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ABSTRACT
Objective:  Comparison of hormonal, metabolic and inflammatory markers of glutathione with metformin 
and Diane-35 in a rat model of PCOS induced by dehydroepiandrosterone.
Methods:  Twenty-five female rats were randomized into four groups. Group 1 was administered a 
subcutaneous dose of 0.2 ml saline/day. Group 2 was given 0.2 ml of 1% carboxymethyl cellulose (CMC)/day 
orally for 28 days. A PCOS model was established with DHEA in rats. Group 3 was given 4.5 mg/kg/day of 
Diane-35 orally dissolved in 1% CMC for 28 days. Group 4 was given 300 mg/kg/day of metformin orally 
dissolved in 1 ml of saline for 28 days, and Group 5 was administered 100 mg/kg of glutathione 
intraperitoneally on days 35, 42, and 49. On day 56, the rats were sacrificed. Serum markers and follicle 
count were examined.
Results:  Serum IL-6, hs-CRP, insulin, testosterone, SHBG, and MDA values were significantly lower in the 
glutathione group than in the PCOS group (p = 0.0006, p = 0.023, p = 0.0082, p = 0.0007, p = 0.0048, and 
p < 0.0001, respectively).
The number of all follicles was similar between the control and glutathione groups (p < 0.05). When we 
compared the other groups with the PCOS group, the number of primary, secondary, atretic, and cystic 
follicles was significantly lower in the metformin and glutathione groups. The number of primordial and 
antral follicles was significantly higher than in the PCOS group.
Conclusions:  Glutathione plays anti-inflammatory and antioxidant roles, similar to metformin, by lowering 
serum IL-6, insulin, testosterone, CRP, and MDA levels; decreasing atretic/cystic follicle count; and improving 
antral follicle count and folliculogenesis in PCOS patients.

Introduction

Polycystic ovary syndrome (PCOS), which is one of the most 
common clinical issues in reproductive-age women, is character-
ized by hyperandrogenism, ovulatory (and menstrual) dysfunc-
tion, and polycystic ovarian morphology according to the 
Rotterdam Criteria (2003) [1,2]. Moreover, as well as being a 
gynecologic condition, PCOS is a metabolic and multifactorial 
disorder caused by genetic and environmental factors [3]. It is a 
disorder grounded in neuroendocrine irregularities, distinguished 
by an elevated gonadotropin-releasing hormone (GnRH) level 
and an increased ratio of luteinizing hormone (LH) to 
follicle-stimulating hormone (FSH). The increase in LH to FSH 
levels is believed to initiate PCOS pathogenesis. This hormonal 
imbalance promotes theca cell proliferation and androgen secre-
tion. Reduced FSH limits aromatase production by granulosa 
cells, hindering androgen-to-estrogen conversion and resulting in 
excess ovarian androgen. This excess contributes to hyperandro-
genemia symptoms such as hirsutism, acne, and alopecia, and it 

disrupts follicular development, leading to anovulation [4]. Most 
affected individuals, especially women with hyperandrogenism, 
have metabolic abnormalities, primarily insulin resistance, and 
compensatory hyperinsulinemia [5]. This syndrome affects 
between 5% and 20% of reproductive-age women. Those with 
PCOS are more likely to develop metabolic abnormalities, type 2 
diabetes mellitus (T2DM), infertility, obstetric problems, endo-
metrial and ovarian cancer, hypertension, hyperlipidemia, cardio-
vascular and cerebrovascular events, venous thromboembolism, 
and mental disorders. In 2004, the economic consequences of 
PCOS in the United States alone exceeded $4 billion, excluding 
the costs associated with related obstetric problems, T2DM, and 
other illnesses [6].

Oxidative stress, which has been linked to the pathophysiol-
ogy of cardiovascular disorders, has also been found in women 
with PCOS [4,7]. The imbalance between oxidants and antioxi-
dants, as well as the excessive generation of reactive oxygen spe-
cies (ROS), is referred to as oxidative stress. According to recent 
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research, oxidative stress may have a role in the development of 
PCOS via numerous mechanisms and may be a potential inducer 
of PCOS pathogenesis. Insulin resistance and hyperglycemia, 
both of which are strongly linked to PCOS, contribute to oxida-
tive stress [8]. In theca cells, hyperinsulinemia stimulates andro-
gen production, resulting in androgen-mediated inhibition of sex 
hormone-binding globulin (SHBG) production in hepatocytes 
[9]. Lipid peroxidation is another source of oxidative stress. In 
women with PCOS, levels of indicators that may suggest lipid 
peroxidation, such as thiobarbituric acid-reactive compounds, 
oxidized low-density lipoprotein, and malondialdehyde (MDA), 
are much higher than in controls. Furthermore, serum lipid per-
oxide levels are elevated in women with PCOS [10]. Blood MDA 
levels, a known marker of oxidative stress, have been demon-
strated to be considerably higher, regardless of weight, in women 
with PCOS [7]. Oxidative stress also induces autophagy, which is 
normally an essential process for folliculogenesis; its persistent 
activation may lead to a harmful effect on the ovaries. An ani-
mal study demonstrated that treatment with clove (S. aromati-
cum) was associated with decreased autophagy activity in 
PCOS-induced rats [11].

