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Abstract 

Background This study aimed to explore the impact of Diacerein (DIC) on endocrine and cardio-metabolic changes 
in polycystic ovarian syndrome (PCOS) mouse model.

Methods A total of 18 adult female mice (Parkes strain), aged 4–5 weeks, were randomly assigned to three groups, 
each comprising 6 animals, as follows: Group I (control), received normal diet and normal saline as vehicle for 51 days; 
Group II received Letrozole (LET; 6 mg/kg bw) for 21 days to induce PCOS; Group III received LET, followed by daily oral 
gavage administration of DIC (35 mg/kg bw) for 30 days.

Results This study indicates that treatment with LET resulted in PCOS with characteristics such as polycystic ovaries, 
elevated testosterone, weight gain, visceral adiposity, high levels of insulin as well as fasting blood glucose in addition 
to insulin resistance, improper handling of ovarian lipids, atherogenic dyslipidemia, impaired Na + /K + -ATPase activity 
and serum, cardiac, and ovarian oxidative stress. Serum/ovarian adiponectin levels were lowered in LET-treated mice. 
In mice treated with LET, we also discovered a reduction in cardiac and serum paraoxonase 1 (PON1). Interestingly, 
DIC restored ovarian andcardio-metabolic abnormalities in LET-induced PCOS mice. DIC prevented the endocrine 
and cardio-metabolic changes brought on by letrozole-induced PCOS in mice.

Conclusion The ameliorative effects of DIC on letrozole-induced PCOS with concurrent oxidative stress, abdominal 
fat deposition, cardiac and ovarian substrate mishandling, glucometabolic dysfunction, and adiponectin/PON1 activa-
tion support the idea that DIC perhaps, restore compromised endocrine and cardio-metabolic regulators in PCOS.
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Introduction
Polycystic ovarian syndrome (PCOS) is a common endo-
crinological and reproductive condition characterized by 
hyperandrogenism, polycystic ovaries, and ovulatory dys-
function, affecting 6%–10% of females. PCOS is linked to 
metabolic issues such atherosclerosis, insulin resistance, 
obesity, dyslipidemia, and heightened cardiovascular dis-
ease risk [1]. In women with PCOS, endocrine disruption 
is linked to metabolic and reproductive abnormalities [2]. 
The primary metabolic abnormalities in PCOS are excess 
adiposity and disturbed lipid and glucose metabolism [3–
6]. Changes in lipid-regulating genes are associated with 
hyperandrogenism, insulin resistance, infertility, and oxi-
dative stress in PCOS [7]. The secretion of androgen by 
the ovary and adrenal glands is also increased by adipos-
ity in PCOS.

In women with PCOS, the lipid and glucose regulating 
enzyme paraoxonase 1 (PON1) has already been linked 
to the emergence of cardio-metabolic abnormalities [8, 
9]. PON1 may contribute to high density lipoprotein 
(HDL)’s antiatherogenic, anti-inflammatory, and antioxi-
dant properties [10, 11]. PON1 also affects the modula-
tion of glucometabolism, including fasting blood glucose, 
insulin sensitivity, glucose tolerance, and an upsurge in 
the expression of muscular glucose receptor 4 [12]. Con-
sequently, PON1 may offer protection against conditions 
like diabetes, metabolic syndrome, cardiovascular dis-
ease, and PCOS that have decreased insulin levels [12]. It 
is worth noting that in PCOS females, diminished PON1 
activity is connected to dyslipidemia, elevated circulating 
testosterone, insulin resistance, endothelial dysfunction, 
inflammation, and oxidative stress, all of which are sig-
nificant factors that contribute to cardiovascular disease 
[13, 14].

The adipose tissue possesses the ability to produce 
adipocytokines, such as adiponectin, which exhibits 
various effects on glucose metabolism, lipid regulation, 
antioxidant functions, and inflammation reduction. This 
endocrine organ contributes to the regulation of meta-
bolic processes [15]. The decline in adiponectin release 
observed in individuals with PCOS suggests a connec-
tion between adipose tissue overgrowth and dysfunction 
in PCOS development [8]. Furthermore, reports have it 
that increased paternal adiponectin transcription offers 
protection against adipose tissue dysfunction [16]. The 
receptors responsible for regulating adiponectin’s actions 
are widely distributed throughout the hypothalamic-
pituitary-ovarian axis and reproductive system, enabling 
the hormone to exert its effects on steroidogenesis and 
metabolism in these tissues [17, 18].

