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Fertility is the capacity to conceive and produce offspring
whereas infertility is considered the failure to do so after
12 months of regular, unprotected sexual intercourse. Cur-
rently, millions of people suffer from infertility and concerns
therein increase worldwide, especially in developing coun-
tries where the majority of infertility diagnosis are estab-
lished [1]. It is estimated to affect 1 in 6 couples with an
almost equal contribution of male or female to the number
of cases [2]. Underlying causes associate with modern life-
style patterns or disorders that include increased maternal
ageing, obesity and diabetes, anxiety, alcohol consumption,
smoking, and exposure to pollutants, including those acting
as endocrine disruptors.

Common to all of these conditions is the excessive pro-
duction of reactive oxygen species (ROS) which may result
in oxidative stress (OS) if the cellular antioxidant capacity
is insufficient or ineffective to counteract ROS formation.
OS is believed to contribute to infertility by interfering with
fundamental processes involved in reproduction, including
spermatogenesis, folliculogenesis, fertilization, implantation,
and placentation [3-5]. At the subcellular level, excessive
ROS production dysregulates cell signalling networks and
promotes oxidation of DNA, lipids, and proteins, which
can ultimately lead to cellular dysfunction by functionally
altering subcellular structures such as the endoplasmatic
reticulum or the mitochondria, to name a few. Thus, studies
focusing on causal connections between ROS, infertility,
reproductive ageing, pregnancy-related pathologies, and cel-
lular stress are of main interest.

The most significant contributor to infertility is mater-
nal ageing, mainly because of the age-related decay in folli-
cle number and oocyte quality. F. Timdteo-Ferreira et al.
novel findings showed that specific antioxidant supplemen-
tation in mice is able to counteract age-related oxidative
stress in the ovary, fibrosis, and inflammation, thus provid-
ing an effective role in delaying ovarian ageing. The uterus
is also an important contributor because it must provide an
adequate microenvironment for blastocyst implantation. M.
Nasiadek et al. evaluated the effect of subchronic exposure
to cadmium, an environmental toxicant and endocrine dis-
ruptor present in food and smoking tobacco, on rat female
reproductive system. They showed persisting cadmium-
mediated plasma and uterine estradiol concentration changes,
oestrous cyclicity disorders, and increased lipid peroxidation
in the uterus that is able to result in ovarian and uterine dys-
function leading to infertility. In fact, the possibility that an
abnormal uterine microenvironment, already present before
or at the time of implantation, jeopardizes fertility and
increases the risk for the development of pregnancy-related
complications was reviewed by S. Mendes et al. The review
addressed mechanisms by which uterine factors regulate pla-
centation, with a special focus on ROS physiological and path-
ophysiological role.

The possibility of improving male fertility by alleviating
OS was also addressed in this special issue. The manuscript
by J. Ye et al. provided new insights into the use of metformin
to improve obesity-associated male infertility. Metformin
beneficial effects were mediated by a reduction of ectopic


https://orcid.org/0000-0002-6736-3469
https://orcid.org/0000-0002-3036-3211
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/4674896

lipid accumulation in the testis, reduction of OS production,
and mitigation of high-fat-diet-induced injury to the blood-
testis barrier, all accompanied by male fertility improve-
ment. An interesting article (B. H. Ali et al.) addressing
water pipe smoke-induced testicular toxicity and the protec-
tive effect of nootkatone, a sesquiterpenoid isolated from
plants with antioxidant and anti-inflammatory properties,
is also included.

This special issue contributes with original articles that
highlight and unravel mechanisms by which OS promotes
infertility of both male or female origin and new antioxidant
approaches that may improve fertility.
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Cadmium (Cd) is an environmental toxicant and endocrine disruptor in humans and animals, and recent studies have illustrated
that the uterus is exceedingly sensitive to Cd toxicity. The aim of the study was to investigate the influence of subchronic (90 days)
oral Cd exposure in daily doses of 0.09-4.5 mg/kg b.w. on the balance of sex hormones by estimating estradiol (E,) and progesterone
(P) concentrations in the uterus and plasma in comparison with the effects of 17B-E,. Additionally, the uterine weight,
histopathological changes in the uterus and ovaries, the regularity of the estrous cycle, Cd bioaccumulation in uterine tissue, and
selected biochemical parameters of oxidative stress were determined. A long period of observation (three and six months
following the administration period) was used to assess whether the existing effects are reversible. The lowest dose of Cd caused
effects similar to 173-E,: an increase of E, concentration in the uterus, endometrial epithelium thickness, and disturbed estrous
cycle with estrus phase prolongation. The obtained results suggest that Cd causes nonlinear response. Higher doses of Cd caused
a significant decrease in E, concentration in the uterus and plasma, estrous cycle disturbances, endometrium atrophy, and
structural damage in the ovaries. This dose additionally induces lipid peroxidation in the uterine tissues. It is noteworthy that a
prolonged time of observation after terminating the exposure showed persistent changes in the concentration of E, in uterine
tissue, as well as alterations in estrous cycle phases, and an increase in lipid peroxidation in the uterus. Moreover, significant
positive correlations between the plasma E, concentration and endometrial epithelium thickness in all studied groups were
found. In summary, subchronic oral Cd exposure of female rats may result in impaired fertility processes.

1. Introduction

Cadmium (Cd) is an important industrial and environmental
pollutant. In addition, it should be taken into account that Cd
pollution is global; hence, this metal has been placed 7th on
the list of substances that pose a potential threat to human
health due to their known or suspected toxicity [1]. Cd is
used for the plating of steel, as a plastic stabilizer, as an elec-
trode material in nickel-cadmium batteries, and as a material
in semiconductors. Mining, smelting, and industrial use have
resulted in the increased bioaccessibility of Cd in the envi-
ronment, and anthropogenic sources are the most significant
threat to human health [2]. Although Cd is used in a variety
of manufactured products, for most people in the general

population the primary sources of exposure are food and
smoking tobacco [2, 3]. Cigarette smoking contributes
between two and four pg of Cd per pack. The European Food
Safety Authority (EFSA) has estimated the average daily die-
tary exposure of Cd to be between 20.3 and 74.2 ug/day per
70kg person [4]. Specific groups at risk of consuming higher
dietary Cd than is recognized as safe are children and vege-
tarians [5].

Women are thought to be at greater risk of increased Cd
accumulation as the concentrations of Cd in the blood, tissue,
and urine are higher than in males due to lower concentra-
tions of iron [6-9]. In humans, Cd accumulates not only in
the kidney and liver, but also in the reproductive organs
[10-12]. To date, many in vivo studies indicate the toxic
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effects of Cd on female reproductive organs, including the
endocrine system, the effects which seem to depend not
only on the dose but also on the route of Cd administration
[13-24]. However, the mechanism of Cd reproductive toxic-
ity has not yet been elucidated completely, and there are still
controversies with regard to the estrogen-like effect of this
metal. Cd is listed as a metalloestrogen because of its ability
to bind to the cellular estrogen receptor (ER) and hence
mimic the actions of estrogens [25]. Johnson et al. [26]
reported that Cd exposure in ovariectomized rats produced
uterine hyperplasia, increased growth of the mammary
glands, and the induction of hormone-regulated genes. Ali
et al. [27] suggest that Cd exposure induces a limited spec-
trum of estrogenic responses in vivo and that, in certain tar-
gets, the effects of Cd might not be mediated via classical ER
signaling through estrogen response element-regulated
genes. Because of disturbed steroid hormone secretion, it is
also suggested that the direct effect of Cd on the ovaries or
the indirect effect of Cd on the hypothalamus-pituitary-
gonadal axis should not be excluded. It was proved in
in vivo studies that Cd administration leads to histopatholog-
ical alterations in the ovary (degeneration of the corpus
luteum, damaged and less numerous oocytes, and degenera-
tion of granulosa cells) and uterus (an increase in the luminal
epithelial height and in the endometrial thickness) [24, 28-
30]. In addition, subacute Cd administration led to Cd accu-
mulation and the induction of oxidative stress in rat ovaries
and uterus [29, 31]. The results of our previous work indicate
that subacute (30-day) exposure to Cd leads to histopatho-
logical changes in the ovaries and in the uterus, as well as
disturbances in the concentrations of circulating steroid hor-
mones, suggesting an antiestrogenic effect, which was associ-
ated with abnormalities in the estrous cycle in female rats
[24]. Despite that environmental exposure to Cd is lifelong,
data on the subchronic or long-term effects of Cd on the
uterus is still limited. Thus, the aim of the study was to inves-
tigate the subchronic effects of Cd on the female rat repro-
ductive system—by estimating the balance of sex hormones
based on estradiol (E,) and progesterone (P) concentrations
in the uterus and plasma in comparison with the effects of
17B3-E,. Additionally, the uterine weight, histopathological
changes of the uterus and ovaries, estrous cyclicity, Cd
bioaccumulation in uterine tissue, and selected biochemical
parameters of oxidative stress were determined. In order to
discover whether the existing effects are reversible, we used
a long period of observation in the exposed females, i.e., three
and six months after the subchronic Cd administration
period, after which the same parameters were determined.

2. Material and Methods

2.1. Animal Selection, Care, and Drug Treatment. Adult
female Wistar rats (12 weeks old) were kept in polypropylene
cages at a controlled temperature of 22 + 1°C and relative
humidity of 50-60% with free access to tap water and a diet
low in phytoestrogen content (Ssniff R/M-H). The rats were
allowed to acclimate for two weeks, during which the regular-
ity of the estrous cycles was confirmed.

Oxidative Medicine and Cellular Longevity

The regularly cycling rats were separated into three
experimental groups (each n =56), A, B, and C, which were
then divided into seven subgroups (each n = 8). The experi-
mental design and dose regiment is summarized in
Figure 1. The four Cd subgroups (from each of the following
groups: A, B, and C) received Cd orally by gavage for 90 days
(CdCl,, Sigma-Aldrich, St. Louis MO, USA) at different daily
doses of 0.09, 0.9, 1.8, and 4.5mg/kg b.w., which corre-
sponded to 1/1000, 1/100, 1/50, and 1/20 LD, (88 mg/kg
b.w.) [32], respectively. The three control subgroups (from
each of the following groups: A, B, and C) were administered
distilled water (pure control), peanut oil (oil control), and
17B-E, in a dose of 0.03mg/kg b.w. (Sigma-Aldrich, St.
Louis, MO, USA) dissolved in peanut oil (positive control).
After 90 days of exposure, group A was sacrificed; however,
groups B and C were subjected to three-month (90-day)
and six-month (180-day) observation periods, respectively.
The animals from the control subgroups received vehicle fol-
lowing the same protocol used for the rats exposed to Cd.
The daily water intake and feeding habits of all the animals
were carefully observed throughout the experimental sched-
ule. During and following the treatment, all animals were
observed carefully for mortality, body weight, and gross
behavioral changes. All procedures conducted on the rats
were approved by the Local Animal Ethical Committee of
the Medical University of Lodz (LKE 46/LB/481/2009;
14/LB481/DLZ/2012).

2.1.1. Euthanasia, Tissue Collection, and Preservation. The
female rats which were in the estrus stage were weighed
and underwent euthanasia after 90 days of exposure (group
A), and after 90 days (group B) or 180 days (group C) of
observation following a 90-day exposure. Blood samples were
collected from all rats by heart puncture under light carbon
dioxide anesthesia into Vacutainer tubes for metal analysis
(S-Monovette, Sarstedt). The ovaries and the uterus were dis-
sected out and weighed. For histological examination, part of
the uterus and all of the ovaries were fixed in 10% formalin.

For Cd analysis, whole blood (1 mL) was kept in acid-
washed cryotubes at -80°C, while the remaining part of the
blood was centrifuged at 3000 x g (10 min, 4°C) to separate
the plasma. Part of the uterus was stored at -80°C in cryo-
tubes for Cd analysis. The plasma for hormone analysis and
biochemical assays (sex hormones and total antioxidant sta-
tus (TAS) concentrations) was stored at -20°C.

2.2. Cd Concentration Assessment. The whole blood and
uterus Cd concentrations were measured using GFAAS
(Hitachi Z-8270) with the Zeeman-type background correc-
tion, autosampler, and pyrocoated tube. Earlier, the whole
blood and uterus samples were digested with ultrapure
HNO;, using a microwave digestion system (MARSXpress,
CEM Corporation, USA). To determine Cd concentrations,
samples were prepared in duplicate. For each series of analy-
ses, internal quality controls were used (analyses of reference
samples: Seronorm Whole Blood Level 1 (Sero, Norway) and
Bovine liver 1577b (National Institute of Standards and
Technology)). The analytical quality control was in the range
of reference values. The limit of detection (LOD) for Cd
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FiGure 1: Experimental model.

determined by GFAAS was 0.2 ug/L or 0.2ng/g wet tissue.
Cd concentrations in whole blood and uterine tissue were
expressed as pg/L or ug/g wet tissue.

2.3. Estrous Cycle Assessment. The estrous cycle was deter-
mined by cytological examination of vaginal smears obtained
for two consecutive weeks prior to conducting the experi-
ments and two weeks before section. The stages of rat estrous
cycle were classified as proestrus, estrus, metaestrus, and
diestrus according to the presence, absence or proportions
of vaginal smears of three cell types: cornified cells (kerati-
nized), epithelial cells, and leukocytes. The estrous cycle
duration was calculated as the number of days between the
estrus and proestrus stage [33, 34].

2.4. Histopathological Examinations. Part of the uterus and
ovaries were fixed in 10% formalin for 24 h and then embed-
ded in paraffin blocks, sliced into 5 ym sections, and stained
with hematoxylin-eosin (H&E) for the histopathological
evaluation. The sections were examined under a light micro-
scope (Olympus BX51; Olympus, Tokyo, Japan).

2.5. Measuring Endometrial Epithelium Thickness. The thick-
ness of the epithelial layer was evaluated using a computer
image analysis system consisting of a PC equipped with a
Pentagram graphic tablet, an Indeo Fast card (frame grabber,
true-color, real-time) produced by Indeo (Taiwan), and a
color TV camera from Panasonic (Japan) coupled with a Carl
Zeiss microscope (Germany). This system was programmed
(MultiScan 18.03 software, produced by Computer Scanning
Systems, Poland) to calculate the distance (semiautomatic
function). In each case, measurements were performed in
high-power monitor fields and then the mean endometrial
epithelium thickness was calculated.

2.6. Biochemical Analysis

2.6.1. Plasma Sex Hormone Concentration. The plasma E,
and P concentrations were determined by an electrochemi-
luminescence method using a Roche Diagnostic kit on a
Cobas 2601 analyzer (LOD: E, =5 pg/mL; P =0.03 ng/mL).
The values reported are the sum of estradiol and estrone
because chromatographic purification of the samples was
not performed.

The concentrations of E, and P in the rat tissue were
determined using an ELISA kit according to the manufac-
turer’s instructions, respectively: rat (E,) ELISA kit—catalog
No. 201-11-0175, SRB (China), and (P) ELISA kit—catalog
No. CSB-E07282r Cusabio Biotech Co., Ltd, (Japan). The
sensitivities of the kits were E, =3.112 pg/mL and P =0.25
ng/mL. The samples of uterus for hormone analysis were
homogenized well to produce 10% homogenates in PBS
and stored overnight at -20°C. For the assay of E,, the sam-
ples were centrifuged for 20 min at 2000-3000 x g. For the
assay of P, after two freeze-thaw cycles were performed to
break the cell membranes, the homogenate was centrifuged
for 5min at 5000 x g at 2-8°C. The E, and P assays in the
supernatant were carried out immediately.

2.6.2. Determination of Plasma TAS. The major antioxidant
defences in plasma include ascorbate, protein thiols, biliru-
bin, urate, and a-tocopherol. Applying this method (TAS)
allows to determine these major antioxidants in plasma.
The plasma TAS was measured with a Ransel NX 2332
ready-made test (Randox Laboratories), according to the
manufacturer’s instructions. The TAS concentration was
expressed as mM.

2.6.3. Determination of Catalase (CAT) Activity in Uterus.
The uterus tissues were rapidly excised and homogenized in



an ice bath using phosphate-buffered saline (pH7.4) with
0.01% digitonin using a Kika Labortechnik T-25 basic
homogenizer. The homogenate was centrifuged at 10,000 x
g for 30min at 4°C. CAT activity in the supernatant of the
uterus homogenate was measured using a CAT 240 color-
imetric assay kit for CAT activity (Applied Bioanalytical
Labs) according to the manufacturer’s instructions. CAT
activity was expressed as U/mg protein. Protein concen-
trations in supernatants were determined according to
Lowry et al. [35].

2.6.4. Determination of GSH in Uterus. The GSH concentra-
tion in the uterus (10% homogenate in phosphate-buffered
saline pH®8.0) was determined according to Sedlak and
Lindsay [36]. This method allows to assay nonprotein sulf-
hydryl compounds (NPSH), the sum of cellular glutathione
and cysteine. Glutathione exists in thiol-reduced (GSH)
and disulfide-oxidized (GSSG) forms. The GSH accounts
for more than 90% of total NPSH [37], while the GSSG con-
tent is less than 1% of GSH [38]. The standard curve was
obtained by using GSH, hence the results were expressed
as GSH concentration (ymol/g tissue).

2.6.5. Determination of MDA in Uterus. MDA concentra-
tions, an indicator of free radical generation, which increases
at the end of the lipid peroxidation, were estimated according
to Uchiyama and Mihara [39]. The concentration of MDA
was expressed as nmol/g tissue.

2.7. Statistical Analysis. All biochemical data were analyzed
by STATISTICA software (StatSoft, Poland). We used the
Kruskal-Wallis one-way analysis of variance followed by a
pair-wise comparison of selected means with the Mann-
Whitney U-test. We used Spearman’s rank correlation (r)
to assess univariate associations.

In the estrous cycle, the statistical analysis was comprised
of the following: (1) the mean length of the estrous cycle in
the controls and the Cd-exposed females, and (2) the fre-
quency of each of the four cycle phases. The one-way analysis
of variance following Dunnet’s test was used in the case of
variance homogeneity, and the Kruskal-Wallis analysis of
variance was followed by the nonparametric test in the case
of heterogeneity. Frequency data were analyzed with the
Fisher’s exact probability test. The statistical significance was
setat p <0.05.

3. Results

During the whole administration time (90 days) and obser-
vation periods (three or six months) no changes in animal
behavior or appearance were noted; all rats survived until
the termination of the study. There were also no significant
changes in feed and water intake during the Cd administra-
tion or observation periods (data not shown). Moreover,
integral toxicity parameters, such as body weight, selected
organs’ (liver, kidneys, and uterus) absolute and relative
weights, and weight gain were unchanged in all groups
(Supplementary Table SI and S2).
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3.1. Cd Concentration. Subchronic per os administration of
Cd at the range of doses used in this study resulted in a
significant dose-dependent increase in whole blood Cd
concentration (Cd-B), as depicted in Figure 2. The mean
Cd-B in rats from all pure control groups did not exceed
0.3 ug/L. With the exception of the lowest Cd dose
(0.09mg/kg b.w.), significantly elevated Cd-B were main-
tained for both three and six months following the expo-
sure. However, a decreasing trend in Cd-B could be
observed in the postexposure period for all used doses
(Figure 2). For the first three months of observation, the
rate of Cd-B decrease was faster (about 10 times) than
during the subsequent three months of observation (about
twice). Only in the case of the lowest dose (0.09 mg/kg
b.w.) did the Cd-B concentration decrease about three
times after three months following the exposure period.

Like the whole blood, the concentration of Cd in the
uterus was also dose-dependent (Figure 3). In the case of
the uterus, the mean increase in Cd concentration, after 90
days’ administration with Cd doses of 0.09, 0.9, 1.8, and
4.5 mg/kg b.w., was 15-, 80-, 320-, and 500-fold, respectively,
compared to the control group. However, in contrast to
Cd-B, all used doses caused a significant increase in Cd con-
centrations in this tissue, which was maintained at nearly the
same concentration for up to six months after the end of the
administration period. Moreover, in the examined females, a
significant, strong correlation between the Cd-B and Cd
concentrations in uterine tissues was observed after 90 days
of exposure (r=0.98; p<0.05) and after three (r=0.92;
P <0.05) and six months following termination of the expo-
sure (r =0.96; p < 0.05).

3.2. Concentrations of Sex Hormones. Concentrations of
selected sex hormones (E, and P) and their ratio (P/E,),
both in the plasma and in the uterus tissue, are presented
in Figures 4 and 5. The E, plasma concentration sig-
nificantly decreased after administration of Cd in doses
0.9-4.5mg/kg b.w. (Figure 4(a)), but this effect was not
observed in the postexposure periods. In the case of the
uterus, only the lowest dose (0.09 mg/kg b.w.) and the pos-
itive control caused a significant E, concentration increase in
contrast to the other Cd doses, where the opposite trend was
observed (Figure 5(a)). However, after 90 and 180 days of
observation, in almost all animals exposed to Cd, a dimin-
ished concentration of E, was noted (Figure 5(a)). In the
positive control group, the remarkably higher concentration
of E, noted at the end of the exposure lasted up to six months
in the plasma and up to three months in the uterus
(Figures 4(a) and 5(a)).

The concentration of P in plasma seems to be unaffected
by Cd administration (Figure 4(b)). In the uterus, only expo-
sure to the lowest dose resulted in a significant increase in P
concentration (Figure 5(b)). For a better illustration of the
disturbed hormonal homeostasis, a P/E, ratio was calculated
(Figures 4(c) and 5(c)). As shown in the results from
Figure 4(c), significant disturbances in the calculated ratio
of hormones’ concentrations (P/E,) in the plasma was
observed only after 90 days of the exposure in the groups of
rats administrated Cd at doses of 0.9-4.5 mg/kg b.w., which
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FIGURE 2: Cadmium concentrations in blood (Cd-B) following 90-day oral exposure to CdCl, or 17f-estradiol (positive control), at the
90-day and 180-day postexposure periods. p <0.05 (a—vs. pure control group, b—vs. oil control, and c—vs. positive control).

mainly result from a decrease of E, concentration in the
plasma of these females. However, in uterine tissue, signifi-
cant changes were detected in the calculated ratio of P/E,
hormones in all assessed groups, which persisted until ter-
mination of the observation, with the exception of the group
administered the lowest dose, in which the changes were not
statistically significant (Figure 5(c)).

3.3. Estrous Cycle. The results of the estrous cycle analy-
sis after exposure to Cd are presented in Table 1 and in
Supplementary Figures S1-S3. For better readability of the
observed disorders, which often occur in individual rats and
sometimes there was no statistical significance in the group
observed, in the figures, they are presented for each female
rat individually. The highest number of both extended
cycles and different phase lengths was recorded after 90
days of exposure in almost all groups administered Cd.
The largest prolongation of the cycle length (5.6 + 0.3 days)
was noted in the positive control, which was caused by the

prolongation of the estrus phase at the expense of the
diestrus and proestrus phases. In the groups of female rats
exposed to Cd in doses of 0.09-1.8mg/kg b.w., a
statistically significant prolongation of the cycle was also
noted in 37.5-50% of the rats; however, it was conditioned
not only by the estrus phase (doses of 0.09 and 1.8 mg/kg
b.w.) but also by the diestrus phase (dose of 0.9mg/kg
b.w.). After the rats were administered the highest dose of
Cd (4.5 mg/kg b.w.), no significant increase in the duration
of the cycle length was observed, but the individual
phases, especially diestrus and proestrus, were significantly
extended and shortened, respectively.

After both three and six months of postexposure obser-
vation, a significant prolongation of the cycle length among
the exposed groups was maintained only at the lowest Cd
dose (0.09 mg/kg b.w.) among 25% and 37.5% of the rats,
respectively. However, the statistically significant prolonga-
tion of the estrus phase was only observed after 180 days
of the postexposure period (Supplementary Figure S3).
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FI1GURE 3: Cadmium concentrations in the uterus following 90-day oral exposure to CdCl, or 173-estradiol (positive control), at the 90-day
and 180-day postexposure periods. p <0.05 (a—vs. pure control group, b—vs. oil control, and c—vs. positive control).

Administration of a higher dose (0.9 mg/kg b.w.) both after
90 and 180 days of observation led only to a statistically
significant extension of the estrus phase; however, it did
not lead to significant changes in the duration of the whole
cycle length (Supplementary Figures S2 and S3). In the
positive control, no changes were noted in the estrous cycle
length after six months of observation (Table 1).
Nevertheless, in individual females, estrus and diestrus
phase prolongation and shortening of the proestrus phase,
especially after six months was observed (Supplementary
Figure S3).