PCOS is also associated with low-grade inflammation and ele-
vated inflammatory cytokines, which contribute to the syndrome’s 
development. Most investigations addressing the state of chronic 
low-grade inflammation in PCOS have focused on circulating 
C-reactive protein (C-CRP), TNF, interleukin-6 (IL-6), and IL-18 
levels. Low-grade chronic inflammation, as measured by high 
C-CRP levels, is a risk factor for both coronary heart disease 
(CHD) and T2DM. Insulin resistance and hyperglycemia increase 
ROS and result in altered levels of inflammatory markers in 
PCOS patients [12,13].

Metformin and Diane-35 (2 mg cyproterone acetate and 35 μg 
ethinyl estradiol) are commonly used for the clinical treatment 
of PCOS to reduce serum androgen levels and regulate men-
strual dysfunction, ovulation, glucose metabolism, and insulin 
resistance [14]. Glutathione is a powerful antioxidant required 
for the control of disulfide bonds in proteins as well as the 
removal of electrophiles and oxidants [15]. Studies have demon-
strated that glutathione levels are low in PCOS patients [7,16]. 
The purpose of this study is to investigate how glutathione 
affects hormonal, metabolic, and inflammatory indicators in a 

dehydroepiandrosterone (DHEA)-induced PCOS rat models 
compared to metformin and Diane-35.

Materials and methods

Animals and treatments

DHEA-induced PCOS in rats was created with subcutaneous 
administration of DHEA at a dosage of 6 mg/100 g/day for 
34 days. DHEA treatment is a widely used animal model for 
PCOS [17]. The DHEA-induced PCOS model presents several 
characteristics analogous to human PCOS, including insulin 
resistance, impaired follicular maturation, anovulation, and 
hyperandrogenism [18]. Group 1 (Control group) (n = 5) was 
administered a subcutaneous dose of 0.2 ml saline/day for the 
same amount of time as the PCOS group. PCOS was confirmed 
by unilateral oophorectomy in two rats on day 35. After a 10-day 
follow up for follicle evaluation in the ovaries and vaginal smear, 
all rats had lost their regular estrous cycles. Twenty-five (five rats 
per group) 21-day-old (weight 45–50 g) female Wistar albino rats 
were randomized into four groups after DHEA-induced PCOS 
was confirmed. Group 2 (PCOS group, n = 5) was given 0.2 ml of 
1% carboxymethyl cellulose (CMC)/day orally for 28 days; Group 
3 (n = 5) was given 4.5 mg/kg/day of Diane-35 orally dissolved in 
1% CMC for 28 days; Group 4 (n = 5) was given 300 mg/kg/day 
of metformin orally dissolved in 1 ml of saline for 28 days; Group 
5(n = 5) was administered 100 mg/kg of glutathione intraperitone-
ally on days 35, 42, and 49. The treatment durations were con-
sistent with those in comparable studies [19]. The interventions 
in each group are shown in Figure 1. On day 56, the rats were 
sacrificed by intracardiac blood sampling for evaluation of serum 
markers of inflammation (high-sensitivity CRP [hs-CRP] and 
IL-6), testosterone, insulin, MDA, and SHBG levels. The ovaries 
were removed for the assessment of follicle count.

Ethical approval

This study was approved by the Experimental Animal Laboratory 
Ethics Committee of Bezmialem Vakif University (Approval 
Number: 2022/03).

Figure 1. I nterventions in study groups.
PCOS; Polycystic Ovary Syndrome, DHEA; Dehidroepiandrosteron, sc; subcutaneous, o; orally, ip; intraperitoneal
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Measurement of serum biomarkers

Serum levels of IL-6 (AGF Scientific, USA, cat#720267), testos-
terone (AGF Scientific, USA, cat#720991), insulin (AGF Scientific, 
USA, cat#720161), SHBG (AGF Scientific, USA, cat#720847), 
and MDA (AGF Scientific, USA, cat#720889) were measured 
using the ELISA method, with concentrations determined accord-
ing to the kit manufacturers’ instructions.

