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abnormalities and antioxidant activity
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ABSTRACT: This study aimed to evaluate the effect of metformin on the regulation of the ovarian cycle through se-
rum antioxidant activities in female rats with fructose-induced metabolic syndrome. Thirty-four, immature female Wis-
tar rats (21 days-old) were randomly divided into five groups (n: 4-8/group) control, carboxymethylcellulose (CMC),
fructose, metformin, and fructose+metformin groups. The metabolic syndrome model was induced by fructose solution
(20% w/v) for 15 weeks. Metformin was administrated by oral gavage in CMC solution for the last final 6 weeks.
Vaginal cytology was evaluated before (the 3rd week after fructose administration; 49 days old) and at the 9th and 15th
weeks of the experiment. Estrogen, progesterone, testosterone, aromatase, total antioxidant status (TAS), total oxidant
status (TOS), and paraoxonase (PON)-1 levels were assessed in serum samples. The statistical analysis was performed
using a one-way ANOVA test. Results are expressed as the mean + standard error of the mean (SEM). Metformin re-
stored the regularity of the estrous cycle, which was disturbed by a high fructose diet. Moreover, dietary high-fructose
markedly increased serum testosterone, TOS, and OSI values, but significantly decreased serum estrogen, proges-
terone, aromatase, TAS and PON-1 levels than the other groups (p < 0.05). Metformin, through its antioxidant and
hormone regulation activity, may have had a beneficial effect on the impaired ovarian cycle associated with oxidative
stress induced by high fructose diet.
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INTRODUCTION
Metabolic syndrome (MetS) is a clustering of
abnormalities that include insulin resistance,
glucose intolerance, atherogenic dyslipidemia, hyper-
tension, endothelial dysfunction, inflammation, and
visceral obesity (Wang et al., 2020-a). MetS is closely
linked to polycystic ovarian syndrome, which includes
ovulation failure and hyperandrogenism, according
to earlier research (Wang et al., 2020-b; Khan et al.,
2023). In addition, it is known that hepatic steatosis,
inflamed adipose tissue, increased coagulation fac-
tor activity, and oxidative stress can develop in MetS
(Fahed et al., 2022). Oxidative stress results from an
imbalance between the production and scavenging of
reactive oxygen species (ROS) during many patho-
logical processes (Pizzino et al., 2017; Singh et al.,
2022). Uncontrolled production of ROS or a lack of
antioxidants plays a vital role in the development of
clinical complications of MetS (Tan et al., 2018; Vona
et al., 2019). High fructose-induced chronic hyper-
glycemia and hypertriglyceridemia cause an increase
in oxidative stress, systemic low-grade inflammation,
and lipid accumulation which contributes to the de-
velopment of MetS (Ko et al., 2017; Zhang et al.,
2017). Paraoxonase (PON)-1, an antioxidant enzyme
associated with high-density lipoprotein, has also
been shown to be affected by high-fructose consump-
tion (Dornas et al., 2012). Evidence suggests that ex-
cessive ROS production can also induce reproductive
problems such as deterioration of oocyte quality and
a decrease in estrogen level (Sugino, 2005; Lu et al.,
2018). The link between the MetS and the diseases
such as polycystic ovary syndrome (PCOS), endo-
metriosis, and infertility is represented by oxidative
stress (Johnson, 2014; Pasquali, 2018; Akintayo et al.,
2021). Therefore, oxidation is considered as both a
cause and a consequence of MetS (Tangvarasittichai,
2015).

Metformin, a biguanide-derived drug widely used
to treat of type 2 diabetes, obesity, MetS, and PCOS,
is known to improve glucose uptake by enhancing in-
sulin sensitivity (Ahmed Mobasher et al., 2020; Lv
and Guo, 2020; Bai and Chen, 2021; Mohammed et
al., 2021; Gasser et al., 2022). Metformin is thought
to alleviate hyperandrogenism by reducing hyperinsu-
linemia-induced excessive ovarian androgen produc-
tion, thereby improving menstruation, steroidogene-
sis, and ovulation function(Rice et al., 2009; Viollet et
al., 2012; Zhao et al., 2017). However, the molecular
mechanism underlying this effect is not fully under-
stood yet. Moreover, metformin administration has

been shown to reduce the imbalance between perox-
idation and antioxidant defences (Apostolova et al.,
2020; Astiz et al., 2020; Ren et al., 2020; Liu et al.,
2022).This beneficial effect of metformin on oxida-
tive stress is thought to be due to the reduction in cel-
lular ROS production (Algire et al., 2012). The effects
of metformin on oxidative stress markers and PON-1
activity remain under debate in metabolic syndrome
(Senti et al., 2003; Torun et al., 2011; Meaney et al.,
2012; Camps et al., 2016; Adhe-Rojekar et al., 2018).
The aim of the current study was to investigate the
possible beneficial effects of metformin on the ovari-
an cycle and serum antioxidant activities in high-fruc-
tose-fed rats. We hypothesized that metformin would
improve ovarian activity by regulating oxidative bal-
ance in rats with metabolic syndrome.

