose intake and the oxidative status of the uterus and ovary of rats

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Jarukamjorn K, Jearapong N, Pimson C, Chatuphonprasert W. A High-Fat, High-Fructose Diet Induces
Antioxidant Imbalance and Increases the Risk and Progression of Nonalcoholic Fatty Liver Disease in
Mice. Scientifica. 2016; 2016: 5029414. https://doi.org/10.1155/2016/5029414

Busserolles J, Rock E, Gueux E, Mazur A, Grolier P, Rayssiguier Y. Short-term consumption of a high-
sucrose diet has a pro-oxidant effect in rats. Br J Nutr. 2002; 87: 337-342. https://doi.org/10.1079/
BJNBJN2002524 PMID: 12064343

Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y, et al. Normalizing mitochon-
drial superoxide production blocks three pathways of hyperglycaemic damage. Nature. 2000; 404:
787-790. https://doi.org/10.1038/35008121 PMID: 10783895

Wu C. Systemic therapy for colon cancer. Surg Oncol Clin N Am. 2018; 27: 235-242. https://doi.org/10.
1016/j.s0c.2017.11.001 PMID: 29496087

Fontana L, Eagon JC, Trujillo ME, Scherer PE, Klein S. Visceral fat adipokine secretion is associated
with systemic inflammation in obese humans. Diabetes. 2007; 56(4): 1010-3. https://doi.org/10.2337/
db06-1656 PMID: 17287468

Marseglia L, Manti S, D’Angelo G, Nicotera A, Parisi E, Di Rosa G, et al. Oxidative stress in obesity: A
critical component in human diseases. Int J Mol Sci. 2015; 16: 378—400. https://doi.org/10.3390/
ijms16010378 PMID: 25548896

Kuliszkiewicz-Janus M, Mohamed AS, Abod N. The biology of HDL lipoprotein and its antisclerotic activ-
ity. Postepy Hig Med Dosw. 2006; 60: 307-315. (In Polish) PMID: 16819429

Poti F, Simoni M, Nofer J-R. Atheroprotective role of high-density lipoprotein (HDL)-associated sphingo-
sine-1-phosphate (S1P). Cardiovasc Res. 2014; 103: 395-404. https://doi.org/10.1093/cvr/cvu136
PMID: 24891400

Kopprasch S, Srirangan D, Bergmann S, Graessler J, Schwarz PEH, Bornstein SR. Association
between systemic oxidative stress and insulin resistance/sensitivity indices—the PREDIAS study. Clin
Endocrinol. 2016; 84: 48-54. https://doi.org/10.1111/cen.12811 PMID: 25940301

Han CY. Roles of Reactive Oxygen Species on Insulin Resistance in Adipose Tissue. Diabetes Metab
J. 2016; 40: 272-279. https://doi.org/10.4093/dmj.2016.40.4.272 PMID: 27352152

Gorlach A, Dimova EY, Petry A, Martinez-Ruiz A, Hernansanz-Agustin P, Rolo AP, et al. Reactive oxy-
gen species, nutrition, hypoxia and diseases: Problems solved? Redox Biol. 2015; 6: 372-385. https://
doi.org/10.1016/j.redox.2015.08.016 PMID: 26339717

Kim SR, Bae YH, Bae SK, Choi KS, Yoon KH, Koo TH, et al. Visfatin enhances ICAM-1 and VCAM-1
expression through ROS-dependent NF-kappaB activation in endothelial cells. Biochim Biophys Acta.
2008; 1783: 886—895. https://doi.org/10.1016/j.bbamcr.2008.01.004 PMID: 18241674

Van Lenten BJ, Hama SY, de Beer FC, Stafforini DM, Mclntyre TM, Prescott SM, et al. Anti-inflamma-
tory HDL becomes pro-inflammatory during the acute phase response. Loss of protective effect of HDL
against LDL oxidation in aortic wall cell cocultures. J Clin Inves. 1995; 96: 2758-2767. https://doi.org/
10.1172/JCI118345 PMID: 8675645