Histological analysis and ovarian follicle count

A histologist performed a blind histopathologic examination for 
ovarian follicle count. Following 10% neutral formalin for 72 h 
fixation, the ovaries were rinsed with water, dehydrated gradually 
using various concentrations of alcohol (70%, 90%, 96%, and 
100%), and cleaned with xylene. For the paraffin block prepara-
tion, the samples were submerged in paraffin at 60 °C and incu-
bated overnight. Slides were prepared by cutting sections with a 
thickness of 5 μm from the paraffin blocks and staining with 
hematoxylin and eosin (H&E) for histomorphometric analysis. 
Follicle count was performed under a photomicroscope (Nikon 
Eclipse i5, Tokyo, Japan). Ten sections from each ovary were 
taken at 100-μm intervals to count the follicles. Follicles with an 
oocyte nucleus were scored and grouped as follows: primordial 
(if the oocyte was surrounded by a single layer of squamous 
granulosa cells); primary (if a single layer of cuboidal granulosa 
cells was observed); secondary (if they had multiple layers of 
cuboidal granulosa cells); antral (if an antrum was present in the 
granulosa cell layers); and atretic (if the oocyte was degenerated 
and multiple layers of pycnotic granulosa cells were observed) [20].

Statistical analysis

A sample size and power calculation determined that sufficient 
statistical power required five rats for each group (power = 0.80, 
type 1 error = 0.05 and type 2 error = 0.20). The power calcu-
lation was based on serum concentrations of MDA reported by 
Furat Rencber et  al. using the standard formula/program [19]. 
The data were analyzed using GraphPad Prism 6.0(GraphPad 
Software, Inc., La Jolla, CA, USA) with one-way ANOVA fol-
lowed by the Tukey test as a post-test. Insulin, testosterone, IL-6, 
MDA, SHBG and hs-CRP serum concentrations and follicle 
count results were evaluated statistically. All data were presented 
as mean ± standard error; p values were regarded as significant 
when they were less than 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001, 
****, p < 0.0001).

Results

Serum IL-6, hs-CRP, insulin, testosterone, SHBG, and MDA val-
ues in all groups are shown in Table 1. Due to technical prob-
lems with sampling in the control group, we could not obtain 
optimal results for any of the serum biomarkers except testoster-
one. Statistically significant differences were found in terms of all 
parameters between the four groups(p < 0.05). When we analyzed 
subgroup differences, we found that serum IL-6 levels were sig-
nificantly lower in the metformin and glutathione groups than in 
the PCOS group (metformin vs PCOS; 10.5 ± 4.02 vs 
32.16 ± 6.97 ng/L, p < 0.0001; lutathione vs PCOS; 16.13 ± 1.3 vs 
32.16 ± 6.97 ng/L, p = 0.0006, respectively) (Table 1, Figure 2). 
Likewise, insulin levels were significantly lower in the metformin 

Table 1.  Serum IL-6, insulin, testosterone, hs-CRP, MDA and SHBG levels in study groups.

Variables Group 1 Control (n = 5) Group 2 PCOS (n = 5) Group 3 Diane 35 (n = 5) Group 4 Metformin (n = 5) Group 5 Glutathione (n = 5) p value

IL-6 (ng/L) – 32.16 ± 6.97 31.69 ± 8.37 10.5 ± 4.02**, ¥¥ 16.13 ± 1.13**,¥¥ <0.0001
Insulin (mIU/L) – 39.33 ± 18 35.79 ± 16.72 10.49 ± 4.71*, ¥ 13.59 ± 2.84*, ¥ 0.0002
Testosterone (ng/L) 1887 ± 750 1949 ± 689.6 1837 ± 798.6 551.9 ± 236.8**,¥ 555.1 ± 352.5**,¥¥ <0.0001
hs-CRP (ng/L) – 5.74 ± 2.13 4.97 ± 1.98 1.83 ± 0.79*, ¥ 1.86 ± 0.97*, ¥ 0.0002
MDA (nmol/mL) – 12.03 ± 0.66 10.62 ± 0.89 3.88 ± 1.45**, ¥¥ 2.41 ± 1.04**, ¥¥ <0.0001
SHBG (ng/mL) – 8824 ± 2023 6768 ± 3321 2736 ± 1538* 2664 ± 1565*,¥ 0.0016

PCOS; Polycystic Ovary Syndrome, IL-6; Interleukin-6, hs-CRP; High-sensitive C-Reactive Protein, MDA; Malondialdehyde; SHBG; Sex hormone binding globulin. All 
values are expressed as mean ± SD. One way ANOVA test was used for intergroup comparisons. Tukey Post Hoc test was used for multiple comparisons. p < 0.05 
was considered statistically significant.