MATERIALS AND METHODS

Animals

Thirty-four immature, healthy, 3-week-old female
(75-85 g) Wistar albino rats (Rattus norvegicus) were
provided from the Laboratory Experimental Animals,
Kobay, Turkey. The rats were quarantined for one
week. During the experiment, the animals were kept
in polysulfone cages (425 x 266 x 185 mm in size;
three animals in each cage) at 21-24 °C and 40-45%
humidity and under light-controlled conditions (12 h
light/12 h dark) at the Laboratory Animals Breeding
and Experimental Research Center of the Faculty of
Pharmacy, Gazi University (Ankara, Turkey). The an-
imals were fed with a standard pellet diet (5.5% raw
fat, 23% raw proteins, 3.5% raw cellulose, 8% raw
ash, 11% neutral detergent fiber; 12.5 kJ/g; Optima
Yem, Turkiye) and water ad libitum. All the animals
were maintained in accordance with the directions of
the Guide for the Care and Use of Laboratory Ani-
mals (Guide for the Care and Use of Laboratory An-
imals 2011), and the experimental procedures were
approved by the Experimental Animal Ethics Com-
mittee of Gazi University (G.U.ET-22.030).

Induction of metabolic syndrome model

All the rats were randomly divided into five
groups, as follows: control group (n=6), car-
boxymethylcellulose (CMC) group (n=4), fructose
group (n=8), metformin group (n=8), and fruc-
tosetmetformin group (n=8). The metabolic syn-
drome model was not applied to the control, CMC,
and metformin groups. To induce the metabolic syn-
drome model, fructose (Danisco Sweeteners, Fin-
land) was added to the drinking water of the rats in
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20% solution (w/v) and administered ad libitum for
15 weeks (Korkmaz et al., 2019) The drinking water
with fructose was daily prepared.

The treatment protocols

Metformin was used for the treatment of rats with
metabolic syndrome. The treatment was started in the
9" week of the experimental procedure and continued
for 6 weeks. While no treatment was applied to the
animals of the control group, to create gavage stress,
only gavage was administered. The CMC and fructose
groups were given carboxymethyl cellulose (0.5%; 1
mL) by oral gavage. The rats in metformin and fruc-
tosetmetformin groups were treated with metformin.
Metformin was prepared in 0.5% CMC (Sigma-Al-
drich Corporation, MO, USA) solution at 200 mg/kg
doses (Quaile et al., 2010) and given by oral gavage
(1 mL/rat/day).

Vaginal cytology

To determine the stages of the estrous cycle, vag-
inal smear samples were obtained by a sterile swab
before (the 3rd week after fructose administration; 49
days old) and at the 9th and 15th weeks of the exper-
iment. The cells of the vaginal lumen were carefully
collected and transferred to a slide. After the slides
were air-dried, they were stained by Giemsa stain and
then assessed under a light microscope. The stages of
the estrous cycle were characterized as proestrus (oval
nucleated epithelial cells), estrus (irregular-shaped
cornified squamous epithelial cells), metestrus (frag-
mented, cornified epithelial cells and smaller darker
stained leukocytes), and diestrus (nucleated epitheli-
al, predominate leukocytes (Cora et al., 2015). Treat-
ment efficacy was evaluated by the regularity of the
estrous cycle.

Termination of the experimental procedure

At the end of the treatment protocol, all the rats
were sacrificed by cardiac puncture under general
anesthesia (10 mg/kg xylazine hydrochloride and 50
mg/kg ketamine hydrochloride). After blood samples
were collected into a serum separator gel tube, they
were centrifuged at 3000 rpm/15 min. The obtained
serum samples were stored at -20°C until analysis.

Serum levels of steroid hormones and aromatase
Serum estrogen, progesterone, testosterone,
and aromatase concentrations were assayed by en-
zyme-linked immunosorbent assay (ELISA; Azure
Biosystems Microplate Reader) using a commercial

rat kit according to the manufacturer’s instructions.

Measurement of paraoxonase (PON)-1 activity,
total antioxidant status (TAS), total oxidant status
(TOS), and calculation of the oxidative stress index
(0SD)

Serum PON-1 level was assayed by enzyme-linked
immunosorbent assay (Rel Assay Diagnostics kit,
Turkey) using a commercial rat kit. PON-1 activity
was investigated by using paraoxon as a substrate and
analyzed by increases in the absorbance at 412 nm
due to the formation of 4-nitrophenol as described.
Briefly, the PON-1 level was measured at 25°C by
adding 50 pl of serum to 1 ml Tris-HCI buffer (100
mM at pH 8.0) containing 2 mM CaCl, and 5.5 mM
paraoxon. The rate of formation of 4-nitrophenol
was determined at 412 nm. The enzymatic activity of
PON-1 was calculated by using the molar extinction
coefficient 17,100 M-'cm™ (Verit et al., 2008). The re-
sults were presented as U/L.