Letrozole, an aromatase inhibitor, causes PCOS in 
female mice within  three weeks after starting treat-
ment by raising testosterone production via inhibition of 

aromataze activity. Because it resembles human PCOS 
with equivalent metabolic, endocrine, and reproductive 
abnormalities like insulin resistance, impaired glucose 
tolerance, visceral adiposity, elevated circulating andro-
gen and luteinizing hormone, polycystic ovaries, reduced 
follicle-stimulating hormone, etc., the letrozole-induced 
PCOS mice model offers a special chance to study human 
PCOS [19].

Since the pathophysiology of PCOS is complicated, it 
has not yet been fully understood. Additionally, it also 
takes into account whether genetics, dietary habits, and 
environmental elements all play a role [20]. PCOS is 
currently managed with a range of medications, such as 
metformin and clomiphene citrate. Unfortunately, these 
medicines have been related to negative side effects, 
including arthritis, lactic acidosis, toxicity to the liver, 
renal insufficiency, irregular bleeding, and stress [21–23]. 
Therefore, an acceptable and effective curative treatment 
has always been required from a medical point of view.
Diacerein. Diacerein (DIC), is an anthraquinone compo-
nent that has been proven effective for the treatment of 
osteoarthritis [24], and elicits an extensive range of anti-
oxidant, anti-apoptotic, and anti-inflammatory actions 
according to past studies [25–27]. Some clinical studies 
[28, 29] have shown that DIC has positive effects on insu-
lin secretion, hyperandrogenism, and metabolic param-
eters. It has been discovered that IL-1 serum levels in 
PCOS patients, whether obese and non-obese, are abnor-
mally elevated [30]. Moreover, such PCOS female’s infer-
tility is strongly associated with IL-1 [31]. In light of all 
of these data, it is clear that DIC may be effective in the 
management of PCOS. However, research using DIC as 
a treatment, mainly in PCOS-associated metabolic and 
reproductive dysregulation, are uncommon in rodents 
or humans. As a result, we expected DIC would improve 
PCOS-associated endocrine and cardio-metabolic 
derangements via adiponectin and PON1 modulation.

Materials and methods
Animals and treatment
All experimental procedures and reporting adhered to 
the ARRIVE guidelines 2.0. A standard set of environ-
mental conditions was maintained, including a light–
dark cycle of 12  h (06:00–18:00), unrestricted access to 
tap water and food, a temperature range of 23–26 °C, and 
relative humidity between 50–60%. Eighteen adult female 
mice (Parkes strain; aged 4–5  weeks) weighing 18–21  g 
were procured from Jeeva life sciences, Hyderabad, 
India, and were fed a standard chow diet. After one-week 
of acclimation, the mice were randomly assigned into 
three groups, each consisting of six mice. Group 1 (con-
trol) received normal saline as vehicle (0.9%) and stand-
ard chow for a duration of 51  days. Group II received 
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Letrozole (LET; 6  mg/kg, oral gavage) dissolved in nor-
mal saline water (0.9%) for 21 days to induce PCOS, fol-
lowed by a 30-day period without treatment. Group III 
received LET (6 mg/kg) for 21 days. Thereafter, the mice 
were treated with DIC (35  mg/kg bw) for 30  days. The 
final body weights of the mice were determined.

Sample collection
The mice were anasthetized at the conclusion of the 
procedure with sodium pentobarbital (50  mg/kg; ip). 
Cardiac incision was used to take blood, which was 
later centrifuged for five minutes at 3000  rpm inside 
a plain tube. The serum was kept refrigerated till it 
was required for the biochemical analysis. In order to 
avoid any potential body weight-related fluctuation, 
the heart, ovaries, were removed, freed of any clinging 
connective tissues, wiped, and weighted. A portion of 
each organ was removed carefully just after ovary and 
heart was weighed. Then it was homogenized using a 
glass homogenizer in buffer phosphate and centrifuged 
at 8000 g for 10 min at 4 °C.