*,** Comparison with PCOS group; p < 0.05 and p < 0.001, respectively.
¥, ¥¥ Comparison with Diane 35 group; p < 0.05 and p < 0.001, respectively.

Figure 2.  Serum concentrations of IL-6, insulin, testosterone, hs-CRP, MDA and SHBG in study groups.
PCOS; Polycystic Ovary Syndrome, DHEA; Dehidroepiandrosteron, GSH; glutathione, IL-6; interleukin-6, hs-CRP; high-sensitive C-reactive protein, MDA; Malondialdehyde; SHBG; Sex hormone 
binding globulin
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and glutathione groups than in the PCOS group (metformin vs 
PCOS; 10.49 ± 4.71 vs 39.33 ± 18 mIU/L, p = 0.0015; glutathione vs 
PCOS; 13.59 ± 2.84 vs 39.33 ± 18 mIU/L, p = 0.0082, respectively) 
(Table 1).

Testosterone and SHBG levels were significantly lower in the 
metformin and glutathione groups than in the PCOS group 
(metformin vs PCOS for testosterone; 551.9 ± 236.8 vs. 
1949 ± 689.6 ng/L, p = 0.0009 and glutathione vs PCOS for testos-
terone; 555.1 ± 352.5 vs. 1949 ± 689.6 ng/L, p = 0.0007, metformin 
vs PCOS for SHBG; 2736 ± 1538 vs 8824 ± 2023 ng/L, p = 0.0052 
and glutathione vs PCOS for SHBG; 2664 ± 1565 vs 
8824 ± 2023 ng/L, p = 0.0048, respectively). hs-CRP levels were 
also lower in the metformin and glutathione groups than in the 
PCOS group (1.83 ± 0.79 vs. 5.74 ± 2.13 ng/L, p = 0.0021 and 
1.86 ± 0.97 vs. 5.74 ± 2.13 ng/L, p = 0.0023, respectively). Lastly, 
MDA levels were significantly lower in the metformin and gluta-
thione groups than in the PCOS group (metformin vs PCOS; 
3.88 ± 1.45 vs 12.03 ± 0.66 nmol/ml, p < 0.0001, glutathione vs 
PCOS; 2.41 ± 1.04 vs 12.03 ± 0.66 nmol/ml, p < 0.0001) (Table 1, 
Figure 2).

All serum parameters were higher in the Diane-35 group 
compared to the metformin and glutathione groups (metformin 
vs Diane-35 for IL-6; 10.5 ± 4.02 vs 31.69 ± 8.37 ng/L, p < 0.0001, 
glutathione vs Diane-35 for IL-6; 16.13 ± 1.13 vs 31.69 ± 8.37 ng/L, 
p = 0.0009), (metformin vs Diane-35 for insulin; 10.49 ± 4.71 vs 
35.79 ± 16.72 mIU/L, p = 0.0025, glutathione vs Diane-35 for insu-
lin; 13.59 ± 2.84 vs 35.79 ± 16.72 mIU/L, p = 0.0157), (metformin 
vs Diane-35 for testosterone; 551.9 ± 236.8 vs 1837 ± 798.6 ng/L, 
p = 0.001, glutathione vs Diane-35 for testosterone; 555.1 ± 352.5 
vs 1837 ± 798.6 ng/L, p = 0.0007), (metformin vs Diane-35 for 
SHBG; 2736 ± 1538 vs 6768 ± 3321 ng/L, p = 0.054, glutathione vs 
Diane-35 for SHBG; 2664 ± 1565 vs 6768 ± 3321 ng/L, p = 0.049), 
(metformin vs Diane-35 for hs-CRP; 1.83 ± 0.79 vs 4.97 ± 1.98 ng/L, 
p = 0.008, glutathione vs Diane-35 for hs-CRP; 1.86 ± 0.97 vs 
4.97 ± 1.98 ng/L, p = 0.009), (metformin vs Diane-35 for MDA; 
3.88 ± 1.45 vs 10.62 ± 0.89 nmol/ml, p < 0.0001, glutathione vs 
Diane-35 for MDA; 2.41 ± 1.04 vs 10.62 ± 0.89 nmol/ml, p < 0.0001) 
(Table 1, Figure 2). No significant difference was observed 

between the Diane-35 and PCOS groups in terms of the ana-
lyzed serum markers. Likewise, there was no statistically signifi-
cant difference between the metformin and glutathione groups 
for all parameters.