Farombi O, Abolaji AO, Adedara IA, Maduako |, Omodanisi |. Artemisinin induces hormonal imbalance
and oxidative damage in the erythrocytes and uterus but not in the ovary of rats. Hum Exp Toxicol.
2014; 34:83-92. https://doi.org/10.1177/0960327114532385 PMID: 24876631

Chmielewska M, Skibifnska I, Kotwicka M. Mitochondria: target organelles for estrogen action. Postepy
Hig Med Dosw. (online) 2017; 71: 454—465. (in Polish) https://doi.org/10.5604/01.3001.0010.3828
PMID: 28665276

Pelletier G. Localization of androgen and estrogen receptors in rat and primate tissues. Histol Histo-
pathol. 2000; 15: 1261-1270. https://doi.org/10.14670/HH-15.1261 PMID: 11005250

Nadal-Serrano M, Pons DG, Sastre-Serra J, Blanquer-Rossellé6 Mdel M, Roca P, Oliver J. Genistein
modulates oxidative stress in breast cancer cell lines according to ERa/ER ratio: effects on mitochon-
drial functionality, sirtuins, uncoupling protein 2 and antioxidant enzymes. Int J Biochem Cell Biol. 2013;
45: 2045-2051. https://doi.org/10.1016/j.biocel.2013.07.002 PMID: 23871935

Pons DG, Nadal-Serrano M, Blanquer-Rossello MM, Sastre-Serra J, Oliver J, Roca P. Genistein modu-
lates proliferation and mitochondrial functionality in breast cancer cells depending on ERa/ ER ratio. J
Cell Biochem. 2014; 115: 949-958. https://doi.org/10.1002/jcb.24737 PMID: 24375531

Cao JJ, Gregoire BR. A high-fat diet increases body weight and circulating estradiol concentrations but
does not improve bone structural properties in ovariectomized mice. Nutr Res. 2016; 36: 320-327.
https://doi.org/10.1016/j.nutres.2015.12.008 PMID: 27001277

Silvestris E, de Pergola G, Rosania R, Loverro G. Obesity as disruptor of the female fertility. Reprod
Biol Endocrinol. 2018; 16: 22. https://doi.org/10.1186/s12958-018-0336-z PMID: 29523133

Lizneva D, Rahimova A, Kim S-M, Atabiekov |, Javaid S, Alamoush B, et al. FSH Beyond Fertility. Front
Endocrinol (Lausanne). 2019; 10: 136. https://doi.org/10.3389/fendo.2019.00136 PMID: 30941099

PLOS ONE | https://doi.org/10.1371/journal.pone.0251789 May 18, 2021 16/17


https://doi.org/10.1155/2016/5029414
https://doi.org/10.1079/BJNBJN2002524
https://doi.org/10.1079/BJNBJN2002524
http://www.ncbi.nlm.nih.gov/pubmed/12064343
https://doi.org/10.1038/35008121
http://www.ncbi.nlm.nih.gov/pubmed/10783895
https://doi.org/10.1016/j.soc.2017.11.001
https://doi.org/10.1016/j.soc.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29496087
https://doi.org/10.2337/db06-1656
https://doi.org/10.2337/db06-1656
http://www.ncbi.nlm.nih.gov/pubmed/17287468
https://doi.org/10.3390/ijms16010378
https://doi.org/10.3390/ijms16010378
http://www.ncbi.nlm.nih.gov/pubmed/25548896
http://www.ncbi.nlm.nih.gov/pubmed/16819429
https://doi.org/10.1093/cvr/cvu136
http://www.ncbi.nlm.nih.gov/pubmed/24891400
https://doi.org/10.1111/cen.12811
http://www.ncbi.nlm.nih.gov/pubmed/25940301
https://doi.org/10.4093/dmj.2016.40.4.272
http://www.ncbi.nlm.nih.gov/pubmed/27352152
https://doi.org/10.1016/j.redox.2015.08.016
https://doi.org/10.1016/j.redox.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26339717
https://doi.org/10.1016/j.bbamcr.2008.01.004
http://www.ncbi.nlm.nih.gov/pubmed/18241674
https://doi.org/10.1172/JCI118345
https://doi.org/10.1172/JCI118345
http://www.ncbi.nlm.nih.gov/pubmed/8675645
https://doi.org/10.1177/0960327114532385
http://www.ncbi.nlm.nih.gov/pubmed/24876631
https://doi.org/10.5604/01.3001.0010.3828
http://www.ncbi.nlm.nih.gov/pubmed/28665276
https://doi.org/10.14670/HH-15.1261
http://www.ncbi.nlm.nih.gov/pubmed/11005250
https://doi.org/10.1016/j.biocel.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23871935
https://doi.org/10.1002/jcb.24737
http://www.ncbi.nlm.nih.gov/pubmed/24375531
https://doi.org/10.1016/j.nutres.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/27001277
https://doi.org/10.1186/s12958-018-0336-z
http://www.ncbi.nlm.nih.gov/pubmed/29523133
https://doi.org/10.3389/fendo.2019.00136
http://www.ncbi.nlm.nih.gov/pubmed/30941099
https://doi.org/10.1371/journal.pone.0251789