3.4. Endometrial Epithelium Thickness. Morphometric analy-
sis during the estrus stage showed that Cd administered
orally (0.09, 0.9, 1.8, and 4.5mg/kg b.w.) for 90 days
induced a significantly increased thickness of the epithelial
layer only after the smallest dose when compared to the
pure control group (Table 2). Similar endometrium changes
with increased glands in the uterus in the group of females
treated with 17f-E, were observed. These changes might
suggest endometrial hyperplasia. Furthermore, the increase

in endometrial epithelium thickness (1.6-fold) was detected
in comparison to the oil and pure control groups, which
persisted for six months following the termination of expo-
sure to 173-E, (Table 2 and Figures 6(g) and (h)). In contrast,
after the administration of higher doses of Cd, we observed a
noticeable endometrium atrophy (a thin epithelial layer and
not numerous glands), especially after a 180-day postexpo-
sure period, (Figures 6(c) and (d)) resulting from a decrease
in E,, both in the plasma and in uterine tissue, confirmed
by a significant correlation coefficient between the concentra-
tion of E, in the plasma and endometrial epithelium thick-
ness in all examined groups: r=0.51 (p<0.05) for the
exposure period (group A), r=0.54 (p<0.05) after three
months of observation (group B), and r=0.71 (p<0.01)
for the six-month observation period (group C) (Figure 7).

3.5. Ovary Histology. The control group demonstrated a
normal basic structure of rat ovaries, usually containing a
corpus luteum and all developmental stages of follicles
(Figure 8(a)). The Cd-exposed group (4.5 mg/kg b.w.) showed
histopathological alterations in the ovary: degeneration of the
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FIGURE 4: E, (a) and P (b) concentrations and the ratio of P/E, (c) in plasma following 90-day oral exposure to CdCl, or 17-estradiol
(positive control), at the 90-day and 180-day postexposure periods. p <0.05 (a—vs. pure control group, b—vs. oil control, and c—vs.
positive control).
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TaBLE 1: Cycle phases and all cycle lengths following oral, subchronic CdCl,, or 17-estradiol (positive control) exposure and 90- and 180-
day postexposure periods in comparison to controls.

Phase length (days)

Treatment Dose (mg/kg b.w.) Cycle length (days) No. of extended cycles

Proestrus Estrus Metaestrus  Diestrus
Group A (90-day exposure)
Pure control 0 1.8£0.1 2.8+0.2 2.6+0.1 4.7+0.2 4.3+0.1 0
Cd 0.09 1.240.1*°  4.6+1.0° 1.9+03* 4.6+07 5.4+0.8" 4
Cd 0.9 1.8+0.2 29+0.2 22+0.2 5.1+0.2" 47+0.2" 3
Cd 1.8 1.8+0.2 3.4+0.2° 2.3+0.2 44102 49+0.3° 3
Cd 4.5 1.4+0.1* 28+02  26+01 52+02° 45+0.3 4
Oil control 0 2.3%0.1 2.6%0.1 29+0.2 43+0.2 39+0.2 0
Positive control 0.03 1.4+0.1* 4.6+04* 23£02 3.7+03° 5.6 +0.3" 5
Group B (90-day exposure and 90-day postexposure periods)
Pure control 0 1.7£0.1 2.3%0.1 2.8+0.2 43+0.2 3.8+0.1 0
Cd 0.09 1.7+0.1 1.9+03* 26+03 48104 4.8+0.5 2
Cd 0.9 1.6£0.1 29+0.2" 22+0.2° 4.0+0.2 4.1x0.1 0
Cd 1.8 1.6+0.1 2.6+0.2 2.6+0.1 4.1+0.1 4.0+0.1 0
Cd 4.5 1.8+0.2 24+02 2.8+0.2 40+0.2 39+0.1 0
Qil control 0 1.6 £0.1 23%0.2 29+0.2 41+0.2 4.0+0.1 0
Positive control 0.03 1.6 +0.1 2.2+0.1 2.7+0.2 4.4+0.1 4.1+0.1 0
Group C (90-day exposure and 180-day postexposure periods)
Pure control 0 1.6+0.1 2.8+0.1 3.1+£0.3 4.4+0.1 4.1+0.1 0
Cd 0.09 1.5+0.3  4.9+0.9° 2.7+0.3 2.9+0.4" 5.3+0.9° 3
Cd 0.9 1.6+0.2 41+0.6* 28+02 35+0.3" 43+0.3 1
Cd 1.8 1.6 £0.1 2.8+0.1 34+0.1 42+0.1 4.0+0.1 0
Cd 4.5 1.8+0.1 2.8%0.1 3.6+£0.3 39+0.3 42+0.1 0
Qil control 0 1.4+0.1 2.8+0.1 32+0.2 4.7+0.2 4.1+0.1 0
Positive control 0.03 1.4£0.1 2.9%0.1 33+£02 4.1+0.2 43+0.2 1

All values are expressed as means + SEM (n = 8). “Significantly different from pure control (p <0.05).

TaBLE 2: Endometrial epithelium thickness (ym) after subchronic oral exposure to CdCl, or 17-estradiol (E,) exposure and 90- and 180-day
postexposure periods in comparison to controls.

Endometrial epithelium thickness (ym)

Groups Pure control 0.09 mgCd/kg 0.9mgCd/kg 1.8mgCd/kg 4.5mgCd/kg Oil control Positive control
A—90-day exposure 19.2+22 27.0+3.1* 21.7+3.6° 20.1+3.1° 24.5+6.3° 21.9+3.3 36.4+2.5
B—90-day postexposure period ~ 21.8+4.3 21.941.9°  194+2.1° 17.9+2.1° 19.1+2.9° 21.80+17  348+25"
C—180-day postexposure period 21.7+1.7 19.6+£1.3°  18.9+25 17.1+1.7*°° 165+1.6*>° 22.5+2.1 33.8+4.1°

All values are expressed as mean + SD. *p < 0.05, significantly different from pure control animals. °p < 0.0, significantly different from oil control. °p < 0.05,
significantly different from positive control.

affects the activity of the uterine CAT causing a significant
decrease (around 25% compared to the pure control), but
only just after the administration period. On the other
hand, no changes in the concentration of GSH in this tis-

corpus luteum and damaged and less numerous oocytes
(Figures 8(b) and 8(c)). In the positive control, no degenera-
tive changes in the ovaries were reported (Figure 8(d)).

3.6. Oxidative Stress Parameters. Administration of Cd at
the two highest doses (1.8 and 4.5mg/kg b.w.) results in
a significant rise of MDA concentration in the uterus
(Table 3), but this effect persisted for the whole observa-
tion period following the exposure (up to six months) only
after the highest dose (4.5mg/kg b.w.). The same dose also

sue were observed throughout all studied doses and
periods. In the case of TAS, only the administration of
E, caused a remarkable increase of TAS in the plasma
after the termination of exposure (Table 3). However, such
effect was not noted in either observation periods or in the
case of Cd exposure.
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F1cure 6: Effect of CdCl, on uterine histology. Photomicrographs of uterine sections stained with hematoxylin and eosin from rats after a
180-day postexposure period (magnification: X200 and x40). (a and b) Sections from the uteri of pure control rats. A thick epithelial layer is
seen as well as many glands. (c) Sections from the uteri of the Cd group (4.5 mgCd/kg). The epithelial layer is thin and contains a small
number of the cells. (d) Sections from the uteri of the Cd group (4.5 mgCd/kg). The epithelial layer is thin, and the glands are not
numerous. (e and f) Sections from the uteri of oil control rats. The epithelial layer is similar to that of the pure control rats. (g)
Sections from the uteri of the 17-estradiol group (0.03 mgE,/kg). Notice the increased thickness of the epithelial layer. (h) Sections
from the uteri of the 17f-estradiol group (0.03 mgE,/kg). Numerous uterine glands are seen. Black bars represent epithelial thickness;
arrows—uterine gland.

4. Discussion particularly in the reproductive system. Studies on the

xenoestrogenicity of Cd conducted so far are ambiguous;
There is a growing fear that a lifetime exposure to xenobi- ~ some of them indicate its estrogenic activity [21, 25, 26, 40],
otics, which disturb hormonal homeostasis, may cause per- while others show an antiestrogenic effect [21, 41, 42]. In

manent change in the functioning of the organism,  the current study, to assess the estrogenic-like effect of Cd
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FIGURE 7: Association between plasma E, concentration and endometrial epithelium thickness in Cd-exposed rats from group A (90-day
exposure) (a); group B (90-day exposure and 90-day postexposure periods) (b); and group C (90-day exposure and 180-day postexposure

periods) (c).

in female rats, we applied a 90-day Cd exposure model with a
long observation period (up to six months) of exposed ani-
mals compared to control groups, including a positive con-
trol. We used per os administration, because this route is
consistent with the general population’s exposure to this
metal. Average daily Cd intakes in European countries have
been estimated between 0.00029 and 0.00106 mg/kg [4].
The lowest daily dose of Cd adopted in this study (0.09 mg/kg
b.w.) was similar to a lower level of general population envi-

ronmental exposure [43, 44]. In our study, Cd-B in rats
exposed to 0.09 mg/kg b.w. for 90 days were similar to those
observed in smokers in the general population [2]. Cd-B in
long-term Cd exposure is thought to be a good indicator of
its internal dose and accumulation, not only in the kidney
(the target organ) but also in other soft tissues, including
the uterus [45, 46]. The results obtained both in this study
and in our previous studies (30-day administration of Cd
to female rats) confirm the relationship between Cd-B and
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(d)

F1Gure 8: Effect of CdCl, on ovary histology. Photomicrographs of ovary sections stained with hematoxylin and eosin (magnification: x100)
from rats after a 180-day postexposure period. (a) Sections from the ovaries of pure control rats. Notice numerous oocytes (arrows). (b)
Sections from the ovaries of the Cd group (4.5 mg Cd/kg). The oocytes are scanty and two of them show degenerative changes (arrows).
(c) Sections from the ovaries of the Cd group (4.5 mg Cd/kg). Arrow points—degenerative changes of corpus luteum. (d) Sections from
the ovaries of the 17f-estradiol group (0.03 mgE,/kg). Corpus luteum and big follicle are seen (arrow—big follicle).

Cd uterus concentration [24]. After a 90-day administration
of Cd, its concentration in the uterus increased in a
dose-dependent manner and was about three times higher
than that after a 30-day administration [24]. Moreover, Cd
concentrations in the uterus six months after terminating
the exposure were virtually at the same level as at the end
of the administration period. Cd bioaccumulation in the
uterine tissue was confirmed by numerous studies among
smoking and nonsmoking women [11, 12, 46]. The health
implications of Cd bioaccumulation in reproductive organs
are still not well known.

Cd action as a metalloestrogen seems to depend not only
on the level of exposure but also on its duration. While the
administration of the lowest dose of Cd (0.09 mg/kg b.w.)
caused estrogenic-like effects, in female rats which were
administered higher doses, antiestrogenic effects were
observed. The estrogenic effects of the lowest Cd dose were
expressed by firstly, significantly higher E, concentrations
in the uterine tissue which correlated with the endometrial
epithelium thickness, and secondly, by the prolongation of
the estrus stage in the estrous cycle, like in positive control
receiving 173-E,. An abnormal cycle was maintained for up
to six months after the termination of the administration.

Uterus weight is one of the accepted endpoints useful in
estrogenicity assessment of xenobiotics [47, 48]. Although
changes in the endocrine profile or thickness of the epithe-
lial endometrium may affect the weight of the uterus, in
our study, the wet weight of the uterus was not significantly
different compared to the pure control. Ali et al. [27] did
not detect any changes in the wet weight of the uterus

either, but they did notice an increase in the uterine lumi-
nal epithelium in mice receiving Cd in doses of 50 and
500 ug/kg b.w. Similarly, no changes in uterine weight
due to Cd have been described in other studies [21, 49];
however, Johnson et al. [26] showed a significant increase
in uterine weight in rats after a single i.p. injection of Cd
at 5 ug/kg b.w.

The mechanism of the estrogenic action of Cd in the
uterus is thought to be associated with the ER. Stoica et al.
[25] suggest that Cd ions can activate the ER by creating
high-affinity interactions with the hormone receptor binding
domain. Fechner et al. [50] revealed that Cd interacts with
the ligand binding domain (LBD) of the ERa and affects
the conformation of the receptor. However, the binding
event, as well as the induced conformation change, greatly
depends on the accessibility of the cysteine tails in the LBD.
Kluxen et al. [51] showed that Cd exerts estrogen-like effects
and modulates aryl hydrocarbon receptor (AhR) expression
and that of AhR target genes. There are also studies indicat-
ing that Cd does not activate classical estrogen signaling in
the uterus but interferes with its pathway [27].

The fact that the estrogen response induced by Cd is dose-
dependent seems to be confirmed by in vitro studies. For
instance, Denier et al. [52] demonstrated on yeast cells that
Cd in low concentrations enhanced the estrogenic response
due to the interaction of E, with ER. Importantly, in high con-
centrations, Cd was cytotoxic to yeast cells. The dose-
dependent effect of Cd was also observed in our study. The
administration of Cd at high doses (0.9-4.5 mg/kg b.w.) to
female rats led to a decrease in E, concentration in both
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TaBLE 3: Oxidative stress biomarkers in rats after oral exposure to CdCl, or 17f-estradiol (positive control) exposure and 90- and 180-day

postexposure periods in comparison to controls.

Treatment Doses TAS in plasma GSH in uterus CAT in uterus MDA in uterus
(mg/kg b.w.) (mM) (umol/g) (U/mg protein) (nmol/g)
Group A (90-day exposure)
Pure control 0 1.16 £ 0.09 1.37+0.32 8.66 +£0.96 62.3+6.80
Cd 0.09 1.11+0.09 1.47 +0.46 11.0+2.10 80.2+7.05
Cd 0.9 1.08 £0.04 1.84£0.18 12.3+1.54 71.0+14.2
Cd 1.8 1.02 £0.07 1.20+0.41 8.71+0.89 84.7 +4.25°
cd 45 0.88+0.15 1.53 +0.40 6.61 + 0.60™>* 98.1+5.13%"¢
Oil control 0 0.95+0.11 1.80+0.10 8.99 +1.68 61.8+£3.52
Positive control 0.03 1.61 +0.60° 1.56 £0.33 7.99+1.53 70.0 £ 8.52
Group B (90-day exposure and 90-day postexposure periods)
Pure control 0 1.04 +0.09 1.46 +0.31 9.02+1.60 65.2+11.30
Cd 0.09 1.01 £ 0.06 1.24+0.21 9.88 £1.82 74.5+10.92
Cd 0.9 1.00 +0.03 1.14+0.19 11.0+1.54 74.8 £ 14.64
Cd 1.8 0.96 £ 0.07 1.32+0.20 7.89+1.15 72.9+£9.07
Cd 4.5 0.93+0.08 1.29 £ 0.05 7.25+1.61 94.6 + 19.50°
Oil control 0 1.05+0.06 1.41+£0.12 9.56 £1.98 67.0£5.04
Positive control 0.03 1.18 £ 0.06 1.61 +0.54 10.2+1.63 68.9+£9.02
Group C (90-day exposure and 180-day postexposure periods)

Pure control 0 1.02+£0.08 1.14+£0.24 9.66 +1.36 60.5+5.85
Cd 0.09 0.95+0.07 1.25+0.29 9.98 £1.95 58.2+13.90
Cd 0.9 0.98 £0.04 1.08 £0.12 10.6 £1.83 71.6 £11.08
Cd 1.8 0.96 +0.09 0.99 +0.08 9.21+1.39 75.3+5.33
Cd 4.5 0.95+0.10 1.25+0.49 8.98 £1.65 92.5 +7.10%%¢
Oil control 0 1.02 £ 0.06 1.21+£0.24 10.0+£0.91 64.9+6.93
Positive control 0.03 1.16 £ 0.09 1.15£0.25 11.1£1.66 62.7 +3.96

All values are expressed as mean + SD. *p < 0.05, significantly different from control pure animals. °p < 0.05, significantly different from oil control, p < 0.05,

significantly different from positive control.

plasma and uterine tissue. Although the effect of lowering E,
concentrations in plasma by Cd exposure has been previously
described [18, 19, 22], the same effect in the uterine tissue is,
according to our knowledge, described here for the first time.

Disorders in E, secretion may have various causes,
including, for example, ovary damage, which was observed
in this study and was expressed as, among others, degenera-
tion of the corpus luteum, damaged and less numerous
oocytes, and degeneration of the granulosa cells. These effects
are in agreement with the literature [20, 28-30]. Structural
damage to the ovary and disturbed E, secretion noted after
the highest Cd dose may contribute to the prolongation of
the diestrus stage in the estrous cycle. Such observations are
in line with our previous results from a 30-day experiment
[24] and studies conducted by Samuel et al. [29]. Disorders
in the cycle may be the first symptoms of reproductive aging
[53]. This can be indirectly confirmed by decreased thickness
of the epithelial endometrium observed in our study, which
significantly correlated with a lowered concentration of E,
in the plasma.

It is suggested that estradiol is a physiological antioxidant
whose deficiency has been shown to be associated with oxida-
tive stress [54]. Thus, the changes observed in the uterus of
rats receiving high doses of Cd in this study may also be asso-
ciated with the induction of oxidative stress in the reproduc-
tive organs and it cannot be ruled out that the induction of
oxidative stress contributes to changes in hormonal balance.
The mechanism of prooxidative Cd action is well known
[55]. Although Cd is not a redox-active agent and is not able
to directly generate ROS through the Fenton or Haber-Weiss
reaction, it contributes to the occurrence of oxidative stress
indirectly through weakening the antioxidative defence and
increasing prooxidant concentrations, as well as causing
mitochondria injury [56]. Numerous in vitro and in vivo
studies confirmed that Cd disrupts the antioxidant defence
by reducing the levels of antioxidants, which are important
in the removal of ROS [55, 57]. Effects of ROS can be miti-
gated by antioxidants, both nonenzymatic and enzymatic,
and key enzymatic antioxidants in cells are superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
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(GPx) [58, 59]. CAT plays a crucial role in scavenging perox-
ides such as H,0,. Thus, its diminished activity may indicate
cellular accumulation of this reactive oxygen species, which
are capable of crossing cell membranes [58]. Although sub-
acute (up to 30 days) administration of Cd leads to alter-
ations in enzymatic antioxidant defence in rat uteri and
ovaries [29, 31, 60-62], there is no data concerning sub-
chronic Cd exposure. In the present subchronic study,
decreased CAT activity and increased MDA concentration
caused by the highest Cd dose seem to confirm disturbed
redox balance in the uterus. Although other markers of oxi-
dative stress were not determined, it could be assumed that
the decrease of CAT activity may indicate an oxidative stress
in this tissue.

It was reported that ROS may propagate the initial attack
on lipid membranes to cause lipid peroxidation (LPO). MDA
(malondialdehyde) is one of the numerous compounds
formed during the process of LPO, which binds to, inter alia,
proteins and DNA modifying its structure. Studies proved
that these MDA adducts play a critical role in many cellular
processes and may participate in secondary deleterious reac-
tions that may cause profound changes in the biochemical
properties of biomolecules, which may facilitate development
of various pathological states [63]. The significantly increased
MDA concentration in uterine tissue, which was observed in
this study, remained up to six months after terminating the
exposure. Thus, the histopathological changes in the uterus
may be also the result of the indirect induction of lipid perox-
idation by Cd.

Noteworthy, Cd could induce ROS production also
nonenzymatically. Nonenzymatic antioxidants such as vita-
mins C and E, zinc and selenium, protein thiols (e.g., gluta-
thione), bilirubin, and urate are often determined as total
antioxidant status (TAS). In this study, the uterine concen-
tration of GSH and plasma TAS in rats exposed to Cd did
not differ significantly from that of control rats. Also,
Mezyniska et al. [44, 64] did not observe a statistically signif-
icant difference in TAS concentrations analyzed in rat liver
after a similar time (3 month) and level of Cd exposure (1
and 5mg/kg b.w.). A significantly reduced hepatic TAS con-
centration was noticed only after ten months of Cd adminis-
tration [44, 64]. Therefore, it has been suggested that the
mechanism of oxidative stress induced by Cd may vary and
depend on the time of exposure. Some studies indicate that
chronic exposure to Cd probably induces ROS by over-
whelming the antioxidant defence leading to increased lipid
peroxidation [64, 65]. On the other hand, short-term expo-
sure to Cd contributes to a significant depletion of glutathi-
one and protein-bound sulthydryl groups, which results in
enhanced production of ROS [66, 67].

Unfortunately, it is very difficult to state whether Cd can
affect reproduction in women through changes in sex hor-
mones and/or through oxidative stress. So far, it has only
been shown that Cd accumulates in women’s uteri and it
may also be responsible for impaired hormonal metabolism
[10, 68-72]. Moreover, in several epidemiological studies,
the relationship between dietary Cd exposure and incidence
of hormone-related cancer, including in the endometrium
and ovaries, has been observed [11, 73].

Oxidative Medicine and Cellular Longevity

5. Conclusions

Our study indicates that Cd exhibits both estrogenic-like (in
a low dose range) and antiestrogenic-like (in a high dose
range) effects, which were connected with disturbed plasma
and the uterine estradiol concentrations and estrous cyclic-
ity disorders. These effects, as well as increased lipid perox-
idation in the uterus and ovary, were observed for six
months following termination of Cd exposure. In addition,
Cd toxicity after the highest dose was also associated with
structural damage of the uterus and ovaries. The obtained
results indicate that women’s long-term exposure to Cd
may lead to reproductive system disorders, which might
even result in infertility.
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Advanced maternal age is associated with higher infertility rates, pregnancy-associated complications, and progeny health issues.
The ovary is considered the main responsible for these consequences due to a continuous decay in follicle number and oocyte
quality. Intracellular imbalance between oxidant molecules and antioxidant mechanisms, in favour of the former, results in
oxidative stress (OS) that is believed to contribute to ovarian ageing. This work is aimed at evaluating whether an age-related
increase in ovarian OS, inflammation, and fibrosis may contribute to tissue dysfunction and whether specific antioxidant
supplementation with a NADPH oxidase inhibitor (apocynin) could ameliorate them. Mice aged 8-12 weeks (reproductively
young) or 38-42 weeks (reproductively aged) were employed. Aged mice were divided into two groups, with one receiving
apocynin (5mM) in the drinking water, for 7 weeks, upon which animals were sacrificed and their ovaries collected. Ovarian
structure was similar at both ages, but the ovaries from reproductively aged mice exhibited lipofuscin deposition, enhanced
fibrosis, and a significant age-related reduction in primordial and primary follicle number when compared to younger animals.
Protein carbonylation and nitration, and markers of OS were significantly increased with age. Moreover, mRNA levels of
inflammation markers, collagens, metalloproteinases (MMPs), and tissue inhibitor MMPs (TIMPs) were upregulated.
Expression of the antifibrotic miRNA29¢-3p was significantly reduced. Apocynin supplementation ameliorated most of the age-
related observed changes, sometimes to values similar to those observed in young females. These findings indicate that
there is an age-related increase in OS that plays an important role in enhancing inflammation and collagen deposition,
contributing to a decline in female fertility. Apocynin supplementation suggests that the imbalance can be ameliorated and thus
delay ovarian ageing harmful effects.

1. Introduction

During the last decades, developed and developing countries
have experienced economic and educational changes that
gave women the opportunity to reach higher professional
and decision levels. As a consequence, childbearing has been
postponed into a period of life when fertility success
decreases and pregnancy-associated disorders increase sig-
nificantly [1].

Human female fertility peaks in the early 20s and gradu-
ally declines until the mid-30s. Thereafter, reproductive

potential falls sharply, until it virtually ends at menopause
around the age of 50 [2]. The ovary is believed to be the main
fertility regulator due to the continuous age-related decay in
follicle number and oocyte quality [3].

A theory for ovarian ageing holds that age-related disrup-
tion of redox homeostasis affects oocyte quality [4]. The con-
tinued generation of reactive oxygen species (ROS) together
with an age-related decline in activity and expression of
important follicle antioxidant enzymes results in an imbal-
ance between ROS production and antioxidant defences.
The condition leads to oxidative stress (OS) responsible for
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protein, amino acid, lipid, and DNA damage that underlie
ovarian ageing and fertility loss [5]. As a matter of fact,
in follicular fluid of older women, the expression of
important antioxidant enzymes, as catalase and specific
glutathione S-transferases, is significantly lower when com-
pared with younger women [6]. Similarly, superoxide dis-
mutase 1, superoxide dismutase 2, and catalase gene
expression in granulosa [7] and cumulus oophorus cells
[8] are also downregulated during reproductive ageing. In
this process, the use of specific antioxidant molecules has
shown beneficial effects in delaying follicle depletion and
fertility impairment [9-12].