When we examined the groups in terms of primordial, pri-
mary, secondary, antral, atretic, and cystic follicle count, there 
was a statistically significant difference between all groups except 
for the number of primordial follicles. The primary, secondary, 
atretic, and cystic follicle counts were lower in the control group 
compared to the PCOS group (p < 0.05), while the antral follicle 
count was higher (p < 0.001). The antral follicle count was higher 
and atretic follicles were lower in the control group than in the 
Diane-35 group (p < 0.001, p < 0.05, respectively). All follicle 
counts were similar between the control and metformin groups, 
except for antral follicles. Antral follicles were more numerous in 
the control group than in the metformin group (p = 0.04). The 
number of all follicles was similar between control and glutathi-
one groups (p < 0.05). When we compared all other groups with 
the PCOS group, the number of primary, secondary, atretic, and 
cystic follicles was significantly lower in the metformin and glu-
tathione groups, while the number of primordial and antral fol-
licles was significantly higher than the PCOS group (Table 2, 
Figure 3). Histological images are provided in Figure 4.

Discussion

Combined oral contraceptive drugs, metformin, and antiandro-
gens are widely used in clinical practice for the pharmacological 
treatment of PCOS to improve menstrual regulation and glucose 
metabolism as well as reduce insulin resistance and serum andro-
gen levels. In the current study, comparative analysis was per-
formed to investigate the effects of glutathione on antioxidative 
and anti-inflammatory markers as well as insulin and androgen 
levels as a potential treatment strategy for PCOS when compared 
to the effect of metformin and Diane-35 in the DHEA-induced 
PCOS rat model. To the best of our knowledge, this is the first 
study to investigate the effects of glutathione, a powerful 

Table 2. C omparison of the primordial, primary, secondary, antral, atretic and cystic follicle counts in study groups.

Variables Group 1 Control (n = 5) Group 2 PCOS (n = 5) Group 3 Diane 35 (n = 5) Group 4 Metformin (n = 5) Group 5 Glutathione (n = 5) p value

Primordial follicle counts 130.4 ± 9.6 120.8 ± 7.5 126 ± 12.41 132.4 ± 19.83 138.2 ± 19.07 0.4862
Primary follicle counts 44.2 ± 8.9 67.75 ± 7.63 56.4 ± 6.87 45.8 ± 11.61 36 ± 7.51 0.0003*
Secondary follicle counts 20.2 ± 5.1 29.5 ± 3.41 19 ± 3.67 16.4 ± 5.77 20.2 ± 2.58 0.0039*
Antral follicle counts 13.6 ± 2.9 5.25 ± 1.5 5 ± 1.87 9 ± 3.08 11.6 ± 1.81 <0.0001*
Atretic follicle counts 2.8 ± 1.3 8.5 ± 1.29 5.6 ± 1.81 4 ± 1.00 4.4 ± 1.14 <0.0001*
Cystic follicle counts 0.2 ± 04 5.75 ± 1.7 2.2 ± 1.3 1.2 ± 0.83 0.8 ± 0.83 <0.0001*

All values are expressed as mean ± SD. One way ANOVA was used for comparisons between study groups.
*p < 0.05 significant difference in comparison of all groups.
Tukey Post Hoc Analyses.
Primordial follicle counts; Control vs DHEA (PCOS) p = 0.8; Control vs Diane-35 p = 0.9; Control vs Metformin p = 0.9; Control vs Glutathione p = 0.9; DHEA (PCOS) 

vs Diane-35 p = 0.9; DHEA (PCOS) vs Metformin p = 0.7; DHEA (PCOS) vs Glutathione p = 0.3; Diane-35 vs Metformin p = 0.9; Diane-35 vs Glutathione p = 0.6; 
Metformin vs Glutathione p = 0.9.