Visceral adiposity
After the collection of blood samples, mice were dis-
sected and all intra-abdominal fat deposits, which 
included the urogenital,  were separated, quantified, and 
adjusted to body mass to reduce variability.

Glucometabolic regulation
Just before mice were sacrificed, the fasting blood glu-
cose (FBG)  was determined. For this examination, all 
mice were fasted for 12 h and then blood was taken out 
from tail vein. The FBG levels  were colorimetrically 
measured using a kit from Elabscience Biotechnology, 
Wuhan, Hubei, China Homeostatic model assessment 
of insulin resistance  (HOMA-IR)  was used to evalu-
ated IR = fasting glucose (mmol/l) * fasting insulin 
(U/l)/22.5 [32].

Biochemical analysis
Serum hormonal analysis
Concentrations of testosterone, estrogen, luteinizing 
hormone (LH)/follicle stimulating hormone (FSH) were 
measured using ELISA kits obtained from ELK bio-
technology (Wuhan, China). The ELISA kits utilized 
the competitive inhibition enzyme immunoassay meth-
odology. Each kit contained a microplate well (MW) 
pre-coated with a specific protein. Biotin-conjugated 
antibodies targeting LH, testosterone, estrogen, FSH, 
and progesterone were added to their respective MWs 
along with standards or samples. Avdin-horseradish 

peroxidase (HRP) was then added to each MW, fol-
lowed by the addition of a TMB substrate solution and 
subsequent incubation. The resulting color shift, indic-
ative of the enzyme–substrate reaction, was measured 
at a wavelength of 450 ± 10 nm using an ELISA reader. 
The reaction was stopped using the stop solution pro-
vided in the kit.

Serum insulin
Serum insulin content was measured using ELISA kits 
obtained from Elabscience Biotechnology (Wuhan, 
Hubei, China), following the instructions provided by the 
manufacturer.

Serum and ovarian adiponectin
Using kits purchased from Elabscience Biotechnology 
Wuhan, Hubei, China the quantities of serum and ovar-
ian adiponectin was measured.

Serum and cardiac PON1 concentrations
Using kits purchased from Elabscience Biotechnology 
(Wuhan, Hubei, China) the quantities of serum and car-
diac PON1 were measured in the serum and homogen-
ates of ovarian and cardiac tissues.

Lipid profile
Using established colorimetric techniques and reagents 
from Meril Diagnostics (Gujrat, India) triglyceride (TG), 
total cholesterol (TC), and high-density lipoprotein-cho-
lesterol (HDL-C) were determined in the serum, heart, 
and ovarian tissue homogenates. Additionally, the equa-
tion of Friedwaldwas employed to compute the levels of 
serum, cardiac, and ovarian LDL and VLDL (atherogenic 
lipid indicators).

Lipid peroxidation and tissue injury biomarkers
Malondialdehyde (MDA) is a marker of lipid peroxidation
Malondialdehyde  was determined in serum heart, and 
ovarian tissue using a traditional non-enzymatic spec-
trophotometric method and testing kits from Randox 
Laboratory Ltd. (U.K.). This method produces an MDA-
TBA dimer that may be detected spectrophotometrically 
by reacting the sample’s MDA with thiobarbituric acid 
(TBA).

Superoxide dismutase
The superoxide dismutase (SOD) activity was evalu-
ated by taking pyrogallol of 100  ml and 2.9  ml of tis-
sue homogenate supernatant (10%). SOD activity was 
expressed as units per gram of moist tissue.
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Lactate and lactate dehydrogenase concentration
Serum, heart, and ovarian tissue supernatants were 
examined for lactate concentration and activities of lac-
tate dehydrogenase (LDH) utilizing approved non-enzy-
matic and enzymatic colorimetric techniques using an 
assay kit purchased through Randox Laboratory Ltd.