Studies on ovarian ageing have expanded from the oocyte
immediate surroundings to the ovarian stroma, mainly com-
posed of an arrangement of extracellular matrix components
(ECM) and fibroblasts and smooth muscle, endothelial, and
immune cells. This microenvironment has an important
impact on follicle development and oocyte quality. In fact,
Briley et al. [13] verified ovarian microenvironment changes
with age, specifically an increase in fibrosis and inflamma-
tion, and suggested its contributory role to the coincident
decrease in oocyte quality. ROS are also believed to contrib-
ute to the synthesis and activation of various cytokines and
growth factors, hence creating common feedforward and
tfeedback mechanisms that promote tissue fibrosis [14].

Inflammation and ROS formation appear to be key
factors in the pathogenesis of ovarian fibrosis [15], which
reflects a disturbance of the synthesis and degradation of
extracellular matrix (ECM) favouring excessive collagen
deposition. Important regulators of ECM homeostasis are
metalloproteinases (MMPs), a group of enzymes capable of
degrading all types of ECM components [16], and tissue
inhibitor metalloproteinases (TIMPs), both affected by age-
ing [17]. More recent studies have also identified specific
microRNAs (miRNAs) as important mediators in fibrosis;
they act either by regulating target genes involved in the
process of ECM remodelling or by signalling pathways
associated with it [18]. Reduction of ROS production by
inhibiting NADPH oxidase (NOX) activity with apocynin
has shown beneficial effects on renal [19, 20], cardiac [21],
skeletal muscle [22], and pulmonary [23] fibrosis. Despite
our previous results showing beneficial effects of apocynin
supplementation on uterine ageing and fertility [24], its effect
on ovarian redox imbalance, inflammation, and fibrosis
during reproductive ageing is scarce.

In sum, an age-related low-grade inflammatory state may
associate with ovarian collagen deposition and a progressive
reduction in follicle number and oocyte quality. In this set-
ting, it was hypothesized that an age-related increase in ovar-
ian fibrosis and ROS underlies fertility reduction. To verify it,
markers of oxidative stress, tissue fibrosis, and inflammation,
along with the possibility to ameliorate those features by a
specific antioxidant supplementation, were evaluated in vivo.

2. Material and Methods

2.1. Animal Handling and Ovarian Tissue Collection. All the
experiments were performed according to the Portuguese law
on animal welfare and according to the guidelines issued
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by Federation of European Laboratory Animal Science
Associations (FELASA). Female mice (C57BL/6] strain)
obtained from Harlan were kept under controlled conditions
(12h light/dark cycle and room temperature at 22°C) and
had free access to tap water and standard mouse chow.
Young (8-12 weeks old) and reproductively aged (38-42
weeks old) female mice were employed. Reproductively aged
mice were divided into two groups, with one receiving the
antioxidant, apocynin, 5mM, in drinking water 7 weeks
prior to sacrifice. Water bottles were protected from light
and changed twice a week. At the selected ages, female mice
were anesthetized with isoflurane and euthanized by cervical
dislocation, and the ovaries were excised. One ovary was
immediately frozen in liquid nitrogen and subsequently kept
at -80°C for molecular studies and the other was fixed
overnight, in 4% paraformaldehyde, for structural studies.

2.2. Tissue Processing for Histological Techniques. Fixed
ovaries were dehydrated with the aid of increasing concentra-
tions of ethanol and diaphanized using benzol. Impregnation
and inclusion were carried out in paraffin, and 5 ym thick
sequential sections were mounted on poly-L-lysine-coated
slides and dried overnight at 37°C. They were stored in plastic
boxes to be used for all histological applications throughout
this study.

2.3. Morphological Analysis of Ovarian Tissues. Ovarian
sections for morphological examination were stained with
hematoxylin & eosin (H&E) according to the following
protocol. Slides were dewaxed twice with xylol and hydrated
with decreasing concentrations of ethanol and water. Subse-
quently, slides were stained with Harris hematoxylin for 2
minutes and then stained with alcoholic eosin for 5 minutes.
Finally, tissues were dehydrated with increasing concentra-
tions of ethanol followed by two xylol passages. Slides were
mounted in Entellan and air dried. Ovarian morphology
was observed under light microscope equipped with a digital
camera, and representative images at ovarian midsection
were captured. Other ovarian sections were stained with
Sudan Black 0.1% for lipofuscin examination. Slides were
dewaxed and hydrated as previously described, stained with
Sudan Black 0.1% for 20 minutes, dehydrated, and mounted.

2.4. Follicle Counting at Ovarian Midsection. H&E slides were
used for follicle counting. The follicles were branded as pri-
mordial, primary, secondary, or antral, and corpus luteum.
Follicles were classified as primordial or primary when
oocytes were surrounded, respectively, by a single layer of
squamous or cuboidal granulosa cells. Secondary follicles
were identified by having more than one layer of granulosa
cells with no visible antrum. Antral follicles are the ones that
displayed small areas of follicular fluid (antrum) or a single
large antral space. Corpus luteum were identified as intrao-
varian bund structures with morphologically homogeneous
round cells, showing enhanced cytoplasm/nucleus ratio,
when compared with granulosa cells, and deprived of oocyte.
The number of follicles at ovarian midsection was obtained
by calculating the mean counts of three ovarian midsections,
representative of each animal, and a minimum of four ani-
mals per group was used.
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2.5. Autofluorescence Lipofuscin Detection. Ovarian sections
were dewaxed and hydrated as previously described. After
washing in PBS, they were mounted in phosphate-buffered
glycerol and observed under a fluorescence microscope (Carl
Zeiss Axiolmager Z1) equipped with a digital camera.

2.6. Fluorescent Immunohistochemistry. A fluorescent immu-
nohistochemical technique was performed to detect protein
carbonylation and nitration (markers of oxidative stress).
Ovarian sections were dewaxed and hydrated as previously
described. Slides were washed with phosphate-buffered saline
(PBS) solution and permeabilized with 0.5% Triton™ X-100
in PBS for 5 minutes, followed by washing with PBS. For pro-
tein carbonylation assessment, an additional derivatization
process was required before nonspecific signal blocking.
The derivatization protocol was performed as previously
published [25]. In brief, sections were incubated in 10 mM
2,4-dinitrophenylhydrazine (DNPH; Sigma-Aldrich) in 10%
TFA for 10 minutes, the reaction stopped with 2 M Tris base
pH 10, and slides were washed with PBS. Background
staining was blocked with 2% bovine serum albumin
(BSA) in PBS with 0.1% Tween 20 (PBS-T) for 1 hour at
room temperature. Slides were then incubated with a rabbit
polyclonal antibody recognizing DNP (1:250; Sigma-
Aldrich) or a mouse monoclonal antibody recognizing
nitrotyrosine (1:250; Santa Cruz Biotechnology) in PBS-
T, overnight at 4°C. The following day, slides were washed
in PBS-T, incubated with Alexa Fluor 488-conjugated anti-
rabbit IgG secondary antibody (1:750; Molecular Probes)
or in Alexa Fluor 568-conjugated anti-mouse IgG secondary
antibody (1:750; Molecular Probes) in PBS-T for 1 hour at
room temperature. Then, they were washed again, counter-
stained with 4/,6—diamidino—2—phenyl—indole (DAPI), and
mounted. Slides were examined, and images were recorded
under a fluorescence microscope (Carl Zeiss Axiolmager Z1)
equipped with a digital camera. Signal extension was quanti-
fied using Image] software by identification of the threshold
cut point, with blind intervention of three operators. A mini-
mum of four animals per group was used, and a minimum of
two representative sections of the midovary was examined.

2.7. Fibrosis Evaluation in Ovarian Tissue. Picrosirius red
histochemical technique was performed for quantification
of tissue fibrosis. Ovarian sections were dewaxed and
hydrated as previously described. Then, slides were stained
with sirius red solution for 90 minutes, rapidly passed
through 0.5% acidified water, and subsequently dehydrated,
with increasing concentrations of ethanol, followed by two
xylol passages. Slides were mounted in Entellan for further
visualization and analysis. This technique stains collagen in
red and cytoplasm in yellow. Red staining (collagen) was
quantified using the Image]J software by identification of the
threshold cut point, with blind intervention of three opera-
tors. A minimum of four animals per group was used, and
a minimum of two sections of the midovary was examined.

2.8. Real-Time PCR. Ovarian RNA extraction and purifica-
tion was performed with TripleXtractor direct RNA kit
(GRiSP) following the manufacturer’s instructions. Total

RNA was quantified by measuring the absorbance at
260nm in a NanoDrop (Thermo Fisher Scientific), and
RNA purity was evaluated by the ratio of absorbance at 260
and 280 nm. RNA samples were reverse transcribed to cDNA
with the NZY First-Strand cDNA Synthesis kit (NZYTech).
Real-time PCR was carried out using PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific) and specific primers
(Table 1) in a StepOnePlus™ Real-Time PCR System
(Applied Biosystems). Primers were designed using the
online available specific mRNA sequences and Primer3 pro-
gram. The derived sequences were submitted for a BLAST
search to ensure exclusive alignment to the desired target
genes. Amplification reactions were performed, in duplicate,
according to conditions stated in Table 1. To check specific-
ity, a dissociation curve was derived at the end of each run.
Controls lacking reverse transcriptase were included to
ensure no genomic DNA contamination during prepara-
tions. Results were normalized to 18S expression.

2.9. MicroRNA Quantification. Total RNA extraction was
performed using the commercial Recover ALL™ Total
Nucleic Acid Isolation Kit (Ambion), according to the manu-
facturer’s instructions. In brief, for each sample, four paraffin-
embedded ovaries were sectioned at 20 ym thickness. Each
sample was dewaxed in 100% xylene, washed in 100% ethanol,
and incubated with protease and digestion buffer for 2 hours
at 50°C, followed by 15 minutes at 75°C. Nucleic acids were
isolated and incubated with DNase mix for 30 min at room
temperature. After a final purification, 7 uL of total RNA
was reverse transcribed to cDNA using the MystiCq micro-
RNA ¢DNA Synthesis Mix (Sigma-Aldrich Co.). In the pro-
cess of cDNA synthesis, miRNAs were subjected to
polyadenylation by poly(A) polymerase that catalysed the
transfer of adenosine deoxynucleotides to the 3" end. Ready-
Script Reverse Transcriptase and other necessary reagents for
cDNA synthesis were subsequently added to convert the
poly(A) tailed microRNAs into first-strand cDNA using an
oligo-dT adapter primer. The unique sequence at the 5" end
of the adapter primer allows amplification of microRNA
cDNAs in real-time qPCR reactions using the MystiCq micro-
RNA qPCR Universal Primer. Real-time PCR was carried out
as previous described. Controls lacking reverse transcriptase
were included to ensure no genomic DNA contamination dur-
ing preparations, along with controls lacking poly(A) poly-
merase. Results were normalized to RNUIA (Qiagen)
expression. Specific primers used were miR-21%_1; miR-
29c_1; miR-215_1; and miR-212-3p_1 miScript Primer Assay
(Qiagen), with annealing temperature of 55°C.

2.10. Statistical Analysis. Arithmetic means are given with
standard error of the mean (SEM). Statistical analyses were
performed with GraphPad Prism 6.01 using one-way analysis
of variance (ANOVA), followed by the Tukey posttest. A
P <0.05 was considered statistically significant.

3. Results

3.1. Age-Related Alterations in Ovarian Morphology. To
observe ovarian morphology, H&E-stained midorgan
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TaBLE 1: List of primers used in RT-PCR reactions.
Primers Sequence Annealing temperature Fragment (bp)
ol Fwd 5'-GACGCATGGCCAAGAAGACA-3’ -
ollal 60 85
Rev 5" -CTCGGGTTTCCACGTCTCAC-3’
ol Fwd 5'-AGCTTTGTGCAAAGTGGAACC-3’ .
ol3al 58 114
Rev 5 ATAGGACTGACCAAGGTGGC-3'
ol Fwd 5'-CCTGGTTCAGTGAATTCAAGCG-3' -
ol5al 60 81
Rev 5" TCATTTGTACCACGCCCACG-3'
G Fwd 5 - ATTCCTGGCGTTACCTTGG-3' c
F-B1 60° 120
P Rev 5'-AGCCCTGTATTCCGTCTCCT-3'
INE Fwd 5'-CCCTCACACTCAGATCATCTTCT-3' c
- 60 61
Rev 5'-GCTACGACGTGGGCTACAG-3'
Fwd 5" TGACGGACCCCAAAAGATGA-3’' -
IL-1 60 87
p Rev 5 TGCTGCGAGATTTGAAGCTG-3'
Fwd 5'-TGCCCACGTCAAGGAGTATT-3' .
CCL5 . k 60°C 84
Rev 5 -ACTTGGCGGTTCCTTCGAG-3
Fwd 5 - TGTCGCCCCTAAAACAGACA-3' .
MMP2 58 65
Rev 5" - TGGGGCAGCCATAGAAAGTG-3’
VAP Fwd 5'-CCTGGAACTCACACGACATCT-3’ -
9 62 72
Rev 5" -CACGCCAGAAGAATTTGCCAT-3’
Fwd 5 -GGGCTGCTCCCATGAATGAC-3’ )
MMP12 . . 56°C 85
Rev 5 -GTCATTGGAATTCTGTCCTTTCCA-3
TP Fwd 5 -GGTGTGCACAGTGTITTCCCTIGTTT-3' -
1 60 72
Rev 5" - TCCGTCCACAAACAGTGAGTGTCA-3’
. Fwd 5 -GGATTCAGTATGAGATCAAGC-3' °c
IMP2 55 145
Rev 5'-GCCTTTCCTGCAATTAGATAC-3'
S Fwd 5'-CGCCGCTAGAGGTGAAATTC-3’ c
18 60 67
Rev 5'-CATTCTTGGCAAATGCTTTCG-3'

Fwd: forward; Rev: reverse; bp: base pairs.

sections (Figure 1(a)) revealed follicles in various stages of
development, occupying most areas of the ovary, but pre-
dominantly in the periphery. Central areas were occupied
by a heterogeneous stroma that included vessels, bundles of
extracellular connective tissue, and respective cells.

A unique population of stroma cells was detected only in
the ovaries of reproductively aged mice. They were large and
multinucleated, with pale cytoplasm containing a yellow-
brown pigment (Figure 1(a)), which displayed autofluores-
cence (Figure 1(b)). Fluorescence quenching by staining with
Sudan Black indicated that these were deposits of lipofuscin
(oxidized lipids and proteins) (Figure 1(b)). Ovarian stromal
cells with the abovementioned characteristics were consis-
tently observed in reproductively aged mice and correspond
to multinucleated giant macrophages [13, 26]. Follicle num-
ber was evaluated and, as expected, in reproductively aged
mice, a significant reduction was noticed. This was due to a

decrease in the number of primordial and primary follicles.
Apocynin had no effect (Figure 1(c)).

3.2. Age and Antioxidant Supplementation Effect on Ovarian
Oxidative Stress and Fibrosis. Tyrosine nitration and protein
carbonylation were used to characterize ovarian oxidative
stress (Figures 2 and 3). As shown in Figure 2, protein tyro-
sine nitration staining was found on the medullary stromal
cells and partially colocalized with lipofuscin deposits. DNP
immunoreactivity was observed in stromal cells, theca cells,
oocytes, and corpus luteum (Figure 3). Reproductively aged
females had increased expression of lipofuscin deposits
(1.00 £0.41 vs. 8.53+2.95), carbonylated (1.34+0.09 vs.
3.17 £ 0.35), and nitrated proteins (1.00+0.20 vs. 2.60 +
0.26) (Figures 2(b) and 3(b)). The use of apocynin, that
inhibits NOX-mediated superoxide production, resulted in
a significant reduction in both carbonylated and nitrated
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FIGURE 1: Ovarian structure and follicle number. (a) H&E-stained representative midovarian sections from young and aged mice. Note
yellow-brown palely stained multinucleated cells, located in stroma of reproductively aged mice (white arrowheads). (b) Representative
images of Sudan Black staining and autofluorescence in the ovaries of aged mice. Multinucleated cells stain intensely with Sudan Black
and emit strong autofluorescence, indicating age-related deposition of oxidized proteins and lipids. Average quantification of
autofluorescence area (n =4-5 per group). (c) Follicle distribution at midovarian sections of young and reproductively aged mice (n=4
per group), showing a significant decrease in primary and primordial follicle number of older animals. Y: young; AG: aged; AA: aged
apocynin; PM: primordial follicles; P: primary follicles; S: secondary follicles; SA: secondary antral follicles; CL: corpus luteum. Bars = 100
um. Data are presented as mean + SEM. *P < 0.05, compared with young female mice.

proteins, to levels similar to those observed in the younger
group (Figures 2 and 3).

Oxidative stress appears to play a crucial role in the
ethology of tissue fibrosis. Next, picrosirius red (PSR) histo-
chemical technique was used to evaluate ovary collagen fibril
deposition. Slight PSR staining was observed around folli-
cles, blood vessels, and epithelium of the ovarian surface
(Figure 4(a)). However, a network-like, intense PSR staining,
characteristic of fibrotic foci, was only seen on the ovarian
stroma and increased significantly with age (1.00 +0.12 vs.
1.92£0.09) (Figure 4). In contrast, reproductively aged
females treated with apocynin exhibited significantly
reduced PSR staining (1.43 + 0.15) (Figure 4(b)).

3.3. Age and Treatment Effect on Inflammation Factors and
Collagen Expression. As previously mentioned, synthesis
and secretion of various growth factors and cytokines are
interlinked with OS in feedforward and feedback cycle
mechanisms that might contribute to fibrosis via enhanced
inflammation. Reproductive ageing was accompanied by a
significant increase in several cytokines [(CCL5 (1.00 + 0.92
vs. 18.93+5.96), TNF-a (1.00+0.66 vs. 6.82+1.73),
IL-18 (1.00+£0.40 vs. 15.55+5.13)], including TGF-f1

(1.00 £0.90 vs. 12.85+3.81) that is considered the most
important cytokine modulating fibrosis signalling (Figure 5).
All those molecules also regulate specific miRNA expression
involved in fibrosis. Interestingly, as shown in Figure 6,
miRNA29¢-3p, a “master fibromiRNA,” was found to be
downregulated in the ovaries of reproductively aged
females (1.00 £0.13 vs. 0.57 £ 0.06), unlike miRNA212-3p
(1.00+0.11 vs. 0.86+0.13) and 2la-3p (1.00+0.25 vs.
0.76 + 0.14) that were not affected by ageing. Expression of
miRNA 29¢-3p was inversely correlated with collagen
expression. Both collagen types Collal (1.00+0.88 vs.
11.48 + 3.88) and Col5al (1.00 +0.91 vs. 10.51 + 3.10) were
significantly increased in aged females. Apocynin treatment
normalized cytokine and collagen expression to levels similar
to those observed in younger females (Figure 5).

3.4. MMP/TIMP Expression. MMPs regulate not only ECM
degradation but also bioavailability and activity of cyto-
kines, chemokines, and growth factors. MMP activity is,
in turn, regulated by its specific TIMPs. During reproduc-
tive ageing expression of MMP9, TIMP1 and TIMP2 were
significantly increased [(1.00+0.95 vs. 16.80+5.63),
(1.00+£0.97 vs. 51.62+16.61), and (1.00 +0.96 vs. 33.09
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FIGURE 2: Protein nitration in the mouse ovaries evidenced by fluorescence immunohistochemistry, using a specific antibody. (a)
Representative images of young, reproductively aged and apocynin-treated aged mice. Note tyrosine nitration staining and lipofuscin
colocalization in the tissue. (b) Average quantification of lipofuscin and nitrated proteins stained area assuming young mice equals 1
(n=4-5 per group). Y: young; AG: aged; AA: aged apocynin. Data are presented as mean + SEM. Data are presented as mean + SEM.

*P < 0.05, compared with young female mice; “P < 0.05, compared with reproductively aged female mice.
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FIGURE 3: Protein carbonylation in the mouse ovaries evidenced by fluorescence immunohistochemistry, using a specific antibody for DNP.
(a) Representative images of young, reproductively aged and apocynin-treated aged mice. Note the substantial carbonyl labeling increase in
ovarian stroma cells (white arrows) and antioxidant-mediated amelioration (arrowheads). (b) Average quantification of stained area
(n=4-5per group). Y: young; AG: aged; AA: aged apocynin. Data are presented as mean + SEM. *P < 0.05, compared with young female

mice; *P < 0.05, compared with reproductively aged female mice.

+10.88), respectively] (Figure 6). Once more, apocynin
dietary supplementation reversed age-related observed
changes (Figure 6).

4. Discussion

The present study revealed that, during reproductive ageing,
the ovary undergoes morphological and molecular changes
related with a disturbance of the redox homeostasis, shown
by increased lipofuscin content, protein carbonylation and

nitration, and collagen deposition. Along with those changes,
there was an age-related increase of inflammation and fibro-
sis, evidenced by higher relative expression of inflammation
markers, MMPs, TIMPs, and a specific miRNA. Antioxidant
supplementation with apocynin was capable of ameliorating
features of the ovarian ageing process.

Over time, cells and tissues display structural changes
that reflect age-related modifications in biomolecules and
signalling pathways, eventually leading to tissue dysfunction
[27]. Beyond time-related structural changes, the ovary is
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FIGURE 4: Fibrosis in mouse ovarian midsections stained by picrosirius red. (a) Representative images of young, reproductively aged and
apocynin-treated aged mice. Note increased deposition of collagen fibers in the stroma of reproductively aged mice (arrows) and
antioxidant-mediated amelioration (arrowheads). (b) Relative quantification of stained area assuming young mice equals 1 (n=4 per
group). Y: young; AG: aged; AA: aged apocynin. Bar =100 ym. Data are presented as mean + SEM. *P <0.05, compared with young
female mice; “P < 0.05, compared with reproductively aged female mice.
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calculated using the 2°°T (ACT = CT,.once RNA = CT ) and values were expressed as fold change over young group (n=4-7 per
group). Reproductive ageing is associated with an inflammatory and profibrotic ovarian microenvironment, increased levels of cytokines
and collagens, and decreased level of the antifibrotic mi29¢-3p RNA. Apocynin treatment reverts the expression of inflammation and
fibrosis factors. Y: young; AG: aged; AA: aged apocynin. Data are presented as mean + SEM. *P < 0.05, compared with young female mice;

*P < 0.05, compared with reproductively aged female mice.

distinctly affected by additional cyclic ones, tightly controlled
by hormonal variations. The mild, albeit continued, inflam-
matory nature of such alterations subjects the ovary to recur-
rent OS, inflammatory cell invasion, and fibrosis, especially
intensified during ageing, when a decrease in antioxidant
defences deepens the cellular redox imbalance [6-8, 28, 29].
The regulatory mechanisms contributing to age-related
ovarian changes are still poorly known. Previously, we dem-
onstrated that dietary supplementation with apocynin
enhanced pregnancy outcomes at a latter reproductive age
by improving the observed age-related decrease in mouse
litter size and restoring decidua layer thickness [24]. In this

work, apocynin was used to study its antioxidant properties
in mitigating ovarian ageing effects.

Two features that distinguished young and reproduc-
tively aged ovaries were a unique population of multinucle-
ated giant cells containing lipofuscin deposits and the
number of follicles. In aged mice, a significant reduction in
the number of primordial and primary follicles was observed,
which agrees with the well-known time-related decline of the
follicle resting pool [2, 30]. At this age, as expected, dietary
supplementation with apocynin did not prevent the decline,
because natural oocyte attrition had occurred. However,
female fertility is not only dependent on the follicle pool
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compared with reproductively aged female mice.

but also on follicle and oocyte quality [31, 32], itself
influenced by the ovarian oxidative microenvironment [13].
The ovarian stromal giant multinucleated cells present in
reproductively aged mice were previously shown to be posi-
tive for a cell surface membrane protein—F4/80—highly
expressed in macrophages [13, 20, 22]. Such observation sup-
ports the perception that they result from macrophage
fusion. In the ovaries, macrophages are important contribu-
tors to the regulation of folliculogenesis and corpora lutea
establishment and regression [33]. The unique presence of
giant multinucleated cells in aged ovaries indicates that they
associate closely to long-term effects on the tissue. Macro-
phage fusion is a hallmark of a low-grade chronic inflam-
matory condition, a recurrent oxidative challenge that
potentiates phagocytic function for the disposal of cell
debris [34, 35]. Such phagocytic cells are a source of factors
that promote OS. Besides lipofuscin, itself a deposit of oxi-
dized protein and lipid, our results suggest they also accu-
mulate nitrated proteins. Probably, due to lipofuscin
undegradable nature and inability to be removed from cells,
apocynin treatment did not reduce its deposition, unlike
protein carbonylation and nitration content.