Primary follicle counts; Control vs DHEA (PCOS) p = 0.005; Control vs Diane-35 p = 0.2; Control vs Metformin p = 0.9; Control vs Glutathione p = 0.5; DHEA (PCOS) 
vs Diane-35 p = 0.2; DHEA (PCOS) vs Metformin p < 0.01; DHEA (PCOS) vs Glutathione p < 0.01; Diane-35 vs Metformin p = 0.2; Diane-35 vs Glutathione p < 0.01; 
Metformin vs Glutathione p = 0.3.

Secondary follicle counts; Control vs DHEA (PCOS) p = 0.04; Control vs Diane-35 p = 0.9; Control vs Metformin p = 0.5; Control vs Glutathione p = 0.9; DHEA (PCOS) 
vs Diane-35 p < 0.01; DHEA (PCOS) vs Metformin p < 0.01; DHEA (PCOS) vs Glutathione p < 0.05; Diane-35 vs Metformin p = 0.7; Diane-35 vs Glutathione p = 0.9; 
Metformin vs Glutathione p = 0.4.

Antral follicle counts; Control vs DHEA (PCOS) p = 0.0004; Control vs Diane-35 p = 0.0001; Control vs Metformin p = 0.04; Control vs Glutathione p = 0.6; DHEA 
(PCOS) vs Diane-35 p = 0.9; DHEA (PCOS) vs Metformin p = 0.09; DHEA (PCOS) vs Glutathione p < 0.01; Diane-35 vs Metformin p < 0.05; Diane-35 vs Glutathione 
p < 0.01; Metformin vs Glutathione p = 0.2.

Atretic follicle counts; Control vs DHEA (PCOS) p < 0.0001; Control vs Diane-35 p = 0.02; Control vs Metformin p = 0.6; Control vs Glutathione p = 0.3; DHEA (PCOS) 
vs Diane-35 p < 0.05; DHEA (PCOS) vs Metformin p < 0.01; DHEA (PCOS) vs Glutathione p < 0.01; Diane-35 vs Metformin p = 0.2; Diane-35 vs Glutathione p = 0.5; 
Metformin vs Glutathione p = 0.9.

Cystic follicle counts; Control vs DHEA (PCOS) p < 0.0001; Control vs Diane-35 p = 0.05; Control vs Metformin p = 0.6; Control vs Glutathione p = 0.8; DHEA (PCOS) 
vs Diane-35 p < 0.01; DHEA (PCOS) vs Metformin p < 0.01; DHEA (PCOS) vs Glutathione p < 0.01; Diane-35 vs Metformin p = 0.5; Diane-35 vs Glutathione p = 0.2; 
Metformin vs Glutathione p = 0.9.
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antioxidant, on PCOS by means of several markers in an exper-
imental rat model. Promising results were observed, comparable 
to metformin and Diane-35 treatment.

IL-6 is a pleiotropic cytokine with a modulating role in ovar-
ian development; it is involved in processes such as oocyte mat-
uration, fertilization, and implantation [21]. In previous studies, 
IL-6 has been suggested to be the key mediator of low-grade 
chronic inflammation and be increased in PCOS patients 
[22,23]. Metformin is reported as a relieving agent for chronic 
low-grade inflammation in women with PCOS based on its 
IL-6-lowering effect [22]. On the other hand, in the meta-analysis 
study published by Wang et  al. no significant changes in IL-6 
levels were detected after metformin therapy in women with 
PCOS [24]. In the current study, the decreased serum values of 
IL-6 in the glutathione group showed similar results to the met-
formin group, while the results of both groups were significantly 
better compared with the PCOS group. Mishra and Dingli 

showed that metformin decreased the expression of IL-6R via 
AMPK, mTOR, and miR34a [25]. Although we did not analyze 
receptor activity, the IL-6-lowering effect of metformin could 
involve its receptor. Moreover, decreased levels of IL-6 have 
been reported after treatment with buthionine sulphoximine, a 
glutathione depletor, in rats [26]. As suggested in this study, the 
glutathione-regulated NF-kB transcription factor, which is 
reported to be involved in the production of cytokines such as 
IL-1b, IL-6, and TNF-a, could be responsible for the IL-6 
decrease [26–28]. CRP is synthesized both in the liver, with the 
stimulation of IL-6 and TNF-α, and in adipose tissue. Several 
studies have reported the association between elevated CRP lev-
els and PCOS [12,13,29]. Most of the studies have indicated a 
decreased level of serum CRP in PCOS women after metformin 
therapy [24,30]. Accordingly, we observed a similar effect on 
hs-CRP levels in PCOS rats after metformin and glutathione 
treatment. The effect of glutathione supplementation on 