Analysis of Ca2 + , Na + /K + , and H + ATPase activity 
in the ovarian and cardiac tissues
In the test tube, the following substances were added 
in volumes of 0.5 ml each: 0.35 M sodium chloride and 
1.75 mM potassium chloride for Na + /K + ATPase. The 
mixture was then incubated at 37  °C for 60  min, and 
the reaction was stopped by adding 0.8  ml of ice-cold 
10% (w/v) trichloroacetic acid (TCA). Centrifugation 
was performed at 4 °C and 4000 rpm for 20 min. After-
ward, ascorbic acid (1 ml of 25%) was added to 1 ml of 
the supernatant, followed by a 20-min incubation at 
room temperature. The absorbance of Na + /K + was 
measured at 725  nm using a spectrophotometer, fol-
lowing previously described techniques [33]. Enzyme 
evaluation was conducted using the Evans method [34]. 
A waiting period of 10  min preceded the addition of 
ammonium molybdate (1  ml of 1.25%) to 1  ml of the 
supernatant to activate H + ATPase. Similarly, after the 
addition of ascorbic acid (1 ml of 9%), enzyme activity 
was evaluated using the Evans method. The absorbance 
at 725 nm was determined using a spectrophotometer 
[34]. Enzyme activity per mg of protein per hour was 
calculated based on the usage of 10–3 mol of pi.

Reverse transcription and real‑time PCR
Total RNA extraction was performed using the TRI 
Reagent (Invitrogen) following the supplier’s instruc-
tions. Subsequently, cDNA was synthesized from 1  µg 
of total RNA using the cDNA Synthesis Kit (Invitro-
gen). RT-PCR was conducted using SYBR green and 
real-time PCR methods. The mRNA values were deter-
mined from the standard curve based on the expression 
levels of each gene. For reference, the primers used in 
this study can be found in Table  1 in the supplemen-
tary materials. As an internal check, actin was utilized 
(Table 1).

Evaluation of histology of ovaries
Ovarian  tissue was fixated in 10% formol-saline 
for 24 h, dried, covered with paraffin, and sections were 
cut at a thickness of 5 m using hematoxylin & eosin (H 
& E) stains. Motic microscope was used to produce and 
evaluate the slides.

Data analysis and statistics
Every set of data were presented as means ± SEM. 
Graph pad prism 8 was employed to conduct the sta-
tistical group analysis. One-way analysis of variance 
(ANOVA) was used to compare the mean values among 
the groups. The importance of pair-wise contrasts of 
average value amongt groups was determined using 
Tukey’s test. At p value less than 0.01 statistical signifi-
cance was accepted.

Results
DIC decreases body weight and adiposity in PCOS mice
The LET-treated group showed increased (P < 0.01) 
body weight in contrast to the normal control group, 
but the LET + DIC group decreased (P < 0.01) excess 
body mass in comparison to the LET-treated group. 
Visceral obesity is increased in the LET-induced PCOS 
mouse model, but was reduced by LET + DIC treatment 
(Fig. 1).

DIC corrects glucometabolic imbalance in mice with PCOS
Compared with the normal control, letrozole treatment 
caused an increase (P < 0.01) in fasting blood sugar, 
however LET + DIC reduced (P < 0.01) it in compari-
son with LET-treated group. The elevated HOMA-IR 
(P < 0.01) in LET-treated group compared with control 
group demonstrates that they have insulin resistance. 
However, in comparison to the LET-treated group, the 
LET + DIC treatment resulted in better insulin sensitiv-
ity as evidenced by a drop in HOMA-IR score (P < 0.01). 
In comparison to the control group, the PCOS mice 
showed hyperinsulinemia; however, when compared to 
the untreated PCOS mice, DIC mitigated this hyperin-
sulinemia (P < 0.01) (Fig. 2).