Total antioxidant-oxidant levels of homogenized
uterine tissue were determined using a novel auto-
mated measurement method (Rel Assay Diagnostics
kit, Turkey). The antioxidant effect of the sample
against the potent free radical reactions, triggered by
the produced hydroxyl radical, is measured. This as-
say relies on the ability of antioxidants in the sample
to inhibit the formation of 2,2'-azino-bis [3-ethyl-
benz-thiazoline-6-sulfonic acid]. The values of TAS
are expressed in millimoles Trolox equivalent/liter
(Erel, 2004). The color intensity is related to the total
amount of oxidant molecules present in the sample.
The test is based on the oxidation of ferrous ions to
ferric ions in the presence of various oxidative spe-
cies in an acidic medium and the measurement of the
ferric ion by xylenol orange. The assay is calibrated
with hydrogen peroxide (H,O,). The results are ex-
pressed in terms of micromoles H,0O, equivalent/liter
(Erel, 2005). The OSI was defined as the ratio of the
TOS level to the TAS level. TAS levels were convert-
ed to micromoles. Specifically, OSI (arbitrary unit) =
TOS (umol H202 equivalent/L) / TAS (umol Trolox
equivalent/L) x 100.

Statistical analysis

Statistical analyses were performed using Graph-
Pad Prism 8.0. Results are expressed as the mean
+ standard error of the mean (SEM). The one-way
ANOVA test was used to determine the significance
of differences among groups. Statistical significance
was assumed at the level of p < 0.05.

JHELLENIC VET MED SOC 2024, 75 (4)
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RESULTS

The microscopic findings of vaginal smear

The vaginal cytology findings are given in Figure
1. Before the experimental procedure, all rats showed
a regular estrous cycle of 4-5 days. In control, CMC
and metformin groups, the estrous cycle continued to
be seen regularly until the last day of the experimental
procedure. However, in fructose and fructose+met-
formin groups, it was observed that the regularity
of the estrous cycle was disturbed in the 7% week.
All rats in these groups were generally in the luteal
(metestrous-diestrous) phase of the estrous cycle. An
irregular cycle was over 15 days in both the fructose
and fructose+metformin groups. In the fructose+met-

formin group, irregular-shaped cornified squamous
epithelial cells began to be observed every 4-5 days
at the end of the experimental procedure (15" week).

The effects of dietary high-fructose and metformin
on serum levels of steroid hormones and aromatase

The results of serum steroid hormones and aro-
matase levels are presented in Figure 2. Serum es-
trogen (8.20£2.10 pg/mL), progesterone (6.80%1.70
ng/mL), and aromatase (11.00+0.68 pg/mL) levels of
the fructose group were found to be lower than the
other groups. On the contrary, the testosterone value
(1.20+0.24 pg/ml) of the fructose group increased
compared to the other groups (p<0.05). Estrogen lev-
el was decreased in the fructose group as compared to

Figure 1. Vaginal cytology findings in the 15" week of the experimental procedure. Anucleate superficial cell in control (a), CMC (b),
and metformin (e) groups x10; nucleated basal cell (c; x10 and d; x40) in fructose group; anucleate superficial and decreasing nucleated
basal cells in fructose+metformin group. Thick arrow: nucleated basal cell; thin arrow: anucleate superficial cell.

J HELLENIC VET MED SOC 2024, 75 (4)
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Figure 2. Effects of metformin on serum estrogen (a), progesterone (b), testosterone (c), and aromatase (d) levels. *p < 0.05, signifi-
cantly different from the control; “p < 0.05, significantly different from the CMC group; ¢p < 0.05, significantly different from the met-
formin group; ?p < 0.05, significantly different from the fructoset+metformin group;  p < 0.05, significantly different from the fructose.

Values are expressed as mean + SEM.

those of the control and CMC groups (p<0.05). Pro-
gesterone level was decreased in the fructose group
as compared to those of the control, metformin, and
fructose+metformin groups (p<0.05). The aromatase
level in the fructose group significantly reduced
when compared to the control and metformin groups
(p<0.05).

Ocxidative stress index

The serum TAS level was the lowest in the fruc-
tose group (0.86 = 0.03 mmol/L) and significantly de-
creased compared to the control (1.15 = 0.06 mmol/L)
and carboxymethyl cellulose (1.20 £ 0.04 mmol/L)
groups (p < 0.05). Serum TAS levels were enhanced

by metformin administration. There was also a dif-
ference between the fructose and metformin (1.16
+ 0.05 mmol/L) groups (p < 0.05). Although it was
determined that there was no difference between the
fructose+metformin group (1.07 £ 0.10 mmol/L) and
the other groups, it was observed that the serum TAS
levels increased compared to the fructose group. Se-
rum TOS level was determined to be the highest in
the fructose group (13.23 + 1.36 umol/L). This val-
ue of the fructose group was found to be statistically
different from that of the other groups (p < 0.05). It
was noticed that the OSI value was the lowest in the
control (0.43 £ 0.06 AU) and the CMC groups (0.35
+ 0.02 AU). OSI value in the fructose group (1.50 +

JHELLENIC VET MED SOC 2024, 75 (4)
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Figure 3. Effects of metformin on serum TAS (a), TOS (b), OSI (c), and PON (d) levels.
*p <0.05, significantly different from the control; “p < 0.05, significantly different from the cmc group; p < 0.05, significantly different
from the metformin group; ?p < 0.05, significantly different from the fructose+metformin group. Values are expressed as mean + SEM.