The low-grade chronic inflammatory condition favours
overproliferation of fibroblasts, excessive ECM deposition,
and fibrosis [36]. In accordance with a previous study using
two different strains of mice [13], the current study displays
a significant age-related increase of fibrosis around follicles,
blood vessels, and in the ovarian stroma. The observation
that treatment with apocynin results in less ovarian fibrosis
highlights the role of oxidative imbalance in its formation
and suggests that NOX activity mediates local ROS produc-
tion and susceptibility to fibrosis. NOX-derived ROS has, in
fact, been associated with fibrosis in other organs such as
the kidney [37], pancreas [38], and liver [39-41]. Moreover,
as the inhibition prevents the enzyme cytoplasmic subunits

from binding transmembrane complexes necessary for
NOX1 and NOX2 activation (but not NOX4), it supports
the view that the beneficial effects observed in the current
study were mediated by inhibition of those two isoforms.
Future works with specific NOX4 inhibitors will be useful
to investigate its role in ovarian fibrosis.

Inflammation has an important role in fibrosis estab-
lishment by promoting a set of interactions between profi-
brotic and antifibrotic cytokines [42]. In the present study,
increased expression of genes involved in immune cell
response and recruitment was noticed. In this setting, mac-
rophages are the main innate immune cells that release cyto-
kines and chemokines to the local environment, of which,
most impressively, NOX-mediated ROS production is an
important modulator [43-45]. We observed a significant
age-related increase in CCL5, an important chemokine in
macrophage recruitment; IL-1 and TNF-q, proinflamma-
tory cytokines involved in regulating endothelial cells in
ECM production; and TGF-f1, a multifunctional cytokine
highly responsible for ECM homeostasis through several
pathways. Equally to fibrosis, apocynin reduced their expres-
sion to young mouse levels demonstrating, once more, that
ROS play a master role in fibrosis and inflammation associ-
ated with reproductive ageing.

TGEF-B1 involvement in ECM homeostasis includes
the modulation of miRNAs that affect collagen deposition
[46, 47]. Different types of miRNA with regulatory effects
were recognized in mouse ovaries [48, 49]. In our study, the
profibrotic miRNAs 21a-3p and 212-3p showed no differ-
ences with age. However, antifibrotic mi29¢-3p, considered
a “master fibrosis” regulator in several organs [47, 50-52],
exhibited a significant reduction in the ovaries of reproduc-
tively aged females, which correlated with the significant
increase in gene expression of Collal and Col5al. Surpris-
ingly, apocynin attenuated, but not reverted, mi29c-3p
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decrease. Further studies are needed for a better comprehen-
sion of the mechanisms involved.

In addition, age-associated changes in MMPs and TIMPs
can further contribute to fibrosis, as they modulate the acti-
vation of macrophages and fibroblast originated proinflam-
matory cytokines, as TNF-o and TGF-f1 [35]. Their roles
in ECM remodelling as well as fibrosis establishment and
progression are tissue specific. In reproductively aged ova-
ries, MMP9, TIMP1, and TIMP2 had a significant increase
in gene expression. MMP?9 is a gelatinase responsible for col-
lagen degradation, including type I and V [53], that has been
suggested to be directly regulated by TGF-f1 [54] and to take
part in its activation [55] by cleaving its latent form [56].
TIMP1 and TIMP2 have profibrotic roles by inhibiting
MMP activity and contributing to ECM accumulation [16].
However, the efficiency of MMP inhibition differs with each
TIMP. This could explain the observed significant increase
of MMPY, despite the observed aged-related significant
increase in TIMP, further emphasizing the important role
and relationship with TGF-p1. Our findings suggest that
during reproductive ageing, the continued ROS-mediated
inflammation disrupts ECM homeostatic processes inevita-
bly ending in tissue fibrosis.

Overall, supplementation with apocynin ameliorated
molecular and histological consequences of the ovarian
ageing process. By diminishing ROS production, apocynin
decreased tissue fibrosis, inflammation, and ECM deposition.
This comes as a novel finding for the use of this antioxidant
as, to our knowledge, no other work evaluated the capability
of this compound in slowing down age-related ovarian
reproductive ageing.

In summary, the present study provides evidence that
structural features of ovarian ageing are consequence of local
continued OS effects, with important negative impact on the
ovarian stroma. Disruption of microenvironment, caused by
a feedforward loop in which OS, inflammation, and ECM
turnover dysregulation are important players, is believed
to affect ovarian function and, ultimately, female fertility.
Moreover, specific antioxidant supplementation can be seen
as an important therapeutic way to ameliorate causes and
effects of the ageing process induced by higher ROS pro-
duction. Further investigation in this field, addressing apoc-
ynin effects on oocyte quality, may have major potential
value to uncover fundamental biological mechanisms and
devise therapeutic strategies.
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Background/Aims. Obesity, which is related to increased oxidative stress in various tissues, is a risk factor for male infertility.
Metformin is reported to have an antioxidant effect; however, the precise role of metformin in obesity-induced male infertility
remains unknown. The current study is aimed at exploring the effects of metformin and characterizing its underlying
mechanism in the fertility of obese males. Methods. An obese male mouse model was generated by feeding mice with a high-fat
diet; then, the mice were administered metformin in water for 8 weeks. Reproductive ability, metabolic parameters, and follicle-
stimulating hormone (FSH) were assessed by cohabitation, enzymatic methods, and ELISA, respectively. Damage to the integrity
of the blood-testis barrier (BTB), which ensures spermatogenesis, was assessed by transmission electron microscopy and
immunofluorescence with a biotin tracer. Malondialdehyde (MDA), superoxide dismutase (SOD), and reactive oxygen species
(ROS) were employed for the assessments of oxidative stress. BTB-related proteins were measured by immunoblotting. Nuclear
factor kB (NF-xB) was assessed by immunofluorescence. Results. High-fat-diet-fed mice presented evident lipid metabolic
disturbances, disrupted BTB integrity, and decreased reproductive function. Metformin alleviated the decrease in male fertility,
decreased ectopic lipid deposition in the testis, and increased serum FSH levels. A further mechanistic analysis revealed that
metformin ameliorated the high-fat-diet-induced injury to the BTB structure and permeability and restored the disordered
BTB-related proteins, which might be associated with an improvement in oxidative stress and a recovery of NF-xB activity in
Sertoli cells (SCs). Conclusion. Metformin improves obese male fertility by alleviating oxidative stress-induced BTB damage.
These findings provide new insights into the effect of metformin on various diseases and suggest future possibilities in the
treatment of male infertility.

1. Introduction

Obesity is a complex metabolic disease that is determined by
lifestyle factors, including environmental (food variety and
intake, physical activity) and genetic factors. In recent
decades, obesity has become a predominant health problem
and has increased globally at an alarming rate [1]. Obesity

increases the risk for hypertension, diabetes, cardiovascular
disease, and some cancers [2-6]. Furthermore, the negative
impact of obesity on the male genital system is gradually
being recognized. According to clinical investigations, over-
weight men or men with obesity show a decline in sperm
quality, an increase in sperm DNA damage, and a decrease
in embryo implantation rates compared with men with
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normal body mass index (BMI) [7-10]. Additionally, animal
experiments have shown that a high-fat diet can increase the
male infertility rate and decrease sperm parameters [11-13].
Many previous studies involving mechanistic explorations
have mainly focused on the effects of obesity or a high-fat diet
on germ cells or Leydig cells. However, whether and how
obesity damages Sertoli cells (SCs) or the blood-testis barrier
(BTB) remains unclear.

SCs nurse developing germ cells and form the BTB
between opposing SCs and adjacent Sertoli-germ cells
[14-16]. The BTB is one of the tightest blood-tissue barriers,
and it physically divides the seminiferous epithelium into the
basal and apical compartments, in which different stages of
germ cell development occur; these compartments are crucial
to male fertility [17]. Several previous studies have demon-
strated that various stimulators, such as high glucose [18],
perfluorooctanesulfonate [19], cadmium [20, 21], amodia-
quine [22], and bisphenol A [21], adversely affect male fertil-
ity via impairment of the BTB; however, whether obesity that
is induced by a high-fat diet can provoke deleterious effects
on the BTB has not been elucidated. The BTB comprises tight
junctions (T7s), basal ectoplasmic specializations (basal ESs),
gap junctions, and desmosomes. T7Js, which coexist with basal
ESs, are located between basal ESs and are reinforced by basal
ESs [23]. The expression levels of TJ-related proteins (occlu-
din and ZO-1) and basal ES-related proteins (N-cadherin
and beta-catenin) are downregulated by exogenous stimula-
tors, such as cadmium [20], perfluorooctanesulfonate [19],
amodiaquine [22], and bisphenol A [24]. These studies indi-
cate that TJs and basal ESs might be the molecular targets of
exogenous stimulators.

Obesity can increase oxidative stress in the whole body
[25], and an increase in testicular oxidative stress is a
common feature in much of what underlies male infertility
[26]. However, whether oxidative stress is involved in
lipotoxicity-induced injury to SCs and the BTB is unclear.
Metformin is a first-line hypoglycaemic agent. Beyond its
glucose-lowering effects, metformin exhibits antioxidant
properties in various tissues, an effect that is independent
of its effect on insulin sensitivity, and acts to decrease lipid
peroxidation [27, 28]. A recent clinical study has demon-
strated for the first time that metformin improved semen
quality in men with hyperinsulinaemia [29], but the under-
lying molecular mechanism is unclear. Moreover, a study
in patients with polycystic ovarian syndrome (PCOS) has
reported that metformin reduces angiogenesis through the
nuclear factor kB (NF-«B) pathway [30]. However, whether
metformin can improve the fertility of obese males and alle-
viate the damage of BTB in testis by inhibiting oxidative
stress remains unknown.

In the present study, to determine the effect of metformin
on fertility in obese males, an obese mouse model was
induced with a high-fat diet, and metformin was adminis-
tered. First, the effect of metformin on the reproductive abil-
ity of male mice was investigated. Alterations to the
ultrastructure, BTB integrity, the expression of T] proteins,
and basal ES proteins were further assessed. In addition, the
levels of oxidative stress and NF-«B activity were measured
to characterize the intracellular mechanism. This study
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demonstrates a crucial role of metformin in obesity-induced
male infertility.

2. Materials and Methods

2.1. Animals and Treatment. Seven-week-old C57BL/6 male
mice and nine-week-old C57BL/6 female mice were obtained
from the Vital River Corporation (Beijing, China) and
housed in a temperature- and humidity-controlled room
(25 + 2°Cand 55 + 10%, respectively) on a 12-hour light/dark
cycle with free access to water and food. All experimental
procedures were approved by the ethics committee of
Shandong Provincial Hospital affiliated with Shandong
University, and the methods were performed according to
the approved guidelines.

As shown in Figure S1, one week after feeding to adapt to
the housing conditions, the male mice were randomly
divided into two groups: the normal-diet group (N, n =20)
was fed a standard diet (Beijing Keao Xieli Feed Co. Ltd.,
China) in which 10% of the calories were from fat, and the
high-fat-diet group (H, n=30) was fed a high-fat diet
(product #D12492, Research Diets Inc., New Brunswick,
NJ, USA) in which 60% of the calories were from fat. Ten
mice from each group were sacrificed at the end of the 8th
week of feeding. The remaining mice in the N group were
maintained on their standard diet (NN, #n=10), whereas
the mice fed a high-fat diet (n=20) were further
subdivided into two subgroups. The first subgroup (HH,
n =10) was maintained on the high-fat diet, and the second
subgroup (HH + MET, »n = 10) was maintained on the high-
fat diet with ~200mg/kg body weight/day metformin
(SFDA approval number H20023371, Sino-American
Shanghai Squibb Pharmaceuticals Ltd., Shanghai, China)
given in the drinking water [31]. The body weights of the
mice were monitored at 5pm every week during the entire
feeding period (the adaptation week and the subsequent 8
or 16 weeks). All mice were sacrificed at the end of the 16th
week of feeding.

2.2. Reproductive Ability Assay. To assess the reproductive
ability of the male mice, at the 7th and 15th weeks after dif-
ferent feeding conditions, each male mouse was individually
housed and mated with two female mice, which were ran-
domly grouped by weight, for 5 consecutive days. On the sec-
ond day, vaginal plugs were inspected to determine whether
coitus had occurred. Female mice with vaginal plugs were
moved into another cage and observed until the pups were
born. The fertility of male mice was calculated according to
the number of pregnant females. The number and weights
of the pups were also statistically analyzed.

2.3. Blood Collection and Tissue Removal. At the 8th and 16th
week, after being fasted for 8 h, all mice were anaesthetized by
intraperitoneal injection with pentobarbital (40 mg/kg body
weight) and sacrificed. Blood samples were obtained, and
serum was extracted by centrifugation for the lipid profile
and sex hormone analyses. For long-term storage, sera were
kept at -80°C. Epididymal fat and testes were obtained
immediately and weighed. The testis was fixed in modified
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Davidson’s fluid (MDF) [32] for morphological analysis and
immunofluorescence, fixed in 2.5% glutaraldehyde and 1%
osmium tetroxide for ultrastructure analysis, or stored in
liquid nitrogen for assessments by Oil red O staining, deter-
mination of mRNA and protein expression, and oxidative
stress-related testing.

2.4. Serum Lipid Profile and Sex Hormone Analysis. The
serum levels of total cholesterol (TC), triglycerides (TG),
high-density lipoprotein-cholesterol (HDL-c), low-density
lipoprotein-cholesterol (LDL-c), and glucose (Glu) were
determined using enzymatic methods with an Olympus
AU5400 automatic biochemical analyzer (Olympus Co.
Ltd., Japan). The follicle-stimulating hormone (FSH) level
in the serum was measured using an ELISA kit (Abnova, Tai-
wan, China) according to the manufacturer’s protocol for
each assay.

2.5. Oil Red O Staining. To determine testicular lipid accu-
mulation, frozen sections of the testis (10 #m) were fixed in
95% ethanol for 10s, washed with distilled water for 10s,
stained with Oil red O (Changsha Guge Biotechnology Co.
Ltd., China) for 10 min, washed again with distilled water
for 10s, and counterstained with haematoxylin for 30s.
Representative photomicrographs were captured using a
microscope (Carl Zeiss, Germany).

2.6. Haematoxylin and Eosin (H&E) Staining Analysis.
Testicular tissue samples were dehydrated in a graded
series of ethanol solutions, embedded in paraffin, and cor-
onally sectioned using a section cutter (Leica, USA) at a
thickness of 4 ym. H&E staining was performed for mor-
phological observation using a system incorporated in the
Carl Zeiss microscope.

2.7. Testicular Transmission Electron Microscopy (TEM)
Analysis. To characterize the changes in testis at the ultra-
structural level, the testis was dehydrated in a progressive
ethanol and acetone solution, embedded in Epon 812, sec-
tioned using a LKB ultramicrotome (LKB Instruments Inc.,
Sweden), stained with uranyl acetate followed by lead citrate,
observed with a JEM-1200EX Transmission Electron Micro-
scope (JEOL, Japan), and photographed.

2.8. BTB Integrity Assay. The integrity of the BTB assessment
was evaluated using a biotin tracer as described previously
[19]. In short, the mice were anaesthetized, and the testes
were exposed before sacrifice. The gaps below the testicular
tunica albuginea were injected with 50 yl of EZ-Link Sulfo-
NHS-LC-Biotin (10 mg/ml, freshly dissolved in physiological
saline containing 1 mM CaCl,; Pierce Biotechnology Inc.,
IL, USA). After 30 min, the animals were euthanized, and
their testes were frozen in liquid nitrogen in preparation for
cryosectioning (10 ym). The sections were fixed in 4% para-
formaldehyde (PFA) for 20 min, washed with phosphate-
buffered saline with 0.1% Tween20 (PBST) three times,
blocked in 0.01 M phosphate bufter solution (PBS) contain-
ing 15% goat serum (Zhongshan Jingiao Biotechnology Co.
Ltd., China) and 1% bovine serum albumin (BSA, wt/vol)
for 1h, incubated with Alexa Fluor® 568-conjugated strepta-

vidin (Life Technologies Corp.-Invitrogen, CA, USA) and 4'-
6-diamidino-2-phenylindole (DAPI, blue) (Invitrogen, UK)
for 2h at room temperature, and washed again with PBST
five times (5min per time). After mounting with antifade
mounting medium P0128 (Beyotime Biotechnology, China),
the sections were analyzed by fluorescence microscopy (Axio
Imager A2, Carl Zeiss, Germany).

2.9. Immunoblotting Analysis. Frozen testes were lysed in
RIPA buffer with a protease inhibitor cocktail, PMSF and
sodium orthovanadate (Santa Cruz Biotechnology Inc., CA,
USA), to extract the whole protein. The cytosol and nuclear
protein were obtained using the Nuclear and Cytoplasmic
Protein Extraction Kit (CWBIO, China) according to the
manufacturer’s instructions. The protein concentration was
quantified using a BCA protein assay kit (Pierce Biotechnol-
ogy Inc., IL, USA). A total of 120 ug whole protein or 60 ug
nucleoprotein lysates was resolved by SDS-PAGE using 8%
denaturing polyacrylamide gel, electrotransferred to a PVDF
membrane (Millipore, America), and blotted with specific
antibodies, namely, anti-ZO-1, anti-occludin, anti-N-cad-
herin, anti-beta-catenin, anti-nectin2, and anti-NF-xB/p65,
with anti-beta-actin or anti-LaminB1 as a loading control
for cytosolic proteins or nuclear proteins, respectively. The
appropriate secondary antibodies conjugated to horseradish
peroxidase (HRP) (Amersham, Little Chalfont Bucks, UK)
were used at a 1:5000 dilution. The membranes were visual-
ized using the HyGLO HRP detection kit (Denville, NJ,
USA). The antibodies are shown in Table 1.

2.10. Isolation of RNA and Real-Time Polymerase Chain
Reaction (PCR) Analysis. Total RNA was isolated from the
tissues using an RNeasy Total RNA Isolation Kit (TaKaRa
Bio Inc., Japan) and reverse-transcribed into cDNA (TaKaRa
Bio Inc., Japan). Then, SYBR Green (DBI, Germany) quanti-
tative PCR analysis reactions were performed using the
Roche LightCycler 480 Detection System (Roche, Belgium).
Each reaction comprised 10 ul of SYBR Green, 1 ul of cDNA,
1yl of each primer pair (10 ymol/ul), and 8 ul of distilled
water. The beta-actin gene was simultaneously detected as
an endogenous reference. The relative gene expression levels
were quantified using the 2744t method, and the results are
expressed as the fold change relative to the endogenous refer-
ence. The primer sequences are listed in Table 2.

2.11. Malondialdehyde (MDA), Superoxide Dismutase (SOD),
and Reactive Oxygen Species (ROS) Measurements. Assay
kits for MDA and SOD were provided by Beyotime Biotech-
nology (China), and an assay kit for ROS was provided by
Nanjing Jiancheng Bioengineering Institute (China). The
MDA content, SOD activity, and ROS levels were measured
using the kits according to the manufacturer’s instructions,
and these measurements were normalized to total protein.

2.12. Immunofluorescence. The testicular tissues were fixed
with MDF and embedded in paraffin blocks. The sections
were deparaffinized, and antigen retrieval was performed
with Tris-EDTA (pH = 9.0). After blocking with 10% normal
goat or donkey serum (Zhongshan Jinqiao Biotechnology Co.
Ltd., China) for 60 min at room temperature, the slides were
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TaBLE 1: Antibodies.
Antibody Species Dilution Corporation Catalogue number
Z0O-1 Rabbit 1:50 Thermo Fisher Scientific 40-2200
Occludin Rabbit 1:62.5 Thermo Fisher Scientific 71-1500
N-cadherin Rabbit 1:500 Proteintech Group Inc. 13769-1-AP
beta-Catenin Rabbit 1:1000 Proteintech Group Inc. 51067-2-AP
Nectin2 Rabbit 1:10000 Abcam Ab135246
NE-«xB/p65 Rabbit 1:2500 Abcam ab32536
beta-Actin Rabbit 1:7500 Proteintech Group Inc. 60008-1
LaminB1 Mouse 1:7500 Proteintech Group Inc. 66095-1
TABLE 2: Primers for real-time PCR detection.
Gene Species Forward primer Reverse primer
Z0O-1 Mouse GCCGCTAAGAGCACAGCAA TCCCCACTCTGAAAATGAGGA
Occludin Mouse TTGAAAGTCCACCTCCTTACAGA CCGGATAAAAAGAGTACGCTGG
N-cadherin Mouse AGCGCAGTCTTACCGAAGG TCGCTGCTTTCATACTGAACTTT
beta-Catenin Mouse CCCAGTCCTTCACGCAAGAG CATCTAGCGTCTCAGGGAACA
Nectin2 Mouse GCATCATTGGAGGTATTATCGCT GAGGGAGGTCCTTCCAGTTC
NF-«B/p65 Mouse CGGGATGGCTACTATGAGGC CGTGAAAGGGGTTATTGTTGGT
beta-Actin Mouse GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

incubated overnight at 4°C with ZO-1 (1:25) or NF-«B/p65
(1:250) primary antibody. For the negative control,
0.01 mol/l PBS was added instead of the primary antibody.
The tissues were then incubated with the Alexa Fluor®
488F (ab’) 2 fragment of goat anti-rabbit IgG (H+L)
(Thermo Fisher Scientific, USA) or with a donkey anti-
Rabbit IgG (H+L) highly cross-absorbed secondary anti-
body, namely, Alexa Fluor® 555 (Thermo Fisher Scientific,
USA) at a 1:1000 dilution at room temperature for 1h.
The nuclei were stained with DAPI, and the coverslips were
sealed to the microscope slides using the mounting medium
P0128. The specimens were imaged under a Carl Zeiss fluo-
rescence microscope.

2.13. Statistical Analyses. Significant differences between the
obtained values (mean + SD) were determined by an inde-
pendent sample f-test or one-way analysis of variance
(ANOVA) followed by the least significant difference
(LSD) multiple comparison test. A P value of <0.05 was
considered significant.

3. Results

3.1. High-Fat Diet Increases Body Weight, Induces
Abnormalities in Glucose and Lipid Metabolism, and
Downregulates Fertility in Male Mice. To evaluate the effect
of a high-fat diet on the general characteristics and fertility
of the mice, some mice were sacrificed after 8 weeks of feed-
ing, and relevant parameters were examined. As shown in
Figure 1(a), male C57BL/6 mice fed the high-fat diet gained
significantly more body weight than the mice fed a normal

diet (47.25+1.39 vs. 28.14 +2.25, P < 0.01), which is con-
sistent with the general pictures shown in Figure 1(b).
Accompanied by weight gain, there was a significant increase
of epididymal adipose in high-fat-diet mice (0.24 + 0.10 vs.
1.37£0.13, P<0.01, Figure 1(d)), although there was no
change in testicular weight (Figure 1(c)). These findings
demonstrated that an obese mouse model induced with a
high-fat diet was successfully established.

Obesity is often accompanied by dyslipidaemia [33],
which is defined as an increase of plasma TG and LDL-c or
a decrease of plasma HDL-c [33, 34], or by hyperglycaemia
[35]. Thus, the serum lipid profile and Glu in the obese
mouse model were assessed. The results showed that the
serum Glu levels and serum TC, HDL-c, and LDL-c in the
high-fat-diet-fed mice increased significantly relative to those
in the normal-diet-fed mice (Glu, 6.91 + 1.38 vs.12.13 + 1.82;
TC, 1.85+0.13 vs. 3.08+£0.39; HDL-c, 1.65+0.14 vs.
2.71+0.38; LDL-c, 0.22+0.04 vs. 0.41+0.11, P<0.01),
but there was no difference in serum TG (Figures 1(e) and
1(f)). These alterations are consistent with the results during
the 16th week of feeding (Figures 2(e) and 2(f)). These results
indicated that glucose and lipid metabolism was highly
disrupted in the high-fat-diet-induced obese mouse model.