DIC improves hormonal imbalance in PCOS mice
Compared with the standard control, the PCOS mice 
showed higher (P < 0.01) serum levels of LH and testos-
terone, while having lower (P < 0.01) levels of estrogen. 
In comparison to the LET-treated group, LET + DIC 
treatment resulted in a decreased (P < 0.01) e serum 
levels of LH and testosterone. Conversely, in compari-
son to LET-treated group, estrogen levels were signifi-
cantly increased (P < 0.01) by the LET + DIC treatment 
(Fig. 3). Additionally, LET treatment caused an increase 

Table 1 Primers employed for the analysis of RT-PCR

Gene Forward primer (5ˈ –3ˈ) Reverse primer (3ˈ –5ˈ)

AdipoR1 CGC TTT CTG CGT ATC GTC 
TG

CCA ACC TGC ACA AGT TCC 
CTT 

Actin TAC GTC GCC CTG GAT TTT ATG AAA GAG GGC TGG AAG AG
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Fig. 1 Diacerein decreased reversed body weight gain (A), and visceral fat (B) in LET-induced PCOS mice. Control: saline solution at 0.9%: LET 
(6 mg/kg of LET); LET + DIC (6 mg/kg of LETZ and 35 mg/kg of DIC); *P = 0.01 Control versus LET; #P = 0.01 LET versus LET + DIC. LET: Letrozole, DIC: 
Diacerein

Fig. 2 Diacerein decreased fasting glycemia (A), insulin (B) and HOMA-IR (C) in LET-induced PCOS mice. Control: saline solution at 0.9%: LET 
(6 mg/kg of LET); LET + DIC (6 mg/kg of LETZ and 35 mg/kg of DIC); *P = 0.01 Control versus LET; #P = 0.01 LET versus LET + DIC. LET: Letrozole, DIC: 
Diacerein
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in the LH:FSH ratio, which was declined (P < 0.01) in 
the group treated with LET + DIC (Fig. 3).

DIC improves serum, cardiac and ovarian lipid metabolism 
in mice with PCOS
LET treatment caused a rise (P < 0.01) in total choles-
terol/triglyceride with a decline in HDL concentra-
tions in serum, ovarian and cardiac tissues in contrast 
to the standard control group. However, in compari-
son to the LET-treated group, LET + DIC treatment 
reduced (P < 0.01) total triglyceride/cholesterol levels 
along with an increase in HDL concentration in serum, 
heart, and ovarian tissues. Moreover, by comparing the 
LET-treated and control groups, LET treated elevated 
(P < 0.01) serum, cardiac, and ovarian indices of ath-
erogenic dyslipidemia (LDL and VLDL), but LET + DIC 
treatment lowered (P < 0.01) these indices in the tissues 
and serum (Fig. 4).

DIC suppresses LDH in serum and heart of mice with PCOS
The levels of lactate were increased in serum as well as ovar-
ian tissue of LET-induced PCOS mice in comparison with 
control group. However, LET + DIC treatment caused a 
decline (P < 0.01) in the serum/ovarian lactate concentra-
tions in comparison to the LET-treated group. Furthermore, 
LET treatment increased (P < 0.01) the activity of LDH in 
comparison to the control, which was suppressed signifi-
cantly (P < 0.01) in the LET + DIC treated group (Fig. 5).

DIC reduces oxidative damage in the heart and ovaries 
of mice with PCOS
Ovarian and cardiac malondialdehyde (MDA) concen-
trations were raised, while the SOD concentrations were 
declined by LET treatment in comparison to control. 
However, LET + DIC treatment decreased the concen-
tration of MDA in ovarian and cardiac tissue in com-
parison to the LET-treated group. Moreover, LET + DIC 

Fig. 3 Diacerein increased serum estrogen (A) and LH/FSH (B) with a decrease in testosterone (C) in LET-induced PCOS mice. Control: saline 
solution at 0.9%: LET (6 mg/kg of LET); LET + DIC (6 mg/kg of LETZ and 35 mg/kg of DIC); *P = 0.01 Control versus LET; #P = 0.01 LET versus LET + DIC. 
LET: Letrozole, DIC: Diacerein
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Fig. 4 Diacerein decreased serum,cardiac and ovarian cholesterol (A), TG (B),VLDL (D-F), LDL (G-I) with the increase in HDL (C) in LET-induced PCOS 
mice.Control: saline solution at 0.9%: LET (6 mg/kg of LET); LET + DIC (6 mg/kg of LET and 35 mg/kg of DIC); *P = 0.01 Control versus LET; #P = 0.01 
LET versus LET + DIC. LET: Letrozole, DIC: Diacerein, TG: Triglycerides
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increased (P < 0.01) SOD concentrations when compared 
with LET-treated group (Fig. 6).