0.12 AU) was significantly higher when compared to
the other groups (p < 0.05) (Figure 3).

PON-1 level
Regarding serum PON-1 levels, the low-
est values were found in the fructose group
(859.60 + 60.40 U/L) compared to the oth-
er groups. It was observed that the serum PON-
1 level was at similar levels in the control, CMC,
and metformin groups (1329.00 + 98.39 UJ/L,
1292.00 + 141.80 U/L, 1282.00 £ 65.44 U/L: respec-
tively). The serum PON-1 level of the fructose group
was significantly lower than that of the other groups
(p<0.05) except for the metformin group. In the fruc-
tose+metformin group (1107.00 £ 63.63 U/L), it was
determined that serum PON-1 level was increased
by metformin treatment after fructose administration
(p<0.05) (Figure 3).

DISCUSSION

The impact of dietary high fructose on female gen-
der function has been relatively less studied compared
to those of males. Therefore, there are findings on the
adverse effects of a high-fructose diet on the female
reproductive system. A study reported that high-fruc-
tose corn syrup feeding for 28 days in adult female
rats changed the length of the estrous cycle and ovari-
an histology (Ko et al., 2017). Another study revealed
that high-fructose consumption increased ovarian
weight, and luteinizing hormone levels, but decreased
follicle-stimulating hormone in rats with letrozole-in-
duced polycystic ovarian syndrome (Akintayo et
al., 2021). In the present study, we investigated the
therapeutic effects of metformin on the ovarian cycle
and serum oxidation parameters in female rats with
high-fructose diet-induced metabolic syndrome. Rats
fed a high-fructose diet (20%) showed impaired ovar-
ian activity because this diet caused the distribution

JHELLENIC VET MED SOC 2024, 75 (4)
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of steroid hormones and an oxidative imbalance. Our
results suggest that metformin can regulate the ovar-
ian cycle in female rats with metabolic syndrome by
increasing the activities of serum levels of TAS and
PON-1.

The effects of metabolic syndrome on ovarian
hormones have not been fully proven. However, it is
known that hormones play an important role in the de-
velopment and pathogenesis of metabolic syndrome.
Many features of the metabolic syndrome, including
glucose tolerance, lipid metabolism, and blood pres-
sure, are correlated with estrogens. Numerous poly-
morphisms in the estrogen receptor genes have been
linked to metabolic syndrome (Finan et al., 2012). In
the light of this information, estrogen is known to be
effective in the treatment of metabolic syndrome. Fur-
thermore, insulin has been shown to stimulate ovarian
androgen synthesis directly or indirectly via the pi-
tuitary gland. Additionally, insulin resistance contrib-
utes to the development of metabolic syndrome and
leads to severe metabolic and endocrine disorders. A
high-fructose diet causing insulin resistance and al-
tered steroidogenesis can cause the development of
PCOS. Therefore, the term metabolic syndrome is
used to describe the clinical characteristics of PCOS,
including insulin resistance, obesity, dyslipidemia,
and hyperandrogenism in women. Compensatory
hyperinsulinemia and insulin resistance are thought
to be the main pathogenic causes of PCOS. Clinical
signs of PCOS include hyperandrogenism, oligomen-
orrhea, persistent anovulation, and hirsutism. Accord-
ingly, metabolic syndrome is present in 43% of adult
women and almost a third of adolescents with PCOS
(Chen and Pang, 2021; Poojari et al., 2022).

The elevated plasma levels of LH, and the abnor-
mal ovarian and adrenal androgen production typical
of PCOS may be explained by hyperinsulinemia and
insulin resistance. Recent studies have demonstrat-
ed that insulin-sensitizing medications such as met-
formin decrease plasma levels of LH, as well as ovar-
ian and adrenal androgen production. A cytochrome
P450 enzyme complex known as aromatase, which
is found in adipocytes and adipocyte stromal tissue,
can convert androgens into estradiol. This enzyme is
thought to be directly stimulated by insulin. There-
fore, excessive stimulation of androgen production,
hyperinsulinemia, and insulin resistance may be the
underlying cause of the hyperandrogenism associated
with PCOS. Insulin increases the effects of FSH by
stimulating aromatase activity (la Marca et al., 2002).

In the present study, the serum estrogen and proges-
terone levels were markedly decreased in the fructose
group when compared to those of other groups. The
testosterone level exhibited a higher concentration
in the fructose group when compared to that of the
other groups (p<0.05). The serum aromatase levels in
the fructose group were lower than in the control and
metformin groups (p<0.05). Metformin treatment was
found to lower serum testosterone levels. Similar to
other studies (Wang et al., 2020-b; Khan et al., 2023),
our results also provide evidence that high fructose
diet increased serum testosterone levels and decreased
steroid hormones and metformin treatment was effec-
tive in improving these parameters. The findings con-
firmed that metformin could be used as a treatment
option through hormone regulation in high-fructose
diet-induced metabolic syndrome.