FSH regulates spermatogenesis and the function of SCs
in mammals. To analyze whether the high-fat diet affects
ESH, the level of serum FSH was measured. As shown in
Figure 1(g), the serum FSH levels were lower in the
high-fat-diet-fed mice than in the normal-diet-fed mice
(5.39+0.67 vs. 3.58+1.43, P<0.05). These results indi-
cated that FSH was abnormal in the high-fat-diet-induced
obese mouse model.
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F1Gure 1: High-fat diet induces glycolipid metabolic abnormalities and damages the reproductive function of male mice. (a) Comparison of
the time-dependent changes in body weight between the normal-diet-fed (N) and high-fat-diet-fed (H) groups during the 8 weeks of feeding.
(b) Representative picture of normal-diet and high-fat-diet mice on the 8th week. Comparison of testicular weights (c) and epididymal
adipose tissue (d) in the N and H groups on the 8th week. The serum glucose (e), biochemical parameters (f), and FSH levels (g) were
assayed on the 8th week. n =10 for each group. Comparison of fertility, including the fertility rate (h), number of pups per litter (i), and
average pup weight (j) on the 8th week of feeding in the N and H groups. For the fertility assay, n = 7 males were included in each group.
The results are presented as the mean + SD. *P < 0.05 and **P < 0.01 vs. the corresponding N group.

To further assess the effect of the high-fat diet on the fer-
tility of the male mice, the reproductive abilities of the male
mice with different diets were assessed via cohabitation with
female mice. No difference in the fertility rate or the number
of pups per litter was observed between the high-fat-diet-fed
mice and the normal-diet-fed mice (Figures 1(h) and 1(i)).
The average pup weight of the offspring of the high-fat-
diet-fed mice was significantly lower than that of the off-
spring of the normal-diet-fed mice (1.36£0.12 vs. 0.98 +
0.09, P <0.01, Figure 1(j)), suggesting that a high-fat diet
might affect the offspring’s size.

3.2. Metformin Ameliorates the Decrease in Male Fertility
Caused by a High-Fat Diet Independently of the Regulation
of Serum Glucose and Lipids. To investigate the effect of met-
formin on male fertility, the general characteristics, serum
parameters, and fertility of mice were assessed after another
8 weeks of oral administration of metformin. As shown in
Figures 2(a) and 2(b), the body weight of the oral metformin
group did not decrease compared with that of the group fed
the high-fat diet alone. Consistent with the body weight,

there were no differences in the testicular and epididymal
adipose weights between the high-fat-diet group and the oral
metformin group (Figures 2(c) and 2(d)). These results
indicated that metformin did not ameliorate the weight gain
or epididymal adipose accumulation caused by the high-fat
diet during the additional 8 weeks of dosing. During the
16th week, serum Glu, TC, HDL-c, and LDL-c levels were
increased significantly in the high-fat-diet-fed mice relative
to those in the normal-diet-fed mice (Glu, 8.86 +0.63 vs.
13.52+3.11; TC, 2.07+£0.33 vs. 4.57+£0.77; HDL-c, 1.79
+0.32 vs. 3.63+1.05; LDL-c, 0.16 +0.03 vs. 0.47 £0.10,
P <0.01), whereas these parameters did not differ between
the high-fat-diet-fed mice and the oral metformin mice
except HDL-c (a kind of “positive” cholesterol) [33, 36]
(3.63 £1.05 vs. 4.30 £ 0.67, P < 0.05, Figures 2(e) and 2(f)).
These results indicated that metformin did not improve glu-
cose and “adverse” serum lipid [33] metabolism at the present
dosage and duration. However, compared with the serum
FSH levels of the high-fat-diet-fed mice, those of the oral met-
formin mice were restored to normal levels (5.21 + 0.86 vs.
6.60 £ 0.65, P<0.05) (Figure 2(g)). Intriguingly, although
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FIGURE 2: The effects of metformin on serum lipids, glucose, and FSH in high-fat-diet-induced obese male mice. (a) Comparison of the
time-dependent changes in body weight among the NN, HH, and HH+MET groups during the 16 weeks of feeding. (b) Representative
pictures of mice in each group on the 16th week. Comparison of testicular weights (c) and epididymal adipose tissue (d) of each group
of mice on the 16th week. The serum glucose (e), serum lipid parameters (f), and FSH levels (g) were assessed on the 16th week of
feeding. n =10 for each group. Comparison of fertility, including the fertility rate (h), number of pups per litter (i), and average pup
weight (j) on the 16th week of feeding. For the fertility assay, n =5 males were included in each group. The results are presented as the
mean + SD. *P < 0.05 and **P < 0.01 vs. the corresponding NN group; “P < 0.05 vs. the corresponding HH group.

low-dosage metformin had no effect on high-fat-diet-induced
dyslipidaemia or glucose, the reproductive ability assay
showed that the fertility rate and number of pups per litter
in the oral metformin group were significantly higher than
those in the high-fat-diet group (fertility rate, 0.20 +0.42
vs. 0.70 + 0.48; number of pups per litter, 2.60 + 3.58 vs.
10.40 +4.67, P<0.05) and close to the normal level
(Figures 2(h) and 2(i)). These results indicated that the
decline in male fertility induced by a high-fat diet could be
ameliorated through metformin treatment that indepen-
dently regulated serum glucose and adverse lipids.

3.3. Metformin Improves High-Fat-Diet-Induced Testicular
Lipid Deposition and Morphological Abnormalities. To
determine the effect of the high-fat diet on lipid content in
the testis, Oil red O staining was performed to visualize lipid
deposition in the same cycle of the seminiferous epithelium.
The testis sections of the high-fat-diet-fed mice exhibited
abundant lipid content, mainly in the interstitial portion,
and the lipid ectopic accumulation in seminiferous tubules
was also increased. The testicular lipid deposition in semi-
niferous tubules of the oral metformin mice was clearly
lower than that in the high-fat-diet-fed mice (0.49 +0.26

vs. 0.07+0.01, P<0.05) (Figures 3(a) and 3(b)). These
observations indicated that prior to the improvements in
serum lipids and glucose, treatment with metformin allevi-
ated ectopic lipid deposition in the testis.

To further assess the changes in the seminiferous tubules
following exposure to a high-fat diet and oral metformin in
mice, testicular morphology was analyzed by H&E staining.
As shown in Figure 3(c), the seminiferous epithelia in the
high-fat-diet group were severely disorganized, and cell
adhesion between SCs and spermatogenic cells was dis-
rupted and loosely arranged. After treatment with oral
metformin, the spermatogenic epithelial morphology was
improved, and the adhesion between cells was similar to
that between cells in the normal-diet group. These findings
demonstrated that metformin improved the high-fat-diet-
induced disruption in the general structure of the seminif-
erous tubules.

3.4. Metformin Repairs the BTB Integrity Disruption Induced
by a High-Fat Diet. The integrated BTB structure is one of
the tightest blood-tissue barriers in the body, and it is cru-
cial for maintaining cell adhesion between the opposing
SCs and adjacent Sertoli-germ cells. To characterize the BTB
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of the above micrographs are representative of 3 independent experiments.

morphology at the ultrastructural level, a TEM analysis of the
testis from each group of mice was performed. As depicted in
Figure 4(a), the BTBs in the normal-diet-fed mice and oral
metformin mice were lined with endoplasmic reticulum
(ER) cisternae and clearly delimited, continuous, and tight.
In contrast, the cell junctions adjoining SCs appeared discon-
tinuous and dehisced in the seminiferous tubules from the
high-fat-diet-fed mice. These data showed that metformin
repaired the injured integrity of the BTB, which was compro-
mised severely by the high-fat diet. Furthermore, ER expan-
sion and increased proteins alongside the BTB were found
in the high-fat-diet-fed mice. The black particles beside the
TJs, appearing as a net-like meshwork, represent polymers
of interacting junctional transmembrane proteins [37]. These
results indicated the possible existence of ER stress and the
abnormal expression of BTB-related proteins.

Next, to further explore the effect of lipotoxicity on BTB
integrity and the effect of metformin in the process, we ana-
lyzed BTB integrity with a biotin tracer (Figures 4(b) and
4(c)). In normal testes, junctions between the Sertoli-Sertoli
and Sertoli-spermatid interfaces formed tight barriers that
prevented large molecules from passing through. However,
the BTB was opened after 16 weeks on the high-fat diet.
Red fluorescent dye that was injected into the interstitium
of the testes diffused into the BTB and appeared abundantly
in the adluminal compartment. Additionally, only a small
amount of red fluorescence appeared in the adluminal
compartment of the HH+MET mice (2.20 + 1.30 vs. 0.20 +

0.45, P < 0.01) (Figure 4(b), HH vs. HH+MET). These results
indicated that the integrity of the BTB in the testes of the
high-fat-diet-fed mice was indeed disrupted and metformin
essentially repaired this disruption.

3.5. Metformin Recovers the Disruption in Junction Protein
Expression Induced by a High-Fat Diet. The integrity of the
BTB is based on various junction proteins that form coexist-
ing TJs and ectoplasmic specializations. To further verify the
damage to the BTB induced by the high-fat diet and the
protective effect of metformin, the mRNA and protein levels
of BTB-related molecules were detected on the 16th week.
Compared with the levels in the testis of the normal-diet
group, although there was no significant change in the
mRNA levels, TJ integral membrane proteins including
Z0-1 and occludin were upregulated significantly in the tes-
tis of the high-fat-diet group (ZO-1, 1.11 £0.14 vs. 1.53 +
0.31, P<0.05 occludin, 1.02+0.13 vs. 1.43+0.13, P<
0.05). Metformin improved the abnormal protein expression
of ZO-1 and occludin (ZO-1, 1.53 +£0.31 vs. 0.88 +0.20,
P <0.01; occludin, 1.43+0.13 vs. 1.04+0.30, P<0.05)
(Figures 5(a)-5(c)). These results indicated that the modi-
fication of ZO-1 and occludin protein synthesis might be
related to the protective effect of metformin on BTB dam-
age induced by a high-fat diet.

In addition to the abnormalities in junction protein
expression, the localization of the junction protein on the
BTB affects the function of the BTB. To further verify the
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FIGURE 4: Metformin repairs the disruption of BTB integrity induced by a high-fat diet. (a) Transmission electron micrographs of the
seminiferous epithelia of mice on the 16th week of feeding; the lower images are magnified views of each of the paired sections above.
Red arrowhead 1 shows the cracked BTB between two adjacent Sertoli cells constituted by cellular tight junctions. Red arrowheads 2
and 3 indicate the increase in protein along both sides of the BTB. The red arrows represent expanded endoplasmic reticula. The
corresponding scale bar is marked in the lower left corner of each image. n =3 for each group. (b) On the 16th week of feeding, testes
were injected with 50 ul of EZ-Link Sulfo-NHS-LC-Biotin (red), and cell nuclei were stained with DAPT (blue). In the sections of testes
from NN mice, the red fluorescence of the biotin tracer was observed only in the interstitial spaces and basal compartment. In the HH
+MET group, a small amount of red fluorescence was seen in the lumina of the seminiferous tubules (white arrow), whereas in the
HH group mice, abundant red fluorescence was evident in the lumina of the seminiferous tubules (white arrows) beside the interstitial
space and basal compartment. Scale bars = 50 ym for the magnified images, and scale bars = 100 yum for the other images. n =3 for each
group. All of the above micrographs are representative of 3 independent experiments. (c) Count of positive staining of biotin in
seminiferous tubules. The results are presented as the mean+SD. **P <0.01 vs. the corresponding NN group; "*P<0.01 vs. the
corresponding HH group.

expression and localization of junction proteins on the (1357 +254.8 vs. 716.1 + 119.8, P < 0.05) and concentration
BTB in testicular SCs, immunofluorescence of ZO-1 was  of MDA (4.81 +0.56 vs. 3.04 + 0.49, P < 0.01) significantly
performed. The high-fat diet increased ZO-1 accumula-  decreased to the normal level. These results indicated that
tion on the BTB; metformin recovered the increase in  metformin alleviated high-fat-diet-induced excess oxidative
ZO-1 on the BTB (Figure 5(d)), which was consistent stress in the testes.

with testicular ultrastructure and immunoblotting analyses Oxidative stress leads to inflammation, a process that is
of the testis. However, the localization of ZO-1 on the  most strongly influenced by the level of oxidative stress and
BTB was unaltered. mediated primarily by NF-«B, which is a proinflammatory

factor. To further verify whether NF-«B was involved in the
3.6. Metformin Suppresses the Oxidative Stress Level in the  process, the protein in nuclei and mRNA expression levels
Testis via Inhibition of NF-«kB/p65 Activity in SC Nuclei. Obe- ~ of NF-«B/p65 in the testis were assessed. Metformin treat-
sity can increase oxidative stress in the whole body [25], and ~ ment resulted in a significant decrease of the expression level
an increase in testicular oxidative stress is a common feature ~ of NF-xB/p65 in the whole testis (1.09 £ 0.16 vs. 0.16 + 0.08
in much of what underlies male infertility [26]. Therefore, to and 1.17+£0.12 vs. 0.16 £0.08, P < 0.05) (Figures 6(c) and
evaluate whether metformin improves male mouse fertility 6(d)). However, high-fat diet and metformin did not affect
by alleviating oxidative stress, testicular oxidative stress-  NF-«B/p65 mRNA expression in the whole testicular tissue
related indexes were assessed in each group on the 16th week,  (Figure 6(b)). NF-xB is normally located in the cytoplasm,
and the indexes included MDA, an index of lipid peroxida- and activated NF-«B localizes to the nucleus. To further rep-
tion and one of the commonly used biomarkers of oxidative  resent the level of NF-«B/p65 in SC nuclei, NF-«B expression
stress [38]; SOD, a type of scavenger of oxygen radicals [39] in SC nuclei was detected through an immunofluorescence
and a type of critical antioxidant enzyme that protects cells ~ method using cross-sections of deparaffinized testes. As
from oxidative stress [40]; and ROS, a kind of oxidative stress shown in Figure 6(e), red fluorescence in the SC nuclei
inducer species. As shown in Figure 6(a), although there was  represents activated NF-xB. The greatest abundance of acti-
no difference in SOD activity, the fluorescence intensity of ~ vated NF-xB in the SC nuclei existed in the high-fat-diet-
ROS was significantly higher in the testes of the high-fat-  fed mice, and the abundance in the oral metformin mice
diet-fed mice than in those of the normal-diet-fed mice  was similar to that in the normal-diet-fed mice. These
(705.3 £161.7 vs. 1357 +£254.8, P <0.05). In the testes of results indicated that metformin reduced the expression of
the oral metformin mice, the fluorescence intensity of ROS ~ NF-«B/p65 in the SC nuclei, which might be related to the
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FIGURE 5: Metformin recovers the disordered junction protein expression induced by a high-fat diet. (a) The ZO-1, occludin, N-cadherin,
B-catenin, and nectin2 bands in the immunoblotting analysis of the mouse testes. Testis lysates (120 pg/well) were loaded onto gels,
electrotransferred onto membranes, and reacted with primary and secondary antibodies; beta-actin was used as the loading control.
All gels were run under the same experimental conditions. The lower panel (b) is a densitometric histogram of the protein bands,
and the results are expressed as the ratio of the corresponding protein to beta-actin. (¢) The mRNA expression of ZO-1, occludin,
N-cadherin, f3-catenin, and nectin2 in mouse testes; gene expression was normalized to beta-actin. *P < 0.05 vs. the corresponding N
group; #P <0.05 and ##P <0.01 vs. the corresponding HH group. n=3 for each group. (d) Immunofluorescence micrographs using
cross-sections of testes. Green fluorescence represents ZO-1, and blue (DAPI dye) represents the nuclei. Scalebars=50um for the
magnified images, and scalebars = 100 um for the other images. n=3 for each group. All of the above panels are representative of 3

independent experiments.

reduction in excess oxidative stress in the testes induced by
the high-fat diet.

4. Discussion

Obesity, which is associated with male infertility, has
increased dramatically worldwide. Metformin, a commonly
used hypoglycaemic agent, has been shown to play roles in
nondiabetic diseases through antioxidant effects. However,
whether metformin can improve the damage to male fertility
caused by obesity remains unclear. In this study, by con-
structing a high-fat-diet-induced obese male mouse model
and administering metformin in water, we demonstrated that
metformin reduced the high level of oxidative stress in the
testis of high-fat-diet-fed obese mice before improvements

in serum glucose and adverse lipids. In addition to the
improvements in oxidative stress in the testis, the disrupted
expression of junction proteins was ameliorated, the injured
structure and integrity of the BTB were amended, and fertil-
ity was improved by metformin. These results suggested that
metformin improved the reproductive function of obese
male mice via an antioxidant effect independently of its reg-
ulation of serum glucose and lipids.

Metformin, a widely used medicine for the treatment of
type 2 diabetes mellitus, has extensive protective effects on
many organs and cells, such as the vessels, heart, brain, and
ovaries [41-44]. Moreover, metformin can improve the
reproductive function of obese females among patients with
PCOS in clinical applications [45]. However, the role of met-
formin in the male gonads is controversial. An in vitro study



12 Oxidative Medicine and Cellular Longevity

NE-xB/p65
MDA SOD ROS 15
7.5 - 30 4 5 2000 ;
o —_—
1 g N
i % 1500 — X 1.0
£ 50 2 20 = s
3 ## = z =g
2 & S 1000 # EE
L0 g g E 2 05
Z 251 2 10 g <00 528 77 NN HH HH+MET
=) 13 1 ~
2 NE-KB/p65 [y s | fprs ] | 1
g
0 ol ES 0l 0 LaminB]l | eses e | [somest st | [ Smmp tneng |
B B
3 3 Z %
an s e an
T T e T
(a) (b) (c)
Magnification Merge NF-xB/p65 DAPI
NN
20_;4m 50ﬂn
HH
50 ym
~
L5 - HH+MET
k=
. |L
o
?1 = 20 50 um
o E 1.0 - 7 2pm iy
SE
g3
o S
Z3 054 Negative
55 * control
2 #
<
= 20 ym 50 ym
0= —
Z T B
Z T E
=
jan)
T

(d) (e)

FIGURE 6: Metformin suppresses the oxidative stress level in the testis via inhibition of NF-«B/p65 in SC nuclei. (a) The levels of MDA, SOD,
and ROS in each group. All contents and enzyme activities were normalized to the total protein level, which was measured by means of the
BCA method. *P < 0.05 vs. the corresponding NN group; “P < 0.05 and **P < 0.01 vs. the corresponding HH group. # = 3 for each group. (b)
The mRNA expression of NF-«B/p65 in mouse testes; gene expression was normalized to beta-actin. n = 3 for each group. (c) The NF-«B/p65
bands in the immunoblotting analysis of the mouse testes. Testicular nucleoprotein lysates (60 ug/well) were loaded onto gels,
electrotransferred onto membranes and reacted with primary and secondary antibodies; LaminB1 was used as the loading control. n=3
for each group. (d) A densitometric histogram of the NF-xB/p65 protein bands; the results are expressed as the ratio of the corresponding
protein to LaminB1. *P < 0.05 vs. the corresponding NN group; “*P <0.01 vs. the corresponding HH group. (e) Immunofluorescence
micrographs using cross-sections of deparaffinized testes. n=3 for each group. Red fluorescence represents NF-xB/p65, and blue
fluorescence (DAPI dye) represents the nuclei. The white arrows represent the positively stained nuclei of Sertoli cells. A nucleus with
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the magnified images, and scale bars =50 ym for the other images. All of the above bands or micrographs are representative of 3
independent experiments.
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has demonstrated that metformin played a beneficial role in
energy metabolism in SCs [46]. Furthermore, metformin
stimulates alanine production in SCs, inducing antioxidant
activity and maintaining the NADH/NAD+ equilibrium.
However, other studies have reported that metformin might
disrupt normal testicular physiological processes, leading to
spermatogenic failure [47]. These are indeed crucial results
demonstrating the detrimental effects of metformin, which
are apparently contradictory to the results presented here.
Apart from the experimental methods used, the results of
the previous study were obtained from healthy animals with
apparently normal serum glucose and lipid metabolism.
However, in our study, the effect of metformin was analyzed
under hyperlipidaemic and hyperglycaemic conditions dur-
ing adulthood in mice, which may explain the conflicting
results when compared with other research.

The negative impact of obesity on the male genital system
is gradually being recognized. Obesity-induced decreases in
male fertility have been demonstrated in animal models
and clinical investigations, and abnormalities in pituitary-
gonadal axis hormones have been demonstrated in morbidly
obese men [48, 49]. In our study, the high-fat diet resulted in
decreased fertility in obese male mice, and further experi-
ments demonstrated that the decreased fertility was accom-
panied by abnormalities in lipid metabolism and sex
hormones. Apart from dyslipidaemia in obese male mice,
ectopic lipid accumulation was abundant in the testicular
interstitium, and some of the lipids penetrated the basement
membrane and deposited ectopically in the basement com-
partment of the seminiferous tubules; the structure and
integrity of the BTB were destroyed. This result demonstrates
that lipotoxicity indeed injured the BTB, and the testis/semi-
niferous tubules were in a lipotoxic microenvironment. Of
note, testicular lipid deposition did not increase testicular
weight, which might be due to organ specificity of the testis
or high-fat diet for a short period of time. In male peripheral
gonads, lipid accumulation mainly deposited in the epididy-
mis and surrounded testis, and a longer-term high-fat diet
will be given in further study. Metformin played a substantial
role in regulating lipid metabolism, and the 8-week treatment
with metformin markedly reduced the ectopic lipid deposi-
tion in the testis; however, serum glucose and adverse lipids
were not influenced significantly, which might be due to the
lower dosage of metformin. Relative to the dose of metformin
(200 mg/kg/d) used in this experiment, the dosage for
humans suggested in the control of diabetes is 2000 mg/d
(body weight = 70kg); correspondingly, the dosage of met-
formin that might reduce serum glucose in male mice should
be 260 mg/kg/d (9.1 x 2000 mg/d/70kg). To further verify
this speculation, a higher dosage of metformin will be admin-
istered in further study. However, the data also suggest that
metformin prioritizes the adjustment of lipid metabolism in
the testicular tissue before regulating serum glucose and
lipids. In addition to abnormalities in lipid metabolism,
changes in gonadotropin levels were also analyzed; FSH,
which decreased significantly in the high-fat-diet-fed mice,
plays an important role in spermatogenesis via the FSH
receptor (FSHR) [50]. With the decline in FSH, fertility
decreased and the BTB was impaired in the high-fat-diet-
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fed mice. Fertility and the integrity of BTB were recovered
with the increase in FSH in the mice-administered metfor-
min. These results indicate that a high-fat diet has a detri-
mental effect on pituitary gonadotropin FSH, which might
also occur via lipotoxicity in the pituitary. Metformin, in
addition to directly affecting the peripheral target gonad,
can improve reproductive capacity by regulating the centre
of the gonadal axis.

Previous studies on the mechanisms of male fertility have
mainly focused on sperm parameters, Leydig cells, or repro-
ductive hormones [9, 51-53]. The function of the SCs was
overlooked. SCs provide nutrition and BTB support in sper-
matogenesis. Disrupting BTB integrity harms the reproduc-
tive system and results in reproductive dysfunction [19, 54].
As mentioned above, in the high-fat-diet-fed mice, abundant
lipids were deposited ectopically in the testicular interstitium,
and some lipids were deposited ectopically in the seminifer-
ous tubules, indicating lipotoxicity in the testis or seminifer-
ous tubules. In the high-fat-diet-fed mice, the expression of
TJ-related proteins (ZO-1 and occludin) increased signifi-
cantly, which were basically consistent with the previous
studies [55]. Morgan et al. [55] found that the upregulation
of ZO-1 and occludin was a compensation for BTB damage.
Such changes might be an adaptive change because SCs
increasingly synthesize tight-junction proteins and attempt
to repair the dehiscent BTB. Disordered junction protein
expression leads to injury to the structure and integrity of
the BTB. TJ-associated proteins may be the targets of
lipotoxicity, and this is consistent with previous studies of
the effects of other exogenous stimulators on SC BTB, such
as perfluorooctanesulfonate, cadmium, amodiaquine, and
bisphenol A [19-22, 24]. In oral metformin mice, lipid accu-
mulation in the testicular interstittum and seminiferous
tubules decreased dramatically. In addition, with a concomi-
tant decrease in ectopic lipid deposition, the disordered junc-
tion protein expression, damaged structure, and integrity of
the BTB were ameliorated, and the decrease in fertility was
resolved. These results indicate that metformin can directly
regulate testicular lipid metabolism and hence reverse the
injury to the BTB, improving decreased fertility.