Figure 3. C omparative follicle assessment in study groups.
PCOS; Polycystic Ovary Syndrome, DHEA; Dehidroepiandrosteron, GSH; glutathione, IL-6; interleukin-6, hs-CRP; high-sensitive C-reactive protein, MDA; Malondialdehyde; SHBG; Sex hormone 
binding globulin. a) Number of primordial, primary, secondary and antral follicles in study groups. *p < 0.05, **p < 0.01, ***p < 0.001, compared to DHEA (PCOS) group. +p < 0.05, ++p < 0.01, 
+++p < 0.001, compared to Control group. b) Number or atretic and cystic follicles. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared to DHEA (PCOS) group. +p < 0.05, 
++++p < 0.0001, compared to Control group.

Figure 4.  Photomicrographs of the representative ovary cross-sections in all experimental groups. Control group  showed normal ovarian structures with several 
healthy follicles (arrow)  at different developmental stages and corpus luteum (CL). DHEA (PCOS) group showed multiple cystic follicles (*) with a thin layer of flattened 
granulosa cells and a few healty follicles and CL. In the DHEA + 4,5 mg/kg Diane and DHEA + 300 mg/kg Metformin groups, number of  cystsic follicles were decreased 
with the presence of growing  healthy  follicles. DHEA + 100 mg/kg GSH group showed a marked reduction in the of cystsic follicles with the presence of grow-
ing  healthy  follicles which were almost comparable with Control group. Healthy follicle  (arrow), corpus luteum  (CL), cystic follicle  (*). Hematoxylin and eosin staining, 
Bar: 1000 µm in lower magnification and 500 µm in high magnification.
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inflammatory markers has not been investigated well in the lit-
erature. However, glutamine, the amino acid source of glutathi-
one, was shown to decrease the serum levels of CRP and IL-6, 
IL-18, and TNF-α in a PCOS rat model [31]. Likewise, Raygan 
et  al. reported that selenium intake, a cofactor for glutathione 
production, decreased hs-CRP and increased serum glutathione 
levels in patients with congestive heart failure [32]. Similarly, 
Razavi et  al. found that, although glutathione levels were not 
affected by selenium supplementation, selenium decreased 
hs-CRP and MDA levels in PCOS patients [33]. Moreover, in 
Askari et  al.’s study, hs-CRP and IL-6 levels were reduced fol-
lowing oral supplementation of N-acetylcysteine, one of the 
sources of cysteine, an amino acid that is involved in glutathi-
one production [34]. Khodaeifar et  al. suggested that when they 
administered A. graveolens and C. zeylanicum extracts to rats, 
both combined and separately, MDA levels in the ovarian tissue 
decreased significantly [35].

The underlying mechanism could be the anti-inflammatory 
and antioxidant role of metformin, which leads to a decrease in 
ROS production via stimulating AMPK-dependent pathways in 
macrophages, as indicated by Nassif et  al. [36]. As an indicator 
of lipid peroxidation, MDA levels were analyzed to show the 
antioxidant role of the treatment groups in our study. MDA lev-
els were significantly lower in the metformin and glutathione 
groups compared to the PCOS group in our study. Contrary to 
our findings, Rencber et  al. could not find any difference after 
metformin treatment in PCOS rats. Metformin treatment had 
failed to reduce plasma AMH levels, whereas resveratrol and 
combination of resveratrol with metformin had reduced the 
AMH levels in statistical significance [19]. However, there are 
studies reporting that glutathione levels are lower in PCOS 
patients, as are other antioxidant levels. In Sulaiman et  al.’s case 
control research, including 51 PCOS and 45 healthy women, the 
PCOS group had decreased glutathione levels and total antioxi-
dant capacity. Due to elevated androgen production, ROS forma-
tion increases in PCOS patients, which may cause glutathione 
depletion [37]. In the current study, IL-6, hs-CRP and MDA 
were lower in the glutathione group than in the PCOS group, as 
in the metformin group. Glutathione treatment may have a pos-
itive effect in terms of relieving low-grade inflammation and 
improving fertility in PCOS patients via its antioxidative feature. 
Research on ovarian tissue damage resulting from oxidative stress 
includes studies on ischemia-reperfusion injury using rat models. 
Substances such as chrysin, minocycline, and Olea europaea are 
being investigated for their antioxidant effects [38–40].