The stages of the estrus cycle can be identified by
the vaginal cytology method. This method, which is
simple, inexpensive, and practical, is performed by
evaluating vaginal smear samples under a light micro-
scope. Vaginal cytology is regarded as the “gold stan-
dard” for estrus staging of female rats. It is known that
there is a relationship between the appearance of the
exfoliated vaginal epithelium layer on vaginal smear
samples and the estrus cycle (Cora et al., 2015). In
this study, vaginal cytology was performed to evalu-
ate the effects of both metabolic syndrome and met-
formin treatment on the ovarian cycle. In the vaginal
smear samples in rats of the fructose group, nucleated
epithelial cells were observed during the experimen-
tal procedure. As indicated in the literature, metabolic
syndrome alters the secretion of ovarian steroid hor-
mones and therefore, this finding of vaginal cytology
was the result of an imbalance of ovarian hormones
(Gurka et al., 2016). Previous studies indicated that
steroid hormones appear to be affected by metformin.
The effect of metformin on androgen and estrogen
indicators has been the focus of these investigations
(Tang et al., 2006; Rice et al., 2009). However, it was
exhibited that metformin treatment decreased the
stimulated activity of aromatase in women with PCOS
(Zhao et al., 2017; Gasser et al., 2022). In the vaginal
smear samples of the fructose+metformin group, the
presence of irregular-shaped cornified squamous epi-
thelial cells was evidence for the onset of the estrous
cycle at the end of the treatment procedure. These
findings are thought to be because of metformin on
steroid hormones.

Oxidative stress plays an important role in the

JHELLENIC VET MED SOC 2024, 75 (4)
TIEKE 2024, 75 (4)



8464

M.A. DEMIREL, E. SUMLU, M.O. ULUDAG, F. AKAR

pathogenesis of complications caused by metabolic
syndrome, including vascular disease, nephropathy,
retinopathy, hypertension, atherosclerosis, diabe-
tes mellitus, and even diabetes-related neuropathy
(Pizzino et al., 2017). ROS are known to function in
multiple physiological systems under conditions of
oxidative stress and eventually contribute to cellular
dysfunction. Furthermore, oxidative stress leads to
the development of insulin resistance by causing lip-
id peroxidation in muscle cell membranes (Pizzino et
al., 2017; Vona et al., 2019). It has been shown that
women with metabolic syndrome produce significant
amounts of proinflammatory cytokines in adipose
tissue. Therefore, this syndrome may compromise
the effect of insulin on the cellular uptake of glucose
and induce the endothelial inflammatory response in
women (Mohammed et al., 2021). High-fructose diet
results in ATP depletion, which sets off an inflamma-
tory response and oxidative stress, thus impairing the
functions of organs (Zhang et al., 2017). In the present
study, oxidation was found to be increased after the
induction of metabolic syndrome and the serum TOS
value was significantly higher (13.23 + 1.36 umol/L)
in the fructose group compared to the other groups
(p <0.05). This finding demonstrated that inflamma-
tion-related diseases, including metabolic syndrome,
are associated with increased oxidation.

Antioxidants can be useful in controlling oxida-
tive stress in metabolic syndrome. Antioxidants are
known to protect the cell from ROS through both en-
zymatic and non-enzymatic mechanisms (Tan et al.,
2018). In recent years, studies on the possible role
of oral hypoglycaemic agents, including metformin,
have increased in reducing oxidative stress in met-
abolic syndrome. Metformin has been reported to
have a potential role in modulating of oxidative stress
(Ahmed Mobasher et al., 2020; Astiz et al., 2020; Bai
and Chen, 2021; Liu et al., 2022). Previous studies
also indicated that metformin improved hyperinsulin-
emia and hyperandrogenemia and restored ovulato-
ry function (Faure et al., 2018; Pasquali, 2018). Al-
though metformin has been demonstrated to increase
ovulation and pregnancy rates in women with PCOS,
controversial results have also been reported on the
effect of metformin on fertility in PCOS (Johnson,
2014; Faure et al., 2018; Wu et al., 2020). The find-
ings of this study showed that serum TAS values in
the fructose+metformin group were markedly higher
than the fructose group (p < 0.05). Metformin, which
is known to have a potential for antioxidant activity,
showed an increase in the rate of serum TAS value

in rats with metabolic syndrome. It was thought that
metformin may be able to contribute to the treatment
by using this pathway. In addition to this, the serum
OSI value, which is a marker of the degree of oxi-
dative stress, was significantly decreased in the fruc-
tosetmetformin group when compared with that of
the fructose group (p < 0.05). As a result, it was rec-
ommended that metformin administration is effective
in reducing OSI in rats with metabolic syndrome.