Metformin has antioxidant properties. Previous studies
have demonstrated that metformin can reduce ROS [56]
and that, partly by reducing oxidative stress inducer species,
metformin can confer health and lifespan benefits to labora-
tory mice and C. elegans [57, 58]. The high-fat-diet-fed mice
exhibited decreased reproductive function together with
increased ROS. Previous studies have demonstrated that
hydrogen peroxide, the most abundant ROS in pathophysiol-
ogy, can reduce the expression of occludin, a marker T] pro-
tein and a principal target of redox processes, in cultured
MDCK-II cells and that O, can decrease occludin expression
in cultured brain endothelial cells [59]. ROS also modulates
the patterns of gene expression through functional alter-
ations to transcription factors, such as NF-«B [60]. NF-«xB
activation is required in TNF-a-downregulated ZO-1 expres-
sion in the intestinal TJ barrier [61], and NF-«B inhibitors
(caffeic acid phenethyl ester) can recover the decreased
expression of occludin and ZO-1 induced by methotrexate
in the intestinal barrier [62]. In other words, NF-«B is
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F1GURE 7: Model accounting for the mechanism of the metformin-mediated improvement of fertility in obese male mice. In mice on the high-
fat diet, the ectopic deposition of adipose in the testis increases the level of oxidative stress, especially the level of ROS, activating NF-«B in the
cytoplasm, resulting in an increase in NF-«B in the nuclei of SCs. The latter results in disordered junction protein expression, which leads to
the destruction of BTB integrity and then the decline in spermatogenesis and male fertility. Metformin reduces lipid deposition in the testis,
relieves oxidative stress in the testis, inhibits excessive activation of NF-xB in SC nuclei, reverses the destruction of the BTB, and hence
improves the reproductive function of male mice. In other words, metformin ameliorates the injury to the reproductive function of obese
male mice via the ROS-NF-«B pathway. In addition, FSH is decreased in high-fat-diet-fed male mice, and metformin increases the level of
FSH in obese male mice, which might play a role in the process of the metformin-mediated improvement of fertility in obese male mice.

involved in the regulation of the expression of TJ-related
proteins in other blood-tissue barriers and may regulate
the expression of BTB-related proteins. Likewise, our data
demonstrate that the level of ROS is significantly higher in
high-fat-diet-fed mice than in normal-diet-fed mice and
that NF-«B is activated abundantly in high-fat-diet-fed
mice compared with normal-diet-fed mice. Thus, the acti-
vated ROS-NF-«B signalling pathway might be a contribu-
tor to high-fat-diet-induced BTB damage. Inhibition of
NF-«B signalling represents a viable strategy for disease
therapy [63]. The levels of ROS and the abundance of acti-
vated NF-xB/p65 in SC nuclei were significantly lower in
the mice administered metformin than in the high-fat-diet-
fed mice. This indicates that treatment with metformin
reduces ROS levels, inhibits the activity of NF-«B in SC
nuclei, likely ameliorates lipotoxicity-induced disruption of
BTB-associated proteins, and further repairs the structure
and integrity of the BTB, upregulating the decrease in the fer-
tility of obese male mice. All of these observations point
towards crosstalk between an ROS-NF-«B mediator and the
intervening role of metformin in determining BTB function
in a testicular fat ectopic accumulation microenvironment.
The studies performed by Bonnefont-Rousselot et al. [64]
and Esteghamati et al. [65] demonstrated that metformin

has a remarkable effect on oxidative stress. Our study further
demonstrated that metformin inhibits the activity of NF-«xB
in the SC nuclei of obese male mice and hence exerts a ben-
eficial effect on the BTB.

5. Conclusion

In summary, the results of this study confirm that a high-fat
diet causes abnormalities in glucose and lipid metabolism
and serum FSH, increases oxidative stress, and disrupts
BTB integrity in the testis, harming the reproductive system.
Treatment with metformin decreases ectopic lipid accumula-
tion in the testis, reduces the levels of oxidative stress, amelio-
rates the high-fat-diet-induced injury to the BTB, and
improves fertility in obese male mice. The ROS-NF-«B path-
way may be a mechanism of metformin in this protective
process (a diagram is shown in Figure 7). However, the
mechanism of metformin is highly complex, and further
studies are needed, including an examination of the mecha-
nism underlying the effects of metformin on pituitary gonad-
otropin FSH and NF-«B signalling. These results are
important evidence of the beneficial effects of metformin on
infertility in obese males and provide an effective treatment
option for male infertility in obese men. Clinical trials will
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be analyzed to further confirm the beneficial effects of met-
formin on the fertility of obese men.
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Supplementary Materials

Figure S1: the flowchart of the animal experiments. One week
after feeding to adapt to the housing conditions, the male
mice were randomly divided into two groups: the normal-
diet group (N, n=20) was fed a standard diet, and the
high-fat-diet group (H, n=30) was fed a high-fat diet. Ten
mice from each group were sacrificed at the end of the 8th
week of feeding. The remaining mice in the N group were
maintained on their standard diet (NN, #n=10), whereas
the mice fed a high-fat diet (n = 20) were further subdivided
into two subgroups. The first subgroup (HH, n=10) was
maintained on the high-fat diet, and the second subgroup
(HH+MET, n=10) was maintained on the high-fat diet
with ~200 mg/kg body weight/day metformin given in the
drinking water. (Supplementary Materials)
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For a successful pregnancy to occur, a predecidualized receptive endometrium must be invaded by placental differentiated cells
(extravillous trophoblast cells (EVTs)) and, at the same time, continue decidualization. EVT invasion is aimed at anchoring the
placenta to the maternal uterus and ensuring local blood supply increase necessary to provide normal placental and foetal
development. The first is achieved by migrating through the maternal endometrium and deeper into the myometrium, while the
second by transforming uterine spiral arteries into large vessels. This process is a tightly regulated battle comprising interests of
both the mother and the foetus. Invading EVTs are required to perform a scope of functions: move, adhere, proliferate,
differentiate, interact, and digest the extracellular matrix (ECM); tolerate hypoxia; transform the maternal spiral arteries; and die
by apoptosis. All these functions are modulated by their surrounding microenvironment: oxygen, soluble factors (e.g., cytokines,
growth factors, and hormones), ECM proteins, and reactive oxygen species. A deeper comprehension of oxidative uterine

microenvironment contribution to trophoblast function will be addressed in this review.

1. Introduction

Successful pregnancy depends on sequential and discrete
events that include fertilization, implantation, decidualiza-
tion, placentation, and birth. Placentation is the process of
formation and development of the placenta and the associ-
ated modifications in maternal tissue. Its continued interac-
tion character, involving two distinct genomes, suggests the
presence of a fine-tuned regulation. In human placenta
development, three structural regions are considered: the foe-
tal placenta, with separated foetal and maternal blood, where
physiological exchange of nutrients and waste products
occurs; the basal plate, which borders the maternal surface
and is crossed by maternal vessels; and the placental bed
formed by maternal uterine tissue, comprising the modified
endometrium (decidua) and is traversed by 100-150 mater-

nal spiral arteries that supply nutrients and oxygen (O,) to
the placenta and the foetus [1].

For a healthy pregnancy to proceed, a good anchoring of
placental features and the transformation of maternal spiral
arteries (SA) into flaccid capacitation vessels, that will ensure
adequate blood supply to the foetus, are necessary. In normal
pregnancy, such changes require important extravillous tro-
phoblast cell (EVT) movement from the placental villi across
the decidua and deep into the adjacent myometrium. In addi-
tion, appropriate invasion of maternal SA and their resulting
remodelling underlies functional circulatory change estab-
lishment [2]. In contrast, deficient EVT invasion has been
associated with insufficient SA remodelling, altered uteropla-
cental hemodynamics, overall placenta bed dysfunction, and
the establishment of serious pregnancy complications [3]. In
fact, an early defective development of the placental bed, and
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consequent altered placentation, appears to contribute to late
pregnancy complications such as preeclampsia, placental
abruption, and intrauterine growth restriction (IUGR) [1, 2].

EVT invasion regulation and the molecular mechanisms
underlying SA remodelling are the result of a complex net-
work involving soluble factors and different cell types resid-
ing in the maternal placental bed. Emerging work indicates
that an abnormal placentation is consequent to aberrant
uterine microenvironment, already present before or at the
time of blastocyst implantation [4-7]. This review will
address uterine regulators of EVT dynamics with a special
focus on reactive oxygen species (ROS) physiological and
pathophysiological roles.

2. Pre(decidualization)

In many species, uterine changes aiming to create a suitable
microenvironment for embryo implantation and develop-
ment occur only after implantation. In humans, early changes
may be recognized after ovulation and are designated prede-
cidualization [8]. In the uterine stroma adjacent to SA, and in
response to rising progesterone levels, fibroblast-like mesen-
chymal cells differentiate into an epithelioid structure. In
addition, they accumulate cytoplasmic glycogen and lipids
and secrete new products as components of extracellular
matrix (ECM), protease inhibitors, cytokines, hormones,
and other peptides. If implantation takes place, they will pro-
vide nutrition to the developing conceptus [9].

Progesterone-dependent differentiation of stroma cells
is crucial for epithelium receptiveness and trophoblast-
endometrium interactions. In fact, trophoblast spheroid
attachment and growth in a coculture of endometrial epi-
thelial cells and primary stromal cells were increased when
stromal cells had been collected during the window of
implantation time, not before [10].

Predecidualization also plays an important role in uterine
natural killer (uNK) cell influx. In humans, they are recruited
during predecidualization, and their increase peaks during
the first trimester and diminishes thereafter, due to apopto-
sis. When compared with circulating NK cells, uNK cells
have distinct features and functions. They are less cytotoxic
and produce signalling molecules such as cytokines (e.g.,
tumour necrosis factor alpha (TNF-«) and interleukin- (IL-
) 10 and 1p), growth factors (e.g., tissue growth factor beta
(TGF-f) and placental growth factor (PIGF)), angiogenic
factors (e.g., vascular endothelial growth factor (VEGF)),
and matrix metalloproteinases (MMPs) [11]. Moreover, they
contribute to decidual angiogenesis regulation and SA
remodelling and control EVT invasion [12].

3. Implantation and Early Placentation

Upon fertilization, the ovum travels in the fallopian tube
where following several mitotic divisions, it reaches the mor-
ula stage (a compact mass of 12-16 cells). Continuing to
divide, while receiving nutrients from the uterine environ-
ment, it attains approximately 100 cells that surround a
fluid-filled cavity, where conceptus-derived secretions con-
centrate, characterizing the blastocyst stage [13]. During this
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stage, asymmetric cell divisions give rise to two distinct pop-
ulations: the outer blastocyst encircling trophoblast cells,
which will originate both the placenta and the extraembry-
onic membranes, and the totipotent inner cell mass, which
will develop into the embryo [14]. Between the 5™ and the
6™ day post fertilization, the blastocyst contacts with the
uterine wall (apposition), attaches to the epithelium, and
invades the receptive decidua to implant [15, 16] (Figure 1).

After implantation, trophoblasts that face directly the
maternal tissue differentiate and fuse to form the syncytiotro-
phoblast, whereas those remaining behind, untouched by
maternal tissue, do not fuse and are denominated cytotro-
phoblasts [17, 18] (Figure 1). They act as a rapidly dividing
stem cell pool that feeds and fuses with the multinucleated
syncytiotrophoblast and promotes its continuous growth.
Soon, it will surround most of the blastocyst and, with an
invasive phenotype, will penetrate deep into the uterine cav-
ity lining. Within the syncytium, fluid-filled spaces coalesce
and rearrange into lacunae, which are the primitive intervil-
lous spaces in the placenta, where the maternal blood will cir-
culate [19, 20].

While invasion evolves, columns of the syncytiotropho-
blast masses establish a network around the lacunae to form
trabeculae, very important for the remaining development of
the villous tree. Subsequently, cytotrophoblast cells prolifer-
ate and invade through the trabeculae, until they reach their
tips and contact with the decidua. Following their lateral
spreading from the tips, they form a coating between the syn-
cytiotrophoblast mantle and the maternal endometrium [21].
Therefore, at this stage, the blastocyst exhibits three different
layers of trophoblastic covering: (1) the primary/early chori-
onic plate, which faces the embryo; (2) the lacunar system
and trabeculae, which develops into the intervillous space
and villous tree, respectively; and (3) the cytotrophoblastic
shell or primitive basal plate, which contacts directly with
the endometrium [21].

The cells from the cytotrophoblastic shell possess a dis-
tinct phenotype, as they exhibit a round outline structure
and large amounts of glycogen. Those localized at the tips
of villi differentiate into EVTs, leave the shell, and migrate
across the endometrium, initiating the process of EVT inva-
sion [22]. A batch of EVTs is responsible for SA remodelling:
they disrupt the vascular smooth cell layer and replace the
endothelium, converting muscular wall arteries into wide
bore low-resistance vessels ensuring a local increase in blood
supply, necessary to fulfil placenta requirements [23]. At the
same time, these cells accumulate and plug the lumen of the
transformed SA, obstructing blood cell circulation. Neverthe-
less, there is a plasma leak which results in a physiological
gradient of O, between the mother and the foetus, with
extreme importance for organogenesis [2]. In a phenomenon
named deep placentation, EVTs further invade the decidua
and reach as far as the inner third of the myometrium.

4. Modulators of EVT Function and Associated
Signalling Pathways

Extravillous trophoblasts are not isolated elements as they
are surrounded by decidual cells, vascular features, ECM
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FIGURE 1: Human placenta development. Blastocyst implantation is mediated by the crosstalk between the blastocyst and the receiving
endometrium. Early differentiated syncytiotrophoblast, displaying an invasive phenotype, allows the blastocyst to implant inside the
endometrial stroma. Cytokines, growth factors, hormones, oxygen, extracellular matrix, and ROS all modulate trophoblast cell invasion
of maternal decidua and myometrium and their capacity to transform spiral arteries. Many growth factors and cytokines, such as EGF,
TGF-f3, and TNF-q, secreted by the decidua and uNK cells act in a paracrine manner to regulate trophoblast function. These factors

may also be secreted by the trophoblast cells and act in an autocrine manner to promote invasion.

proteins, uNK cells, and soluble factors, which together con-
stitute the uterine microenvironment (Figure 2). This micro-
environment must be suitable for an effective implantation
that is the pillar for a successful pregnancy.

4.1. Oxygen. Low O, levels are essential for correct placental
development. In fact, during the first trimester of pregnancy,
when SA are plugged by EVTs, there is an abrupt decrease in
O, concentration from the decidua to the developing pla-
centa [24, 25]. This gradient is essential for cell column
basement-residing cytotrophoblast cells to proliferate, reach
the tips of the columns, and differentiate into invading extra-
villous trophoblasts. It thus appears that dividing cytotro-
phoblasts are pushed forward, towards maternal tissue and
higher O, levels, where they lose proliferative capacity,
acquire an invasive phenotype, and start invading the mater-
nal tissue [26]. Low O, levels also induce the expression and
stability of transcription factors, such as hypoxia-inducible
factor-1 (HIF-1), which promotes expression of genes that
encode proteins involved in cell metabolism, essential for tro-
phoblast proliferation and differentiation [27].

4.2. Adhesion Molecules and Receptors. The transition from
proliferating cytotrophoblast cells to invasive EVTs is also

dependent on specific cell receptors and cell adhesion mole-
cule (CAM) alterations. It starts with trophoblast cell detach-
ment from the basal membrane and culminates with de novo
adhesion to uterine ECM, enabling EVTs to further migrate
and invade the myometrium and SA. A variety of molecules
with a role in adhesion, motility, and migratory capacity are
present in the EVTs and include integrins, selectins, cadher-
ins, kisspeptins, and ephrins [28, 29]. Integrins are the major
family of CAM with a key importance in the above-
mentioned processes. Their expression differs among tro-
phoblast populations and modulates the binding to the
ECM. In addition, locally produced cytokines can influence
CAM expression, particularly TGF-B [30]. EVT integrins
bind to ECM proteins and other decidual molecules and acti-
vate cellular pathways controlling trophoblast functions [31].

4.3. Extracellular Matrix. The decidual ECM is a 3-
dimensional tissue structure where trophoblast lineages are
embedded. This matrix is composed of a variety of proteins
including collagen, fibronectin, laminin, vitronectin, trophin,
and tastin [32]. ECM modulate EVT functions and, at the
same time, EVTs degrade and induce ECM remodelling to
enable migration [33-35].
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&Y Decidual senescent cell // Extracellular matrix
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F1GURE 2: Extravillous trophoblast invasion and spiral artery remodelling. Within the syncytium, lacunae (the primitive intervillous space) are
formed and proliferative cytotrophoblast cells emanate until they contact the endometrium (anchoring villi). At the tips of the villi,
cytotrophoblasts differentiate into invasive trophoblast cells that will leave the villi and migrate through the stroma until they reach
maternal spiral arteries or the deep myometrium. Interstitial extravillous trophoblasts that reach spiral arteries disrupt the vascular
smooth muscle cell layer and replace it by fibrinoid material, while endovascular trophoblasts destroy their lumen and occupy their
endometrium, converting them into low-resistance vessels.

TasLE 1: Classification of matrix metalloproteinases.

MMP classification Enzyme substrates Cell type/tissue secretion References
Collagenase-1 ~ MMP-1 Collagen types L, II, III, VIL, and X EVTs, decidua, and uNK [39-42]
Collagenases  Collagenase-2 ~ MMP-8 Collagen types I and IIT EVTs, decidua [39, 43, 44]
Collagenase-3 MMP-13 Collagen type I EVTs, decidua [39, 44-46]
Collagen types L III, IV, V, VII, and X;

Gelatinases Gelatinase A MMP-2 gelatin; fibronectin; and elastin

Gelatinase B MMP-9 Collagen types I, III, IV, and V and gelatin EVTs, decidua, and uNK [39, 42, 44, 47-50, 52]
Collagen types III, IV, IX, and X; gelatin;
laminin; fibronectin; and elastin

Collagen types II, IV, and V;
fibronectin; and gelatin

EVTs, decidua, and uNK [39, 42, 44, 47-52]

Stromelysin-1 ~ MMP-3 EVTs, decidua [39, 44, 50, 53]

Stromelysins

Stromelysin-2  MMP-10 EVTs, decidua, and uNK [39, 44, 50, 54]

Stromelysin-3 MMP-11 Collagen type IV EVTs, decidua, and uNK [39, 44]
Matrilysin MMP-7 Fibronectin and gelatin EVTs, decidua, and uNK [39, 41, 42, 44, 45]
Matrilysin-2 ~ MMP-26 Fibronectin and gelatin EVTs, decidua [39, 55, 56]

Metalloelastase MMP-12 Elastin and fibronectin EVTs, decidua, and uNK [39, 44, 57, 58]
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ECM proteins are degraded by proteases, cathepsins, and
MMPs [36]. MMPs belong to the family of zinc-dependent
endopeptidases, with diverse members that degrade distinct
units of the ECM (Table 1) [37, 38].

Regulation of MMP expression can be done at different
levels: transcriptional (e.g., cytokines and growth factors),
during secretion, by extracellular activation (e.g., plasmin-
activated MMP-3), by inhibition (e.g., tissue inhibitors of
metalloproteinases (TIMPs)), or by degradation [59, 60].
TIMPs are a family of extracellular proteins (TIMP-1,
TIMP-2, TIMP-3, and TIMP-4), which act as specific protease
inhibitors, binding to the catalytic MMP domain and coun-
teracting MMP activity [61].

Cell-matrix or cell-cell contact mediates both MMPs and
TIMPs production [62]. To invade, EVTs must bind to ECM
components, degrade them, and subsequently move through
the tissue matrix. Cell surface adhesion molecules are essen-
tial for cell adhesion and constitutively express proteinases
for ECM degradation [63]. Both EVT adhesion molecules
and MMP secretion are dependent on ECM composition
[36] and their phenotypic features. EVTs show an early pre-
dominant expression of MMP-2 that changes to MMP-9
later on during trophoblast invasion, to cope with decidual
ECM alterations [64-67]. Overall, decidual cells, when in
contact with EVTs, also express MMPs assisting in ECM deg-
radation and further enhancing trophoblast invasion [67],
but they also antagonize MMP activity by producing TIMPs
and consequently blocking trophoblast invasion [68].

Decidual cells balance MMPs and TIMP secretion, con-
trol EVT migration, and prevent an exacerbate invasion
[69] in a tight regulation and following a strict balance [70].
Thus, in order to achieve a correct placentation, uterine
microarchitecture remodelling is necessary and requires a
fine-tuned regulatory process operated by multiple players,
of which only a limited number is currently known.

4.4. Soluble Factors—Cytokines and Growth Factors. Both
timing and extension of EVT invasion are partly regulated
by a plethora of paracrine and autocrine factors expressed
by different cells comprising the decidua and EVTs them-
selves. Moreover, expression of these factors shows a consid-
erable structural overlap, with several mediators being
expressed by the decidua, uNK, and trophoblast cells [71].
In a decidualized endometrium, the cytokine/chemokine
secretion is unique and, with the exception of leukaemia
inhibitory factor (LIF), the expression of these soluble factors
is increased when compared with nondecidualized stromal
cells (Table 2).

Due to such alteration, it is conceivable that the decidual
secretome has a role in controlling trophoblast invasion
[73]. In a simplified way, soluble mediators can be divided
in two groups: pro- and anti-invasive. Proinvasive paracrine
factors, which have been shown to increase in vitro cell
migration, invasion, and adhesion, comprise IL-1, IL-6, IL-
8, IL-15, LIF, insulin-like growth factor-binding protein 1
(IGFBP-1), epidermal growth factor (EGF), interferon
gamma-induced protein 10 (IP-10), RANTES (regulated
on activation, normal T cell expressed and secreted), and
chemokines CX3CL1 and CCLI14. Anti-invasive factors

5
TaBLE 2: Molecules secreted in response to decidualization.
Soluble factors Reference
EGF | (72]
IL-18 1 [73]
IL-6 1 (73]
IL-8 7 [73]
IL-10 T [74]
IL-11 7 (75, 76]
IL-15 1 [76]
IGFBP-1 1 (75, 76]
IP-10 T (73]
LIF | (7]
RANTES 1 (73]
TGF-1 [72]
TNF-a 1 (72]
VEGEF 1 [72]

include IL-10, IL-12, TNF-a, TGF-p, interferon gamma
(IFN-v), chemokine CXCL12, VEGF, and endocrine gland-
derived VEGF (EG-VEGF) (Table 3).

Apart from the decidua, other tissues are producers of
trophoblast regulators. Leptin, produced in the adipose tissue
and in trophoblasts, can enhance EVT invasion capacity by
an effective increase in MMP-14 expression [134-136]. In a
placental bed, paracrine factors bind to the EVT cognate
receptors and trigger signalling cascades that regulate gene
expression and enzymatic activity, which induce a shift in
MMPs, ILs, and growth factor secretion. This variation fur-
ther regulates, in a feedforward fashion, a plethora of soluble
factors that also control invasion.

4.5. Signalling Pathways. Several signalling pathways are
responsible for controlling migration and invasion of EVTs
including mitogen-activated protein kinase (MAPK), phos-
phoinositide 3-kinase (PI3K)/protein kinase B (Akt), Janus
kinase (JAK)/signal transducer and activator of transcription
proteins (STATs), wingless (Wnt), and focal adhesion kinase
(FAK) pathways. However, endometrium-derived soluble
factors predominantly activate MAPK, JAK/STAT, and
TGEF- -mediated signalling pathways.