PLOS ONE

Models of sucrose intake and the oxidative status of the uterus and ovary of rats

44,

45.

46.

47.

48.

49.

Al-Jefout M, Alnawaiseh N, Al-Qtaitat A. Insulin resistance and obesity among infertile women with dif-
ferent polycystic ovary syndrome phenotypes. Sci Rep. 2017; 7: 5339. https://doi.org/10.1038/s41598-
017-05717-y PMID: 28706269

Fuijii J, luchi Y, Okada F. Fundamental roles of reactive oxygen species and protective mechanisms in
the female reproductive system. Reprod Biol Endocrinol. 2005; 3: 43. https://doi.org/10.1186/1477-
7827-3-43 PMID: 16137335

Wang S, He G, Cheng M, Zuo T, Xu W, Liu X. The role of antioxidant enzymes in the ovaries. Oxid Med
Cell Longev. 2017; 2017: 4371714. https://doi.org/10.1155/2017/4371714 PMID: 29147461

Sugino N. Reactive oxygen species in ovarian physiology. Reprod Med Biol. 2005; 4: 31—44. https://
doi.org/10.1007/BF03016135 PMID: 29699208

Shkolnik K, Tadmor A, Ben-Dor S, Nevo N, Galiani D, Dekel N. Reactive oxygen species are indispens-
able in ovulation. Proc Natl Acad Sci USA. 2011; 108: 1462—1467. hitps://doi.org/10.1073/pnas.
1017213108 PMID: 21220312

Behrman R, Kodaman PH, Preston SL, Gao S. Oxidative stress and the ovary. J Soc Gynecol Investig.
2001; 8: S40-S42. https://doi.org/10.1016/s1071-5576(00)00106-4 PMID: 11223371

PLOS ONE | https://doi.org/10.1371/journal.pone.0251789 May 18, 2021 17/17


https://doi.org/10.1038/s41598-017-05717-y
https://doi.org/10.1038/s41598-017-05717-y
http://www.ncbi.nlm.nih.gov/pubmed/28706269
https://doi.org/10.1186/1477-7827-3-43
https://doi.org/10.1186/1477-7827-3-43
http://www.ncbi.nlm.nih.gov/pubmed/16137335
https://doi.org/10.1155/2017/4371714
http://www.ncbi.nlm.nih.gov/pubmed/29147461
https://doi.org/10.1007/BF03016135
https://doi.org/10.1007/BF03016135
http://www.ncbi.nlm.nih.gov/pubmed/29699208
https://doi.org/10.1073/pnas.1017213108
https://doi.org/10.1073/pnas.1017213108
http://www.ncbi.nlm.nih.gov/pubmed/21220312
https://doi.org/10.1016/s1071-5576%2800%2900106-4
http://www.ncbi.nlm.nih.gov/pubmed/11223371
https://doi.org/10.1371/journal.pone.0251789