PON-1, an antioxidant enzyme associated with
high-density lipoprotein, has been shown to decrease
due to metabolic syndrome(Senti et al., 2003; Dornas
et al., 2012; Adhe-Rojekar et al., 2018). In the current
study, like other studies, serum PON-1 values were
determined to be the lowest in the fructose group
(859.60 + 60.40 U/L). Serum PON-1 value was found
to be a significant difference between fructose and
fructose+metformin groups (p < 0.05). Previous stud-
ies suggest that increased PON-1 activity has been
observed in patients treated with metformin (Meaney
et al., 2012; Camps et al., 2016). In this study, it was
seen that serum PON-1 activity increased after met-
formin administration and there was a difference
between the fructose and fructose+metformin group
(1107.00 £ 63.63 U/L) (p<0.05).

ROS are important for the ovarian process and fol-
licular survival and are also physiological regulators
of ovarian functions (Sugino, 2005). The intraovarian
environment is directly damaged by oxidative stress.
Increased levels of ROS in the ovaries impair oocyte
quality, cause granulosa cell death, and degradation
of the corpus luteum. Additionally, it affects preovu-
latory oocyte development by reducing communica-
tion between oocytes and granulosa cells (Yang et al.,
2017; Acar et al., 2019). In the present study, it was
thought that ovarian functions were impaired due to
oxidative stress in rats with metabolic syndrome and
reversed with metformin treatment.

CONCLUSION

The results of the present study evidence that
metabolic syndrome in high-fructose-fed rats causes
ovarian disruption and irregular cycles due to ox-
idation. We determined that serum OSI and PON-1
values could be used as diagnostic markers in the
pathogenesis of metabolic syndrome. In addition, this
study revealed that vaginal cytology, which is conve-
nient, cheap, and feasible way, can be used to monitor
ovarian activity in metabolic syndrome. Metformin is
involved in the regulation of the ovarian cycle by in-
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creasing the activities of antioxidants.

ACKNOWLEDGMENTS

A part of this study was financially supported by
the Scientific Research Projects Unit of Gazi Univer-
sity with the Project number of 02/2019-11. The au-

thors declared that they have no conflicts of interest
to this work.

CONFLICT OF INTEREST
The authors declare that they have no conflict of
interest.

REFERENCES

Acar DB, Demirel MA, Akarca SOD, Birdane MK (2019) The evaluation
of the oxidative stress index of reproductive tissues and serum thiol/
disulphide homeostasis during estrous cycle in bitches. Ank Univer-
sitesi Vet Fakiiltesi Derg 67(1): 87-94.

Adhe-Rojekar A, Mogarekar MR, Rojekar MV (2018) Paraoxonase activ-
ity in metabolic syndrome in children and adolescents. Casp J Intern
Med 9(2): 116-120.

Ahmed Mobasher M, Galal El-Tantawi H, Samy El-Said K (2020) Met-
formin Ameliorates Oxidative Stress Induced by Diabetes Mellitus
and Hepatocellular Carcinoma in Rats. Rep Biochem Mol Biol 9(1):
115-128.

Akintayo CO, Johnson AD, Badejogbin OC, Olaniyi KS, Oniyide AA,
Ajadi 10, Ojewale AO, Adeyomoye OI, Kayode AB (2021) High
fructose-enriched diet synergistically exacerbates endocrine but not
metabolic changes in letrozole-induced polycystic ovarian syndrome
in Wistar rats. Heliyon 7(1): e05890.

Algire C, Moiseeva O, Deschénes-Simard X, Amrein L, Petruccelli L,
Birman E, Viollet B, Ferbeyre G, Pollak MN (2012) Metformin Re-
duces Endogenous Reactive Oxygen Species and Associated DNA
Damage. Cancer Prev Res (Phila Pa) 5(4): 536-543.

Apostolova N, Iannantuoni F, Gruevska A, Muntane J, Rocha M, Victor
VM (2020) Mechanisms of action of metformin in type 2 diabetes:
Effects on mitochondria and leukocyte-endothelium interactions. Re-
dox Biol 34: 101517.

Astiz S, Gonzalez-Bulnes A, Astiz I, Barbero A, Pesantez-Pacheco JL,
Garcia-Contreras C, Vazquez-Gomez M, Heras-Molina A (2020)
Metformin Alleviates Obesity and Systemic Oxidative Stress in
Obese Young Swine. Pharmaceuticals 13(7): 142.

Bai B, Chen H (2021) Metformin: A Novel Weapon Against Inflamma-
tion. Front Pharmacol 12: 622262.

Camps J, Hernandez-Aguilera A, Garcia-Heredia A, Cabre N, Lucia-
no-Mateo F, Arenas M, Joven J (2016) Relationships Between Met-
formin, Paraoxonase-1 and the Chemokine (C-C Motif) Ligand 2.
Curr Clin Pharmacol 11(4): 250-258.

Chen W, Pang Y (2021) Metabolic Syndrome and PCOS: Pathogenesis
and the Role of Metabolites. Metabolites 11(12): 869.

Cora MC, Kooistra L, Travlos G (2015) Vaginal Cytology of the Lab-
oratory Rat and Mouse: Review and Criteria for the Staging of the
Estrous Cycle Using Stained Vaginal Smears. Toxicol Pathol 43(6):
776-793.