One of the most important pathways of MAPK signalling
is extracellular signal-regulated kinase (ERK) 1/2. It partici-
pates in essential functions as cell proliferation, differentia-
tion, and survival [137]. This pathway can be activated by
mitogens, phorbol esters, growth factors, and ROS [137,
138]. In pregnancy, ERK1/2 is important for placental devel-
opment [139], trophoblast differentiation, and decidual inva-
sion [138, 140]. Endothelin and prostaglandins activate
ERK1/2 and promote EVT migration, while inhibition of this
pathway reduces it [140]. The p38 MAPK pathway is also an
important MAPK signalling pathway; it is activated by
cytokines [141], among other agents, and is necessary in
the control of apoptosis, inflammation, cell cycle regulation,
senescence, and oncogenesis [141, 142]. In particular, the
p38a isoform plays a vital role in placental embryonic
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TaBLE 3: Soluble factors secretion and its effect on invasion.
Soluble factor Secreted by Effects on trophoblast invasion References
CCL14 Increase migration by promoting CAM expression [64, 78]
Decidua alterations (a-catenin and integrin [35); increase invasion
CX3CLI by increasing MMP-12 expression (78]
EGE Decidua and' . Increase invasion by increasing MMP-9 and TIMP-1 (65, 79-82]
mesenchymal villi expression
Decidua, placental Increase invasion by upregulating of H2.0-like homeobox
HGF (83, 84]
stromal cells, and uNK gene
IGFBP-1 Decidua Increase invasion by increasing gelatinolytic activity [31, 85-87]
Cytotrophoblasts, Increase invasion by increasing MMP-2, MMP-9, and
IL-18 decidua, macrophages, . . . . [78, 88-95]
urokinase plasminogen activator expression
and uNK
Proinvasive L6 Cytotrophoblasts and Increase invasion by increasing MMP-2 and MMP-9 [91,96-101]
uNK expression
Cytotrophoblasts, Increase invasion by increasing MMP-2, MMP-9, uPA,
IL-8 decidua, macrophages,  and plasminogen activator inhibitor (PAI) type 1 and 2 [102, 103]
and uNK expression
IL-15 Decidual cells Increase invasion by increasing MMP-1 expression [76, 104, 105]
Endometrial stromal Increase migration by increasing integrin expression
1P-10 cells, uterine glandular & (};5 and /33)g & P [106-108]
cells, and uNK
LIF Decidual stromal cells Increase adhesion through changes in integrin expression; [109-115]
and uNK increase invasion by decreasing TIMP-1 expression
RANTES Uterine stromal cells Increase adh.esllon and‘ migration by increasing cytolytic [116-118]
activity and integrin expression (31)
L-11 Cytotrophoblasts, uNK, Involvement in EVT function less understood; inhibiting [119-121]
and decidua invasion in HTR-8/SVneo and increasing in JEG-3
CXCL14 Decidual stromal cells Decrease invasion by gelatinase activity suppression [64]
IL-10 Macrophages and uNK Decrease invasion by downregu.latmg MMP-2 and MMP-9 [122]
expression
Cytotrophoblasts, Decrease invasion by decreasing insulin-like growth factor
INE-y decidua, and uNK receptor-II [123-127]
Decrease invasion by binding to g protein-coupled
Kisspeptin-10 Cytotroph.oblasts and receptor kisspeptin-1 receptor increasing Ca** [123-127]
decidua .
intracellular levels
Anti-invasive Decrease invasion by increasing of TIMP-1 and TIMP-2
TGF-B Cytotrophoblasts, and plasminogen activator inhibitor type 1 and 2 [62, 79, 85, 123-125,
decidua, and uNK expression; increases adhesion by upregulating the 128-130]
expression of CAM (ezrin and e-cadherin)
Cytotrophoblasts, . . . . .
TNF-a decidua, macrophages, Decrease invasion by upregulation plas.mlnogen activator [123, 125, 130-132]
inhibitor type 1 expression
and uNK
Decidua, macrophages,  Decrease invasion by inhibiting urokinase plasminogen
VEGF . . [133]
and uNK activator expression

development and placental angiogenesis [143]. ERK1/2 inhi-
bition in parallel with p38 MAPK decreases trophoblast dif-
ferentiation [138]. Activation of the MAPK pathway in
combination with the PI3K/Akt pathway promotes EVT
(HTR-8/SVneo immortalized cell line) invasion and migra-
tion via MMP enhancement [144].

JAK/STATS3 signalling is indispensable for regulation of
EVT proliferation and invasion capacity in response to cyto-
kines and growth factors [145, 146]. Again, an interdepen-
dence between MAPK and JAK-STAT signalling pathways

was found to be involved in EGF-mediated HTR-8/SVneo
cell invasion [146].

TGF-f signals through Smad-dependent (canonical) and
Smad-independent (ERK, JNK, p38, and Rho GTPases)
(noncanonical) pathways. Recent studies with JEG tropho-
blast cells demonstrate that activation of Smad3 promotes
cell invasion by upregulation of MMP2 and MMP9 [147].
These findings contrast with previous reports where TGF-p3
decreased EVT invasion in HTR-8/SVneo cells, by inducing
Snail-mediated downregulation of vascular endothelial-
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cadherin [147]. TGF- plays a role in multiple signalling net-
works in the cell, and depending on the second messengers
involved, divergent responses can be attained.

ROS are important secondary messengers and play a role
in the modulation of protein kinase activity. When a redox
imbalance occurs, ROS can impair the EVT signalling net-
work. Modification of essential amino acid residues by ROS,
which consequently alter the protein structure and its func-
tion, is one of the plausible mechanisms of ROS actions [148].

5. Oxidative Stress and Placentation

5.1. Reactive Oxygen Species, Oxidative Stress, and
Placentation. The ROS family comprises free radicals (i.e.,
species with at least one unpaired electron) and nonradical
oxidants (i.e., oxidants with their electronic ground state
complete). These species reactivity, half-lives, and diffusion
capacities are variable. Hydroxyl radical (OH) is the most
unstable and upon formation reacts rapidly with biomole-
cules in the vicinity [149]. In contrast, hydrogen peroxide
(H,0,) is capable of crossing cell membranes and exerts its
effects beyond the cell limits [150, 151].

Under physiological conditions, superoxide anion (O,")
is the most frequently generated radical. Its main source is
the inner mitochondrial membrane during the respiratory
chain, particularly the complexes I and III, by inevitable leak-
age of electrons to O, [152, 153]. O, can also be formed
following electron leakage in a shorter electron transport
chain at the endoplasmic reticulum (ER) and during the
membrane-bound nicotinamide adenine dinucleotide phos-
phate oxidase (NOX) activity, which transfers one electron
from NADPH to O, [154].

To cope with the continued ROS production, cells have
developed antioxidant mechanisms that prevent their accu-
mulation and deleterious actions. Antioxidants, enzymatic
or nonenzymatic, can mitigate ROS effects by delaying oxida-
tion or preventing it from happening. In cells, key enzymatic
antioxidants are superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx) [155], whereas
important nonenzymatic antioxidants comprise vitamins C
(ascorbic acid) and E (tocopherol), zinc and selenium, gluta-
thione, plant polyphenols, and carotenoids (carotene and f3-
carotene) [156]. Other molecules with moderate antioxidant
properties may also be relevant because of their abundance,
as is serum albumin [157].

ROS are normal products of cell metabolism with physi-
ological roles in the organisms. They regulate signalling path-
ways through changes in the activity of structural proteins,
transcription factors, membrane receptors, ion channels,
and protein kinases/phosphatases [158] However, when
ROS levels rise, and antioxidant defences cannot neutralize
them, the redox homeostasis is disrupted, and a new state
referred as oxidative stress (OS) arises. OS leads to an impair-
ment of redox signalling and causes molecular damage to
biomolecules [159, 160]. OS condition is graded; while minor
or moderated changes provoke an adaptive response and
homeostasis restauration, higher ones result in violent per-
turbations that lead to pathological insults, damage beyond
repair, and even cell death [159] (Figure 3).
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FiGurRe 3: ROS sources and downstream cellular effects.
Endogenous sources of ROS include mitochondrial metabolic
reactions, NADPH oxidase activity, and microsomal cytochrome
P450 detoxification pathways; exogenous sources comprehend
ultraviolet radiation, X-rays and gamma-rays, ultrasounds,
pesticides, herbicides, and xenobiotics. ROS are normal products
of cell metabolism with physiological roles in the organisms. They
regulate signalling pathways through changes in the activity of
structural proteins, transcription factors, membrane receptors, ion
channels, and protein kinases/phosphatases. However, when ROS
levels rise, and antioxidant defence cannot neutralize them, the
redox homeostasis is disrupted, and a new state referred to as
oxidative stress (OS) arises. OS leads to impairment of redox
signalling and induces damage to biomolecules. OS has a graded
response with minor or moderated changes provoking an adaptive
response and homeostasis restauration and violent perturbations
leading to pathological insults, damage beyond repair, and even
cell death. MR: membrane receptor; NOS: nitric oxide synthase;
NOX: NADPH oxidase. Filled arrows indicate a direct action,
while dashed arrows indicate indirect or simplified mechanisms.

5.1.1. ROS in the Endometrium Cycle. ROS are believed to be
implicated in the regulation of the endometrial cycle
(Figure 4) [161]. NOX-derived O, has been shown to acti-
vate the nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-«B) and regulate angiogenesis [162, 163],
thus resulting in a determinant role in the endometrial cycle.
Variations in SOD, GPx, and lipid peroxides in response to
oestrogen and progesterone levels have also been reported
[164, 165]. In a late secretory phase, steroid hormone fall
reduces SOD activity and, consequently, increases ROS
effects [166, 167]. ROS-mediated activation of NF-xB signal-
ling cascade promotes prostaglandin secretion, vasoconstric-
tion, and, ultimately, the endometrial shedding [168-171], at
the end of the secretory phase. The exacerbated uterine ROS
level and NF-xB activation may result in signalling pathway
disruption and in a broad spectrum of uterine-related infer-
tility disorders, as endometriosis [172]. In recurrent preg-
nancy loss (RPL), increased activity of antioxidant enzymes
and decreased markers of OS in endometrial secretions
before implantation associated positively with a successful
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FIGURE 4: Diagrammatic representation of the different phases
of the menstrual cycle, oxidative stress (OS) changes, and
fluctuations in ovarian and pituitary hormones. Plasmatic OS
marker (hydroperoxides) maximum levels are seen near ovarian
and pituitary hormone peaks [161].

IVF outcome [173]. Moreover, endometrial alterations in
progesterone-induced SGK1 (a serine-threonine protein
kinase homologous to AKT) were also related to RPL due
to impairment in OS defences [174].

5.1.2. ROS and Decidualization. Recent findings suggest that
decidual stromal cells evolved from ancestor stromal cell
fibroblasts, whose phenotype acquisition is modulated by
redox signalling, ER stress, and cellular senescence [175]. In
this context, resveratrol, a molecule with antioxidant and
anti-inflammatory properties, inhibits decidualization in
mice by repression of decidualization markers and abroga-
tion of cellular senescence [176], whereas decidual cell ER
sensitive to stressful conditions results in a decrement of
decidual functioning [177, 178] and viability [179]. In short,
during decidualization, redox-sensitive transcription factors
and kinases are activated, making plausible the intervention
of ROS and their regulators in this process [180-182] and
extending it into placentation. In pregnancy, progesterone
stimulates uterine stromal decidualization and decidual
SOD expression [183, 184]. In addition, GPx3 is highly
expressed in mice decidua, favouring its involvement in
uterine transformation and implantation, a point further
supported by the reduced pregnancy rates upon GPx3 inhibi-
tion [165].

5.1.3. ROS and Regulation of Trophoblast Function. EVTs are
also adversely regulated by OS because of their interference
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with fundamental cellular pathways, reduction of MMP
expression, upregulation of proinflammatory cytokine secre-
tion, and induction of mitochondrial dysfunction [185-192].
These consequences disrupt EVT crosstalk within the uterine
microenvironment and impair fundamental biological pro-
cesses as differentiation, proliferation, migration, and vascu-
lar remodelling (Table 4). The use of specific antioxidant
molecules may have beneficial effects on EVT functions
[186, 188, 189].

5.1.4. The Ageing Uterus. In the aged uterus, indirect evidence
supports the occurrence of cellular senescence, which is
thought to affect decidual transformation [195] and promote
preterm births [196, 197]. In addition, reproductively aged
mice show age-related increase in uterine NOX and protein
carbonylation content, contributing to abnormal deciduali-
zation and reduced fertility. NOX inhibition, but not
enhanced H,O, conversion using a SOD mimetic, restores
local redox balance, repairs maternal-foetal interactions,
and increases fertility [6]. In line with these results are the
recent findings of Banerjee and coworkers reporting that
low H,O, levels increase EVT invasion, while high levels
induce apoptosis [191, 194]. Interestingly, an age-related
decrease in adrenal synthesis of dehydroepiandrosterone
(DHEA) is believed to grant increased antioxidant capacity
to decidualized cells and improve endometrial receptivity
[198-200].

On a wider view, either by disturbing uterine decidua or
embryo-derived cell functioning, important aspects of mod-
ern life style such as obesity, increased maternal age, alcohol
consumption, and exposure to substances may act as endo-
crine disruptors and affect implantation and placentation
through OS induction [6, 7, 185, 190, 193, 201].

Therefore, it is now recognized that, at the time of
implantation, OS-related alterations in uterine microenvi-
ronment lead to a relevant disturbance at the foetus/maternal
interface that impairs trophoblast invasion and spiral artery
remodelling and stand at the root of major pregnancy-
related complications of vascular origin, such as preeclamp-
sia and IUGR.

5.2. AGEs, RAGEs, ROS, and Placentation. Glycation is a
nonenzymatic reaction (not to be confused with the enzy-
matic reaction glycosylation), between reducing sugars (e.g.,
glucose, fructose, or galactose) and amino groups of proteins,
lipids, or nucleic acids. Advanced glycation end-products
(AGEs) are the result of a series of glycation reactions
[202]. The formation of AGEs was first described by Maillard
in the beginning of the 20™ century; however, the chemical
reactions were only described later in the setting of food
research [202]. Briefly, in the classic Maillard reaction, elec-
trophilic carbonyl groups of reducing sugars interact with
free amino acid residues (especially arginine or lysine) and
form unstable Schiff bases that reverse when glucose levels
drop. Further rearrangements result in the formation of the
more stable, but still reversible, “Amadori products,” which
can react with peptides or protein amino acids, this time
irreversibly, leading to the formation of AGEs [203, 204].
The Maillard reaction is not the unique pathway for AGE
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TaBLE 4: ROS-mediated regulation of trophoblast function.

Agent

Molecular effects

EVT functions Reference

Disrupts mitochondrial function

| proliferation

Decanoic acid T ROS generation | invasion [185]
| Akt and ERK1/2 pathways
Disrupts mitochondrial function
Trichloroethylene T ROS generation — [190]
T proinflammatory cytokine production
Disrupts mitochondrial function
. . . T ROS generation . .
Benzo(a)pyren-7,8-dihydrodiol-9,10-epoxide 1 SOD activity | invasion [193]
Induces apoptosis
Higher H,O, concentrations Induces apoptosis | invasion [194]
. T STAT 1 and 3 pathways . .
Lower H,O, concentrations 1 MMP-9/TIMP-1 ratio T invasion [191]
Selenium (under hypoxic conditions) | mitochondrial stress Tp r0.l1fera.t10n [186]
T migration
T proliferation
Edaravone (under hypoxic conditions) | ROS production T migration [187]
T invasion
Flavonoids (under hypoxia/reoxygenation) | ROS production — [189]

o B

§S-RAGEB
I \iNon—RAGE I rRAGE

I
L

Signal transduction I LX
NF-«B activation t
|
i
! |+
Transcriptional 'y
[ regulation » ® AGEs

T inflammation
1T fibrosis

Impaired cell function

FIGURE 5: Advanced glycation end-product (AGE) pathological
effects. Most of AGE effects are dependent on the interaction
AGE/RAGE (receptor of AGE) and the activation of transduction
pathways. However, AGEs can bind non-RAGE proteins, and
interestingly, RAGE can be activated by other ligands. AGE
interactions with membrane receptors trigger various ROS-
mediated signalling pathways that converge on NF-«xB activation
and transcriptional regulation of genes, which impairs cell
function. The proteolytic cleavage of extracellular RAGE originates
circulating peptides referred as soluble RAGE (sRAGE). It is
believed that sRAGEs act as decoy receptors, which scavenge
circulating AGEs, preventing them from binding functional
membrane RAGE and inducing cellular responses.

formation because other reactions involving the formation
of carbonyl-containing reactive compounds end up as
AGEs [205, 206]. As such, it is not surprising that AGEs

are a quite complex, heterogeneous group of compounds,
formed either exogenously (e.g., dietary AGEs) and endog-
enously, by different mechanisms and precursors. ROS, O,,
and transition metals are catalysers of AGE synthesis [207]
and AGE interactions with membrane receptors that trig-
ger various ROS-mediated signalling pathways, such as
ERK1/2-MAPK, PI3K-Akt, and p38-SAPK-JNK [208, 209]
(Figure 5).

Very little is known about AGE physiological role, and
few researches have addressed this issue. Cerami hypothe-
sized that AGEs were protein residues that acted as signals,
targeting them to degradation, and that age-related AGE
accumulation resulted from loss of efficiency of the removal
system [210]. Other authors have explored methylglyoxal,
an AGE precursor, as an antimicrobial and anticarcinogenic
agent [211].

A handful of papers have also explored AGEs as precondi-
tioners, preparing cells to exacerbated OS, and thus contribut-
ing to a future improvement in antioxidant/inflammation
response [212-215]. Up to date, nothing is known about a
putative antioxidant or antifibrotic effect of dietary AGEs on
obstetric-related disorders, although there is a possibility that
is worth exploring.

An increase in AGE levels accompanies the ageing
process itself and is also a significant contributor and a
major risk factor to the development of several age-
associated disorders. Higher levels of circulating AGEs or
AGE receptor (RAGE) activation have been found in diabe-
tes, hypertension [216], systemic lupus erythematosus [217],
rheumatoid arthritis [218], Alzheimer disease [219], and
neoplasia [220, 221]. Interestingly, elevated circulation AGEs
have also been found in pregnancy-associated complications
such as severe preeclampsia [222] and gestational diabetes
mellitus (GDM) [223] where it has been positively correlated
with proinflammatory markers [224]. In animal models,
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treatment with soluble RAGE, RAGE inhibitors, and antiox-
idant molecules ameliorates placental complications [225].

5.2.1. AGEs, ROS, and Regulation of Trophoblast Function. In
vitro experiments with trophoblasts isolated from first tri-
mester chorionic villi showed that AGE administration
increased apoptosis, proinflammatory cytokine production,
and monocyte migration. Activation of the NF-«xB pathway
was crucial to the observed AGE-mediated cell responses,
since an inhibitor of this pathway displayed beneficial effects
[226]. In accordance, AGEs were found to be upstream mol-
ecules that trigger ROS production, activate soluble fms-like
tyrosine kinase-1 (sFlt-1), VEGF, and PIGF [227], increase
cytokine production in immortalized trophoblast cell lines
isolated from first trimester villi (HTR-8/SVneo and Sw.71
cells), and enhance monocyte migration [228, 229]. This
inflammatory environment conditions placenta develop-
ment. Anti-RAGE immunoglobulin or antioxidant treatment
also proved effective in reverting AGE-mediated cell effects
[227]. Recently, work from Antoniotti et al. showed that uter-
ine AGE levels found in obese women impair uterine trans-
formation and trophoblast function [7].

Overall, data obtained from both in vivo and in vitro
experiments demonstrated that AGEs alter trophoblast func-
tion through ROS increase and activation of the NF-«B path-
way [227, 229-231], supporting the view that an age-related
imbalance in uterine oxidative microenvironment, present
even before pregnancy, conditions implantation.

6. Concluding Remarks and Future Perspectives

Placenta central function is to supply an adequate amount of
blood to properly nourish the foetus. To achieve this purpose,
a receptive endometrium is permeated by extravillous tro-
phoblast cells that invade it as deep as the muscular layer.
This invasion anchors the placenta to the maternal uterus
and guarantees local blood supply through a surprising struc-
tural and functional change in maternal spiral arteries: by
way of the replacement of their walls by embryo-derived
cells, their resistance properties are converted into capaci-
tance features. Such a process requires coordination and
cooperation between maternal and foetal tissues.

Similar to key roles played by ROS in processes as oocyte
maturation and fertilization, ROS involvement continues
in decidualization, implantation, modulation of trophoblast
proliferation and differentiation, and embryo development.

A balance between oxidant and antioxidant molecules is
vital for a successful ending. The placenta is a growing organ
that must evade the adverse effects of homeostasis loss and
adapt to reinstall homeostasis. However, when local redox
status is significantly disturbed, and severe OS is established,
molecular and cellular damage ensues. In the decidualized
uterus, those events alter protein function and structure
and signalling pathways, disrupt ECM and cytokine produc-
tion, and hamper the microenvironment at the maternal-
foetal interface.

More researchers are convinced that alterations in the
foetal-maternal microenvironment before pregnancy, whether
by ROS or AGEs, are the culprits and the etiopathogenic
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roots of pregnancy-related complications of vascular origin.
Clearly, we have much to learn, by unravelling ROS-
mediated molecular mechanisms dysregulated at the uterus.
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There is a worldwide increase in the popularity of water pipe (shisha) tobacco smoking including in Europe and North America.
However, little is known about the effects of water pipe smoke (WPS) exposure on male reproductivity. We have recently
demonstrated that WPS exposure in mice induces testicular toxicity including inflammation and oxidative stress. Nootkatone, a
sesquiterpenoid found in grapefruit, has antioxidant and anti-inflammatory effects. However, the possible protective effect of
nootkatone on WPS-induced testicular toxicity has not been reported before. Here, we tested the effects of treatment of mice
with nootkatone on WPS-induced testicular toxicity. Mice were exposed to normal air or WPS (30 minutes/day, for 30 days).
Nootkatone (90 mg/kg) was given orally to mice by gavage, 1 h before WPS or air exposure. Nootkatone treatment significantly
ameliorated the WPS-induced increase in plasma levels of inhibin, uric acid, and lactate dehydrogenase activity. Nootkatone
also significantly mitigated the decrease in testosterone, androgen-binding protein, and estradiol concentrations in the plasma
induced by WPS. In testicular homogenates, WPS exposure caused a decrease in the total nitric oxide level and an increase in
the proinflammatory cytokine interleukin-1p level and oxidative stress markers including malondialdehyde, cytochrome C, and
8-Oxo0-2'-deoxyguanosine. All the latter effects were significantly alleviated by nootkatone treatment. Moreover, in testicular
homogenate, nootkatone inhibited the expression of nuclear factor-kappaB induced by WPS. Likewise, histological examination
of mouse testes showed that nootkatone treatment ameliorated the deterioration of spermatogenesis induced by WPS exposure.
We conclude that nootkatone ameliorated the WPS-induced testicular inflammation and oxidative stress and hormonal and
spermatogenesis alterations.

1. Introduction

Tobacco consumption is an established major public
health problem that results in substantial morbidity and
mortality [1, 2]. Water pipe smoking (WPS) (also termed
huqqa, sheesha, nargilah, hubble-bubble, and qalyan), an
ancient and common method of tobacco consumption in
Asia and North Africa [3, 4], is regaining widespread
global popularity, especially among the young population
in Western countries [5, 6]. It involves passage of air that

is heated by charcoal across tobacco flavored by or sweet-
ened with either fruit or molasses sugar, which makes the
smoke more aromatic than cigarette smoke. Contrary to
common belief, the smoke produced from the heated
tobacco in WPS is equally or even more toxic than cigarette
smoke [7, 8]. WPS has been proven to be more genotoxic
than cigarette smoking [9].

Nootkatone (C,;H,,0) is a sesquiterpenoid isolated from
some plants such as grapefruit and rhizomes of Cyperus
rotundus and has been reported before to significantly
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mitigate DNA damage in mice exposed to diesel exhaust
particles, and thrombogenicity and systemic and cardiac
oxidative stresses, by mechanisms which may include
heme oxygenase-1 and nuclear factor erythroid-derived
2-like 2 activation [10]. It has also been shown to possess
anti-inflammatory and antioxidant actions in lung tissues
of mice [11].

We have previously reported that subacute and chronic
WPS exposure exerts deleterious effects on the testes of mice
[12, 13]. These adverse effects included reductions in the
plasma concentrations of some reproductive hormones and
increased oxidative stress and inflammation biomarkers in
plasma and testes. As nootkatone is reported to counteract
the latter two actions [10, 11], it was of interest to investigate
if treatment of WPS-exposed mice with this agent would
ameliorate the testicular toxicity of WPS.

2. Materials and Methods

2.1. Animals and WPS Exposure. This research was reviewed
and sanctioned by the Institutional Review Board of the
College of Medicine and Health Sciences (UAEU), and
experiments were conducted according to the protocols
approved by the Institutional Animal Care and Research
Advisory Committee.

Thirty-two male BALB/c mice (Taconic Farms Inc.,
Germantown, NY, USA) were housed in a conventional
animal house at controlled temperature (at 26°C) and
humidity of 60% and maintained on a 12-hour light-dark
cycle (lights on at 6:00 am). Mice were randomly placed,
eight each, in a plastic cage and were given ad libitum
supply of water and a standard pellet diet. The animals
were left to acclimatize for a week and then were randomly
divided into four equal groups: air-exposed (control), WPS-
exposed, nootkatone-treated (90 mg/kg, by oral gavage),
and exposed to WPS and treated with nootkatone (90 mg/kg,
by oral gavage) groups. The treatments were given for 30 min
daily for 30 consecutive days. This dose was selected from
previous research conducted in our laboratory on nootka-
tone [10].