PCOS is strongly associated with higher insulin levels, insulin 
resistance, and hyperglycemia [8]. Hyperinsulinemia stimulates 
theca cells to produce testosterone, which is responsible for hir-
sutism in PCOS patients, and increased testosterone has an 
inhibitory effect on SHBG synthesis [4]. Unbound steroid hor-
mones consequently modulate the activity of the critical regula-
tory enzyme of androgen biosynthesis, P450c17, within the 
ovarian theca interna and interstitial cells [41]. Previous studies 
have shown that metformin decreased insulin levels in PCOS 
patients [42]. Similarly, in our study, insulin levels were lower in 
the metformin and glutathione groups than in the PCOS group. 
Due to the decrease in insulin levels, testosterone levels were also 
significantly lower in the metformin group in the current study. 
Rencber et  al. reported a similar result with metformin treatment 
in PCOS rats [19]. These findings support the anti-steroidogenic 
effects of metformin reported in previous studies [43,44]. The 
effect of glutathione supplementation on insulin levels have not 
been studied previously. In a randomized-controlled study, 
Søndergård et  al. investigated the effects of 3-week oral 

supplementation of glutathione, resulting in increased insulin 
sensitivity in obese men with and without T2DM [45]. Raygan 
et  al. found that the intake of selenium, a cofactor of glutathione 
synthesis, decreased serum insulin levels in patients with conges-
tive heart failure [32].

Hyperinsulinemia leads to increased, testosterone levels, and 
high levels of testosterone regulate SHBG synthesis via a negative 
feedback mechanism in the liver. In Xing’s meta-analysis study, 
metformin had a relieving effect for hyperandrogenemia in 
PCOS patients via elevating SHBG levels [46]. Similarly, it has 
been reported that metformin upregulates the level of SHBG via 
the PI3K/AKT pathway in PCOS rats with insulin resistance 
[47]. On the other hand, Al-Noza et  al. reported lower levels of 
testosterone and SHBG after metformin therapy in PCOS patients 
[48]. Similar to these findings, we observed lower testosterone 
and SHBG levels after metformin and glutathione treatment in 
the current study. Although metformin may decrease insulin and 
total testosterone, free testosterone levels might still be high 
enough to inhibit SHBG synthesis. Free testosterone was not 
evaluated in the current study, so the decrease in SHBG levels 
could be related to low total testosterone levels, because most of 
the circulating testosterone was bound to SHBG in the body [49].

Moreover, primary, atretic, and cystic follicle counts were sig-
nificantly lower in the metformin and glutathione groups, while 
the number of antral follicles was significantly higher than that 
in the PCOS group in our study. Rencber et  al. reported similar 
results in a PCOS rat model with metformin and/or resveratrol 
treatment, suggesting that metformin and glutathione could 
maintain folliculogenesis with their antioxidative effects [19]. 
Although not consistent with previous studies, we report that 
Diane-35 does not cause significant changes in any of the serum 
parameters in PCOS patients. In a meta-analysis study by de 
Medeiros et  al. nine out of the 11 studies reported that 35 µg 
ethynyl estradiol (EE) and 2 mg cyproterone acetate (CPA) 
(Diane-35) decreased CRP [50]. According to the same study, 
oral contraceptives have no significant effect on IL-6. Feng et  al. 
reported that Diane-35 decreased serum testosterone levels in 
PCOS patients [14]. This contradiction may be due to the low 
population size of our study, as it was an animal study or 
liver-first pass effect of oral administration.

Our study has several limitations. The first is that it was an 
experimental animal study with a relatively small sample size, 
but this is a general limitation common in animal studies. The 
second is that experimental studies ought to be designed to 
determine the optimum dosage, schedule, and duration of gluta-
thione treatment. Moreover, data obtained using an experimental 
animal model may not predict accurate results in humans 
directly, and future studies are needed to investigate the effect of 
glutathione on women with PCOS.

Conclusion

In conclusion, our study is the first to examine the comparative 
effects of glutathione with metformin and Diane-35 on oxidative 
and inflammatory markers in PCOS. Glutathione plays 
anti-inflammatory and antioxidant roles in the same way as met-
formin by lowering serum IL-6, insulin, testosterone, CRP, and 
MDA levels as well as atretic/cystic follicle count; it also improves 
antral follicle count and folliculogenesis in PCOS patients. It is 
anticipated that oxidative stress and antioxidants will continue to 
garner the interest of numerous researchers for years to come. A 
variety of additional substances are likely to be proposed, with 
their respective benefits being meticulously documented and 
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analyzed. We believe that our findings will shed light on future 
clinical studies on PCOS therapy, including detailed analyses of 
the dose and method of use.
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