Dornas WC, Lima WG de, Santos RC dos, Souza MO de, Silva M, Diniz
ME, Silva ME (2012) Salt overload in fructose-fed insulin-resistant
rats decreases paraoxonase-1 activity. Nutr Metab 9(1): 63.

Erel O (2004) A novel automated direct measurement method for total an-
tioxidant capacity using a new generation, more stable ABTS radical
cation. Clin Biochem 37(4): 277-285.

Erel O (2005) A new automated colorimetric method for measuring total
oxidant status. Clin Biochem 38(12): 1103-1111.

Fahed G, Aoun L, Bou Zerdan M, Allam S, Bou Zerdan M, Bouferraa Y,
Assi HI (2022) Metabolic Syndrome: Updates on Pathophysiology
and Management in 2021. Int J Mol Sci 23(2): 786.

Faure M, Bertoldo MJ, Khoueiry R, Bongrani A, Brion F, Giulivi C, Du-
pont J, Froment P (2018) Metformin in Reproductive Biology. Front
Endocrinol 9: 675.

Finan B, Yang B, Ottaway N, Stemmer K, Miiller TD, Yi C-X, Habegger
K, Schriever SC, Garcia-Caceres C, Kabra DG, Hembree J, Holland

J, et al. (2012) Targeted estrogen delivery reverses the metabolic syn-
drome. Nat Med 18(12): 1847-1856.

Gasser B, Kurz J, Buerki S, Mohaupt M (2022) Metformin-Treatment
Option for Social Impairment? An Open Clinical Trial to Elucidate
the Effects of Metformin Treatment on Steroid Hormones and Social
Behavior. Life 12(7): 998.

Gurka MJ, Vishnu A, Santen RJ, DeBoer MD (2016) Progression of Met-
abolic Syndrome Severity During the Menopausal Transition. J] Am
Heart Assoc 5(8): €003609.

Johnson NP (2014) Metformin use in women with polycystic ovary syn-
drome. Ann Transl Med 2(6): 56.

Khan D, Sridhar A, Flatt PR, Moffett RC (2023) Disturbed ovarian mor-
phology, oestrous cycling and fertility of high fat fed rats are linked
to alterations of incretin receptor expression. Reproductive Biology,
23(3): 100784

Ko E-A, Kim H-R, Kim Y-B, Kim H-S, Lee S-H (2017) Effect of High
Fructose Corn Syrup (HFCS) Intake on the Female Reproductive
Organs and Lipid Accumulation in Adult Rats. Dev Reprod 21(2):
151-156.

Korkmaz OA, Sumlu E, Koca HB, Pektas MB, Kocabas A, Sadi G, Akar
F (2019) Effects of Lactobacillus Plantarum and Lactobacillus Helve-
ticus on Renal Insulin Signaling, Inflammatory Markers, and Glucose
Transporters in High-Fructose-Fed Rats. Medicina (Mex) 55(5): 207.

Liu J, Aylor KW, Chai W, Barrett EJ, Liu Z (2022) Metformin prevents en-
dothelial oxidative stress and microvascular insulin resistance during
obesity development in male rats. Am J Physiol-Endocrinol Metab
322(3): E293-E306.

LuJ, Wang Z, Cao J, Chen Y, Dong Y (2018) A novel and compact review
on the role of oxidative stress in female reproduction. Reprod Biol
Endocrinol 16(1): 80.

Lv Z, Guo Y (2020) Metformin and Its Benefits for Various Diseases.
Front Endocrinol 11: 191.

Marca A la, Morgante G, Palumbo M, Cianci A, Petraglia F, De Leo V
(2002) Insulin-lowering treatment reduces aromatase activity in re-
sponse to follicle-stimulating hormone in women with polycystic
ovary syndrome. Fertil Steril 78(6): 1234-1239.

Meaney E, Sierra-Vargas P, Meaney A, Guzman-Grenfell M, Ramirez-San-
chez I, Hicks JJ, Olivares-Corichi I, Ceballos G (2012) Does met-
formin increase paraoxonase activity in patients with the metabolic
syndrome? Additional data from the MEFISTO study. Clin Transl Sci
5(3): 265-268.

Mohammed I, Hollenberg MD, Ding H, Triggle CR (2021) A Critical Re-
view of the Evidence That Metformin Is a Putative Anti-Aging Drug
That Enhances Healthspan and Extends Lifespan. Front Endocrinol
12: 718942.

Pasquali R (2018) Contemporary approaches to the management of poly-
cystic ovary syndrome. Ther Adv Endocrinol Metab 9(4): 123-134.

Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Arcoraci V,
Squadrito F, Altavilla D, Bitto A (2017) Oxidative Stress: Harms and
Benefits for Human Health. Oxid Med Cell Longev 2017: 8416763.

Poojari P, Padgaonkar A, Paramanya A, Ali A (2022) Compendium of
polycystic ovarian syndrome and its relevance in glycation and dia-
betes. J Exp Clin Med 39(1): 256-268.