Mice were positioned in soft restraints and connected to
the exposure tower [13]. The animals were exposed to either
WPS or air through their noses using a nose-only exposure
system connected to a water pipe (inExpose System,
SCIREQ, Canada). The details of the exposure were reported
in a previous publication (e.g., [14]). Mice were exposed to a
commercial product of apple-flavored tobacco (Al Fakher
Tobacco Trading, Ajman, UAE). Tobacco was lit with an
instant light charcoal disk (Star, 3.5cm diameter and 1cm
width). As is the case for human use, the smoke from the
water pipe first passes through the water before it is drawn
into the exposure tower. The exposure regimen is controlled
by a computerized system (inExpose System, SCIREQ,
Canada). A computer-controlled puff was generated every
minute, leading to a two-second puff duration of WPS
exposure followed by 58 s of fresh air. The duration of each
exposure session was 30 min/day.

Following the last exposure session to WPS or air, mice in
the four groups were immediately placed in metabolic cages
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TaBLE 1: Effect of treatment with nootkatone on the urine cotinine
level in mice daily exposed to water pipe smoke for 30 days.

Group Cotinine (ng/mL)
AE 0.66 +0.14
WPS 1.92+£0.21*
NK 0.78 £0.12
WPS + NK 1.31£0.10**

The values in the table are mean + SEM (n = 7). Nootkatone (90 mg/kg/day)
was given to the mice by oral gavage for 30 days. AE: air exposure; WPS:
water pipe smoke; NK: nootkatone. Different superscripts indicate
significance as follows (P <0.05 was considered significant): a denotes
significance of the control group vs. different groups, b denotes significance
of the WPS group vs. the WPS+ NK-treated group, and c¢ denotes
significance of the NK group vs. the WPS + NK-treated group.

and urine of each mouse was collected over a 24h period
and the volume was measured. Immediately after urine col-
lection, mice were anesthetized with sodium pentobarbital
(45mg/kg, i.p.) and blood was collected from the inferior
vena cava in tubes with the anticoagulant ethylenediamine-
tetraacetic acid (EDTA) (4%). The collected blood was spun
at 4°C for 15min at 900 x g, and the plasma obtained was
stored at —80°C to await analysis.

Mice were then sacrificed with an overdose of anesthesia.
The testes from all animals were collected and rinsed with
ice-cold PBS (pH 7.4) and weighed. The left and half of the
right testis were immediately frozen at -80°C pending bio-
chemical and molecular analyses. The other half of the right
testis was used for histologic al studies.

2.2. Biochemical Tests in Plasma. Androgen-binding protein
(ABP) and inhibin concentrations in plasma were measured
by ELISA kits purchased from BioSource company (San
Diego, CA, USA) and CUSABIO (Hubei, Wuhan, China),
respectively. Plasma uric acid was measured using an
autoanalyzer BS-120 (Mindray, Shenzhen, China). Lactate
dehydrogenase (LDH) activity was measured using a kit from
Abcam (Cambridge, UK).

2.3. Urine Cotinine Analysis. The concentration of cotinine,
the nicotine metabolite in urine, was measured by an ELISA
kit from Creative Diagnostics (Shirley, NY, USA).

2.4. Assessment of Testicular Oxidant/Antioxidant Status.
The testes were dissected out, and the right testis from each
mouse was thoroughly washed with ice-cold normal saline,
weighed, and minced. Part of the testis was homogenized
(10% w/v) in cold potassium phosphate buffer (pH 7.4,
0.05M), and the homogenate was centrifuged at 1500 g for
10 min at 4°C. Thereafter, a colorimetric kit from BioVision
(Milpitas, CA, USA) was used for the estimation of lipid
peroxidation as malondialdehyde (MDA) concentration
in the testicular supernatant. Total nitric oxide (NO) and
nitrite/nitrate in the testicular supernatant were measured
using a kit from R&D Systems (Minneapolis, MN, USA).
Testicular protein was estimated using the BCA Protein
Quantitation Kit from BioVision (Milpitas, CA, USA).
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FiGure 1: The plasma concentrations of testosterone, inhibin B, estradiol, androgen-binding protein (ABP), lactate dehydrogenase (LDH),
and uric acid in mice exposed to normal air (AE) or water pipe smoking (WPS) (30 min/day) with or without treatment with nootkatone
(NK) (90 mg/kg/day). Each vertical column with a bar represents the mean + SEM (from 8 mice in each group). P less than 0.05 was

considered significant.

Part of the testicular homogenate was centrifuged at
9391 g for 30 min at 4°C. Cytosolic fraction (supernatant)
obtained was used to measure cytochrome C using an R&D
Systems ELISA kit (Minneapolis, MN, USA). The remaining
supernatant was centrifuged at 10000 g for 20 min at 4°C. The
supernatant obtained was further centrifuged at 12000g
for 20 min at 4°C to obtain the postmitochondrial super-
natant, which was used for the estimation of interleukin-
lbeta (IL-1p) and 8-hydroxy-2'-deoxyguanosine (8-OHdG)
using ELISA kits purchased from Thermo Fisher Scientific
(Waltham, MA, USA) and BioVision (Milpitas, CA, USA),
respectively.

2.5. Histopathological Assessment. A piece of the testis was
taken from randomly selected five controls and six WPS-
exposed animals, five nootkatone-treated animals, and six
mice treated with either NK or nootkatone + WPS and
placed first in Bouin’s fluid for an hour, then transferred to
10% formalin, and processed as described before [13]. Four
pum sections were prepared from paraffin blocks and stained
with hematoxylin and eosin.

The stained sections were assessed in a blinded fashion
by a pathologist using an Olympus microscope (EX41,
Tokyo, Japan). Spermatogenesis was evaluated using John-
sen’s mean testicular biopsy score (MTBS) criteria [15]. A
score of 1-10 was given to each tubule according to germ
cell maturation (1, neither germ cells nor Sertoli cells are
present; 2, Sertoli cells without germ cells; 3, only sper-
matogonia; 4, only a few spermatocytes; 5, many spermato-

cytes; 6, only a few early spermatids; 7, no spermatozoa but
many spermatids are present; 8, only a few spermatozoa are
present; 9, many spermatozoa are present but spermatogen-
esis is disorganized; and 10, complete spermatogenesis and
perfect tubules). For these evaluations, MTBS was calcu-
lated in 100 tubules of each testes using an Olympus E41
Microscope.

2.6. Western Blotting Technique. Testis protein expression for
NF-«kB was estimated using Western blotting technique.
Briefly, testis tissues collected from the mice were immedi-
ately snap frozen with liquid nitrogen and stored at —80°C.
Later, the tissues were weighed, rinsed with saline, and
homogenized with lysis buffer (Cell Signaling Technology,
USA). Protease and phosphatase inhibitors (Sigma, Berlin,
Germany) were added to the protein lysate samples. The
homogenates were centrifuged for 20min at 4°C. Protein
estimation was done in the supernatants collected using a
Pierce bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher, Waltham, MA, USA). Protein lysate samples were
all adjusted to have 100 ug of total protein per sample and
were electrophoretically separated using 12% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred onto polyvinylidene difluoride mem-
branes (Bio-Rad, Hercules, CA, USA). The immunoblots
were then blocked with 5% nonfat milk and subsequently
probed with either the NF-xB p65 (ab ab16502) or the
GAPDH (ab8245) (Abcam, UK) at a 1:1000 dilution, incu-
bated at 4°C as a normalizing internal control overnight.
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FiGure 2: The testicular homogenate concentrations of interleukin-18 (IL-1/3), 8-Oxo-2'-deoxyguanosine (8-OHdG), malondialdehyde
(MDA), and cytochrome C in mice exposed to normal air (AE) or water pipe smoking (WPS) (30 min/day) with or without treatment
with nootkatone (NK) (90 mg/kg/day). Each vertical column with a bar represents the mean + SEM (from 8 mice in each group). P less

than 0.05 was considered significant.

The blots were then washed three times for 5 minutes and
incubated with goat anti-rabbit IgG horseradish peroxidase-
conjugated secondary antibody at 1:5000 dilutions (Abcam,
Cambridge, UK) for 2 h at room temperature and developed
using the clarity Western ECL Substrate (Bio-Rad, Hercules,
CA, USA). The densitometric analysis of the protein bands
was performed using the Image Lab™ software (Bio-Rad,
USA).

2.7. Immunofluorescence. Mouse testes were embedded in
paraffin blocks, and sections 3 mm thick were placed on pos-
itively charged slides. The slides were deparaffinized and
dehydrated, and antigen retrieval was done in 200 mM
EDTA solution at pH 9 for 30 minutes at 90°C. The activity
of endogenous peroxidases was blocked by adding 2% hydro-
gen peroxide for 15min. The slides were washed twice in
phosphate buffer saline (PBS) (Sigma, Germany) and then
in PBS + 0.05% Triton X-100 for 5 min each. The slides were
incubated with a blocking solution of 5% normal goat serum
for 30 min at room temperature and then incubated over-
night at 4°C with anti-8-hydroxy-2'-deoxyguanosine anti-
body (ab48508) diluted in antibody diluent (Dako, USA).
After washing 3 times with 1 x PBS (Sigma, Germany), the
slides were incubated with (1:500) secondary antibody
(anti-rabbit conjugated to Alexa Fluor® 488 fluorescent
dye) (Cell Signaling, USA) for 1 hour. DAPT (Cell Signaling
Technology), the nuclear stain (1250), was added for 3 min.

Finally, slides were mounted by fluorescent mounting media
(Dako, USA) and visualized under the fluorescent micro-
scope (Nikon H600L), with digital a camera (DS-Ri2) and
the imaging software NIS-Elements version 4.40.

2.8. Drugs, Chemicals, and Kits. Nootkatone was brought
from Sigma-Aldrich (St. Louis, MI, USA). All the other che-
micals used were of the highest grade available. The sources
of each kit used were mentioned above.

2.9. Statistical Analysis. Values obtained are reported as
mean + standard error of the mean (SEM). Statistical signifi-
cance was assessed by one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison
tests using GraphPad Prism software, version 5.03. To ascer-
tain if parameters were normally distributed, the KD normal-
ity test was applied and P < 0.05 was considered significant.

3. Results

3.1. Body and Testicular Weight. WPS exposure, with or
without nootkatone, did not significantly affect the body
weight of treated mice or their absolute testis weights. WPS
exposure, however, slightly increased the relative testis
weight, an effect that was significantly mitigated by nootka-
tone concomitant treatment.
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F1GURE 3: The concentrations of nitrite, nitrate, total nitric oxide, and nitrite/nitrate in testicular homogenates of mice exposed to normal air
(AE) or water pipe smoking (WPS) (30 min/day) with or without treatment with nootkatone (NK) (90 mg/kg/day). Each vertical column with
a bar represents the mean + SEM (from 7 mice in each group). P less than 0.05 was considered significant.

3.2. Urinary Cotinine Concentration. Table 1 depicts the con-
centration of the nicotine metabolite, cotinine, in urine of
controls, WPS-exposed, nootkatone-treated, and WPS-
exposed + nootkatone-treated mice. The cotinine urinary
level in WPS-exposed mice was 191% higher than that in
control mice. Coadministration of WPS and nootkatone
reduced the level to 98.5%.

3.3. Plasma Analytes. As shown in Figure 1, WPS exposure
significantly increased the concentrations of inhibin and uric
acid, as well as the activity of LDH. The exposure also sig-
nificantly decreased the plasma concentrations of testoster-
one, androgen-binding protein, and estradiol (P < 0.0001).
Nootkatone treatment significantly ameliorated the WPS-
induced increase in plasma levels of inhibin, uric acid,
and lactate dehydrogenase activity. Nootkatone also signifi-
cantly mitigated the decrease in testosterone, androgen-
binding protein, and estradiol concentrations in the plasma
induced by WPS.

3.4. Assessment of Testicular Inflammatory and Oxidative
Stress Status. As shown in Figure 2, WPS exposure signifi-
cantly increased the concentrations of IL-15, 8-OHdG,
MDA, and cytochrome C when compared to the controls
(P <0.05-P <0.0001). Nootkatone treatment alone signifi-
cantly reduced the inflammatory cytokine (P < 0.05) when

compared to the control and did not affect the other testicu-
lar analytes measured. Simultaneous exposure to WPS and
nootkatone treatment significantly mitigated the increase in
the four measured analytes induced by WPS exposure
(P<0.05-P<0.0001).

3.5. Assessment of Testicular Nitrosative Stress Status. These
results are shown in Figure 3. WPS exposure significantly
reduced total NO and nitrite levels (P < 0.05-P < 0.001) but
did not significantly affect nitrate levels, when compared to
the controls. WPS exposure raised the ratio of nitrate to
nitrite insignificantly. Concomitant exposure to WPS and
nootkatone treatment significantly mitigated the decrease in
the total NO and nitrite analytes induced by WPS exposure
(P <0.05-P < 0.0001).

3.6. WPS and the Proinflammatory Marker NF-kB p65.
Western blot analysis shown in Figure 4 indicated a signif-
icant increase in the proinflammatory marker NF-xB p65
in the testes of mice exposed to WPS. Nootkatone treat-
ment alone showed a slight increase in NF-xB when com-
pared with that from the untreated controls. Concomitant
administration of nootkatone to mice exposed to WPS
significantly reduced the levels of NF-«B p65 compared
to those expressed in the testes exposed to WPS alone
(P <0.0001).
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FIGURE 4: Representative Western blots indicated that

proinflammatory NF-xB was increased in the mouse testes as a
result of WPS exposure and nootkatone reduced its effect.
Densitometry quantification of two independent blots using Image
Lab software showed that the NF-xB in the testes of mice exposed
to WPS was significantly increased compared to that of the
control and/or nootkatone-treated mice. Nootkatone caused a
slight increase in NF-xB. However, its use along with WPS
exposure caused a significant reduction in mice treated with
nootkatone and exposed to WPS. The error bars represent the
standard error of the mean of two independent experimental
replicates. P less than 0.05 was considered significant.

3.7. DNA Oxidative Damage in Testicular Tissue. As shown
in Figure 5, the DNA oxidative damage in the
immunofluorescent-stained testis sections was measured by
quantifying the nuclear staining of 8-Oxo-2'-deoxyguano-
sine (8-Ox0-dG) represented by the green fluorescence in
the nucleus. The latter overlapped with the nuclear stain
DAPI in the testes of mice exposed to WPS but was not
detected in controls, mice treated with nootkatone alone, or
mice treated with nootkatone plus WPS exposure.

Control (AE) and nootkatone-treated mice showed
considerably less oxidative damage than that seen in WPS-
exposed mice. WPS markedly increased the DNA oxidative
damage, represented by the increase in the intensity of 8-
Ox0-dG (fluorescent green stain), evident in the nucleus of
spermatocytes of WPS-treated mice. WPS-exposed mice
treated with nootkatone had substantially less oxidative dam-
age than WPS-exposed mice.

3.8. Histopathology. Figure 6 illustrates the histopathological
examination of mouse testes in the 4 studied groups. In
the control group, there was a complete spermatogenesis
in 31% of the seminiferous tubules (score 10) (Table 2).
In other areas of the control group, many spermatozoa
were present but there was disorganized spermatogenesis
in 38% of the seminiferous tubules (score 9) (Table 2).
Moreover, only a few spermatozoa were present in 19%
of the seminiferous tubules (score 8) (Table 2). The sper-
matogenesis was affected in some of the seminiferous
tubules in which 12% of the tubules showed no spermato-
zoa and where there was a block differentiation at the
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spermatid level (Table 2). The overall MTBS score of the
control group is 8.8.

In the WPS group, there was a complete spermatogen-
esis in 14% of the seminiferous tubules (score 10)
(Table 2). In other areas of the WPS group, many sperma-
tozoa were present but there was disorganized spermato-
genesis in 31% of the seminiferous tubules (score 9)
(Table 2). Also, only a few spermatozoa were present in
35% of the seminiferous tubules (score 8) (Table 2). The
spermatogenesis was affected in some of the seminiferous
tubules in which 20% of the tubules showed no spermato-
zoa and where there was a block differentiation at the
spermatid level (Table 2). The overall MTBS score of the
WPS group is 8.31.

In the NK group, there was a complete spermatogenesis
in 33% of the seminiferous tubules (score 10) (Table 2). In
other areas of the NK group, many spermatozoa were present
but there was disorganized spermatogenesis in 33% of the
seminiferous tubules (score 9) (Table 2). Furthermore, only
a few spermatozoa were present in 19% of the seminiferous
tubules (score 8) (Table 2). The spermatogenesis was affected
in some of the seminiferous tubules in which 15% of the
tubules showed no spermatozoa and where there was a block
differentiation at the spermatid level (Table 2). The overall
MTBS score of the NK group is 8.79.

In the WPS + NK group, there was a complete spermato-
genesis in 30% of the seminiferous tubules (score 10)
(Table 2). In other areas of the WPS + NK group, many
spermatozoa were present but there was disorganized sper-
matogenesis in 28% of the seminiferous tubules (score 9)
(Table 2). Furthermore, only a few spermatozoa were present
in 26% of the seminiferous tubules (score 8) (Table 2). The
spermatogenesis was affected in some of the seminiferous
tubules in which 16% of the tubules showed no spermatozoa
and where there was a block differentiation at the spermatid
level (Table 2). The overall MTBS score of the WPS + NK
group is 8.66.

4. Discussion

In this work, 30 min daily exposure of mice for one month to
WPS significantly decreased the plasma concentrations of
testosterone, estradiol, and androgen-binding protein and
increased that of inhibin B and uric acid and LDH activity.
These results confirm and extend the previously reported
deleterious effects of WPS on male reproduction in mice
[12, 13]. As far as we are aware, there are no data on the effect
of WPS on human reproduction. The previous research in
humans have shown that the information about the effect
of cigarette smoking on male and female sex hormones is at
variance (reviewed by [16]). In view of the current wide use
of WPS in many regions of the world, the effect of active
and passive WPS exposure on various aspects of human
reproduction is warranted, especially in countries where
pregnant women are commonly exposed to passive smoking
or use cigarettes and/or WPS [17].

Uric acid was measured in the plasma in this work
because it is known to cause endothelial dysfunction, which
is an important feature for erectile dysfunction [18]. The
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NK

WPS + NK

FiGure 5: DNA oxidation damage was observed in mouse testes as a result of WPS use in mice. 8-Oxo-2'-deoxyguanosine/DAPI staining for
mouse testes showed no nuclear disposition in control mice (a); an increase in the DNA oxidation represented by the increase in the intensity
of 8-Oxo-dG (fluorescent green stain) in the nucleus of spermatocytes of the water pipe smoke- (WPS-) treated mice (b). The use of
nootkatone in mice exposed to air (c) and the use of nootkatone for the mice exposed to WPS reduced the oxidation damage, and there

was no nuclear disposition of 8-Oxo-dG (d).

latter occurs via decreased NO production. Our results
showed that testicular NO concentration is decreased in
WPS-exposed mice. This is a direct evidence for the implica-
tion of both NO and uric acid in the deleterious effects of
WPS on male reproduction in mice. It has been suggested
that addiction to cigarette smoking (CS) involves inhaled
NO from CS, in addition to endogenous NO released from
nervous tissue following stimulation of nicotinic acetylcho-
line receptors by nicotine, and that CS causes dysfunction
in the endothelial nitric oxide synthase [19]. The same possi-
ble mechanism may occur with WPS.

Previously we found a significant increase in LDH activ-
ity in bronchoalveolar lavage (BAL) fluid of mice exposed to
WPS, suggesting cytolysis, and proteins in BAL fluid, reflect-
ing increased epithelial permeability [20]. In the present
study, WPS exposure significantly increased the LDH activity
in plasma, an action that was ameliorated by nootkatone.
Such effect has never been reported before. LDH activity in
plasma and testes has long been known to positively correlate
with exposure to toxicants. In humans, CS has been shown to
increase LDH activity in serum and saliva, suggesting that it
can be used as an indicator of tissue damage in the oral cavity
[21]. However, no such action has been reported in humans
exposed to WPS.

In this work, we found that WPS exposure significantly
increases the oxidative and nitrosative free radicals and
increased lipid peroxidation, as assessed by malondialdehyde
measurement. Oxidative and nitrosative stresses are known

to be associated with deleterious effects on male reproduc-
tion, as they disrupt the integrity of sperm DNA and dimin-
ish the fertilizing potential of the reproductive cells due to
collateral damage inflicted upon proteins and lipids in the
sperm plasma membrane [22]. Excess free radical load due
to increased reactive oxygen species and nitric oxide genera-
tion may cause severe testicular oxidative damage by causing
peroxidation of lipids and formation of carbonyls [23].

We evaluated DNA damage in the testicular homoge-
nates by measuring 8-OHdG levels. 8-OHdG is one of the
prominent forms of free radical-induced oxidative lesions
in DNA and has therefore been widely used as a biomarker
of nucleic damage owing to oxidative damage [24]. It has also
been used as a reliable biomarker for measuring oxidative
damage, detecting male infertility, and investigating sperm
DNA fragmentation [25].

Cytochrome C plays a principal role in the electron trans-
port chain in mitochondria. It has been shown that exposure
of mice to cigarette smoke [26] or WPS [27] induces oxida-
tive stress causing a rise in the expression or release of
cytochrome C in cardiac cells, suggesting mitochondrial
damage. Here, we have shown that cytochrome C concentra-
tion is also elevated in testicular homogenates of mice
exposed to WPS, an action that was significantly reversed
by nootkatone.

The NF-«B p65 level was also found to be increased by
WPS exposure. This protein complex controls transcription
of DNA, cytokine production, and cell survival and plays
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FiGure 6: Histopathological examination of mouse testes in the air (control), water pipe smoke (WPS), nootkatone (NK), and WPS + NK
groups: (a, b) representative sections from testes of the control group showing well-maintained spermatogenesis with spermatozoa (thin
arrow) in seminiferous tubules; (¢, d) representative sections from testes of the WPS group showing well-maintained spermatogenesis with
spermatozoa (thin arrow) in seminiferous tubules, while some of the tubules show no spermatozoa but spermatids in seminiferous tubules
(arrowhead); (e, f) representative sections from testes of the NK group showing well-maintained spermatogenesis with spermatozoa (thin
arrow) in seminiferous tubules; (g, h) representative sections from testes of the WP+ NK group showing a well-maintained
spermatogenesis with spermatozoa (thin arrow) in seminiferous tubules.

an important role in several pathophysiological processes
such as immune reaction, inflammation, and apoptosis
[28]. It is possible that an inflammatory response is triggered
due to an oxidative stress in the tissues (including testes) in

response to WPS (as indicated in this work by the significant
elevation of IL-1f in plasma). This confirms the role of
redox-sensitive transcription factors in the pathway of signal-
ing the proinflammatory mediators such as NF-«xB [29]. We
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TaBLE 2: Frequency of Johnsen’s mean testicular biopsy score in
experimental groups.

Johnsen’s score

Score 10 9 8 7 6 5 4 3 2 1

AE 31% 38% 19% 9% 2% 1% 0% 0% 0% 0%
WPS 14% 31% 35% 16% 2% 2% 0% 0% 0% 0%
NK 33% 33% 19% 11% 2% 2% 0% 0% 0% 0%

WPS+NK 30% 28% 26% 11% 4% 1% 0% 0% 0% 0%

The data are expressed in % of the seminiferous tubules which achieved a
particular Johnsen’s score in the air exposure (AE), water pipe smoke
(WPS), nootkatone (NK), and WPS + NK groups (n = 5-6). Nootkatone
(90 mg/kg/day) was given to the mice by oral gavage for 30 days, 1 h before
WPS or air exposure.

have recently shown that WPS increases the expression of
NF-«B in lung tissues and exercise training inhibits the sig-
naling pathways that lead to activation of NF-«xB [28]. The
inhibitory action of nootkatone on signaling pathways that
lead to activation of NF-«xB has been reported before in iso-
lated HaCaT cells [30].

Our work revealed a significant increase in testicular 8-
OHAG after WPS exposure, an action that was signifi-
cantly reversed by concomitant treatment with nootkatone.
It has recently been confirmed that the use of WPS in
healthy humans significantly increases this DNA damage
marker [31]. Moreover, the histological examination of
testes revealed that WPS induces alteration of spermato-
genesis and that nootkatone treatment ameliorated this
effect. Such finding has never been reported before.

In the present study, we did not measure nicotine con-
centration in our experimental animals due to several techni-
cal challenges. Instead, we measured the urinary cotinine
concentrations in all of these mice. Cotinine is the main
tobacco-specific metabolite of nicotine and is considered an
established marker of tobacco exposure, whereby subjects
with higher levels of cotinine are considered to be more
exposed to nicotine [32].

We conclude that nootkatone ameliorated the WPS-
induced testicular inflammation and oxidative stress and
hormonal and spermatogenesis alterations. Our study pro-
vides experimental evidence that the use of nootkatone,
pending further pharmacological and toxicological studies,
can be considered a useful agent and could have the
potential to alleviate the testicular toxicity induced by
WPS.
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