Quaile MP, Melich DH, Jordan HL, Nold JB, Chism JP, Polli JW, Smith
GA, Rhodes MC (2010) Toxicity and toxicokinetics of metformin in

J HELLENIC VET MED SOC 2024, 75 (4)
TIEKE 2024, 75 (4)



8466

M.A. DEMIREL, E. SUMLU, M.O. ULUDAG, F. AKAR

rats. Toxicol Appl Pharmacol 243(3): 340-347.

Ren H, Shao Y, Wu C, Ma X, Lv C, Wang Q (2020) Metformin allevi-
ates oxidative stress and enhances autophagy in diabetic kidney dis-
ease via AMPK/SIRT1-FoxO1 pathway. Mol Cell Endocrinol 500:
110628.

Rice S, Pellatt L, Ramanathan K, Whitehead SA, Mason HD (2009) Met-
formin Inhibits Aromatase via an Extracellular Signal-Regulated Ki-
nase-Mediated Pathway. Endocrinology 150(10): 4794-4801.

Senti M, Tomas M, Fitd6 M, Weinbrenner T, Covas M-I, Sala J, Masia R,
Marrugat J (2003) Antioxidant paraoxonase | activity in the metabol-
ic syndrome. J Clin Endocrinol Metab 88(11): 5422-5426.

Singh A, Kukreti R, Saso L, Kukreti S (2022) Mechanistic Insight into
Oxidative Stress-Triggered Signaling Pathways and Type 2 Diabetes.
Molecules 27(3): 950.

Sugino N (2005) Reactive oxygen species in ovarian physiology. Reprod
Med Biol 4(1): 31-44.

Tan BL, Norhaizan ME, Liew W-P-P, Sulaiman Rahman H (2018) An-
tioxidant and Oxidative Stress: A Mutual Interplay in Age-Related
Diseases. Front Pharmacol 9: 1162.

Tang T, Glanville J, Hayden CJ, White D, Barth JH, Balen AH (2006)
Combined lifestyle modification and metformin in obese patients
with polycystic ovary syndrome. A randomized, placebo-controlled,
double-blind multicentre study. Hum Reprod 21(1): 80-89.

Tangvarasittichai S (2015) Oxidative stress, insulin resistance, dyslipid-
emia and type 2 diabetes mellitus. World J Diabetes 6(3): 456-480.

Torun AN, Vural M, Cece H, Camuzcuoglu H, Toy H, Aksoy N (2011)
Paraoxonase-1 is not affected in polycystic ovary syndrome without
metabolic syndrome and insulin resistance, but oxidative stress is al-
tered. Gynecol Endocrinol Off J Int Soc Gynecol Endocrinol 27(12):
988-992.

Verit FF, Erel O, Celik N (2008) Serum paraoxonase-1 activity in women

with endometriosis and its relationship with the stage of the disease.
Hum Reprod Oxf Engl 23(1): 100-104.

Viollet B, Guigas B, Sanz Garcia N, Leclerc J, Foretz M, Andreelli F
(2012) Cellular and molecular mechanisms of metformin: an over-
view. Clin Sci Lond Engl 1979 122(6): 253-270.

Vona R, Gambardella L, Cittadini C, Straface E, Pietraforte D (2019) Bio-
markers of Oxidative Stress in Metabolic Syndrome and Associated
Diseases. Oxid Med Cell Longev 2019: 8267234.

Wang HH, Lee DK, Liu M, Portincasa P, Wang DQ-H (2020-a) Novel In-
sights into the Pathogenesis and Management of the Metabolic Syn-
drome. Pediatr Gastroenterol Hepatol Nutr 23(3): 189-230.

Wang MX, Yin Q, Xu X (2020-b) A Rat Model of Polycystic Ovary Syn-
drome with Insulin Resistance Induced by Letrozole Combined with
High Fat Diet. Med Sci Monit. 25; 26:€922136.

WuY, Tu M, Huang Y, Liu Y, Zhang D (2020) Association of Metformin
With Pregnancy Outcomes in Women With Polycystic Ovarian Syn-
drome Undergoing In Vitro Fertilization: A Systematic Review and
Meta-analysis. JAMA Netw Open 3(8): €2011995.

Yang H, Xie Y, Yang D, Ren D (2017) Oxidative stress-induced apoptosis
in granulosa cells involves JNK, p53 and Puma. Oncotarget 8(15):
25310-25322.

Zhang D-M, Jiao R-Q, Kong L-D (2017) High Dietary Fructose: Direct or
Indirect Dangerous Factors Disturbing Tissue and Organ Functions.
Nutrients 9(4): 335.

Zhao Y, Gong C, Wang Z, Zhang J, Wang L, Zhang S, Cao J, Tao Z, Li
T, Wang B, Hu X (2017) A randomized phase II study of aromatase
inhibitors plus metformin in pre-treated postmenopausal patients with
hormone receptor positive metastatic breast cancer. Oncotarget 8(48):
84224-84236.

J HELLENIC VET MED SOC 2024, 75 (4)
TIEKE 2024, 75 (4)


http://www.tcpdf.org