DIC increases the activity of ATPase (Na + / K + , H + ATPase) 
in ovary and heart of mice with PCOS
LET treatment decreased (p < 0.001) the activities of the 
proton pump enzymes (Na + / K + and H + ATPase) in 
the heart and ovary of mice in comparison to the con-
trol. However, LET + DIC treatment caused an elevation 
(P < 0.01) in Na + / K + and H + ATPase activities in com-
parison to the LET-treated group (Fig. 7).

DIC increased adiponectin concentration in both serum 
and ovary of mice with PCOS
Adiponectin concentrations were declined (P < 0.01) in 
serum as well as ovarian tissue of LET-induced PCOS 
mice in comparison with control. However, LET + DIC 
treatment caused an elevation (P < 0.01) in the serum/

ovarian adiponectin concentrations in comparison to the 
LET-treated group (Fig. 8).

DIC increased PON1 concentration in both serum 
and heart of mice with PCOS
When compared with the control, the PON1 concen-
tration was declined (P < 0.01) in the serum as well as 
heart tissue of LET-treated mice. However, LET + DIC 
treatment caused an elevation (P < 0.01) in the serum/
cardiac PON1 concentrations in comparison to the 
LET-treated group (Fig. 8).

DIC improves ovarian histoarchitecture in PCOS mice
The histopathological examination of a section of the ovary 
revealed distinct features of granulosa cells, secondary fol-
licles, and oocytes. In comparison to the control group, 
mice with LET-induced PCOS exhibited signs of ovarian 

Fig. 5 Diacerein decreased serum, cardiac and ovarian lactate (A-C) and lactate dehydrogenase (D-F) in LET-induced PCOS mice. Control: saline 
solution at 0.9%: LET (6 mg/kg of LET); LET + DIC (6 mg/kg of LET and 35 mg/kg of DIC); *P = 0.01 Control versus LET; #P = 0.01 LET versus LET + DIC. 
LET: Letrozole, DIC: Diacerein
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follicle degeneration, formation of follicular cysts, and dis-
torted granulosa cells, with a notable absence of oocytes. 
In contrast, the ovarian tissue from the LET + DIC treated 
group displayed normal granulosa cells and an antral cav-
ity with a clearly visible isolated oocyte (Fig. 9).

Discussion
This study indicates that treatment with letrozole results 
in PCOS with characteristics that are similar to those 
of human PCOS, including polycystic ovaries, elevated 
serum testosterone, weight gain, visceral adiposity, high 
levels of insulin as well as FBG in addition to insulin 
resistance, improper handling of ovarian lipids, athero-
genic dyslipidemia, impaired Na + /K + ATPase activity 
and serum, cardiac, and ovarian oxidative stress. Adi-
ponectin levels in the serum/ovary were also lowered 
in LET-treated mice. In mice treated with LET, we also 
discovered a reduction in cardiac and serum PON1. As 
a result, LET-induced PCOS mimics the metabolic and 
reproductive abnormalities present in human PCOS. 
However, by upregulation of Adipo R1 and PON1, DIC 
reduced the endocrino-metabolic aberrations caused by 

letrozole in the serum, heart, and ovary (Fig.  10). Our 
decision to use DIC dosages of 35 mg/kg/day was made 
in light of both our preliminary findings and the effective-
ness of these dosage in other research [35, 36].

Nevertheless, the present data demonstrate that DIC 
improves PCOS-associated cardio-metabolic derange-
ments via adiponectin and PON1 modulation.

Many women within the age of reproduction are 
impacted by PCOS. Infertility means the inability of a 
sexually mature, non-contraceptive pair to conceive a 
child within a year after having unsafe sexual contact [37]. 
Around 20 and 35 percent of all cases of infertility are esti-
mated, are influenced by female factors. These concerns 
are commonly a result of ovulatory issues, that are often 
defined by delayed or absent of menstrual cycles [38, 39]. 
Among the common signs of PCOS is obesity, which also 
includes excess weight, irregular periods, and  infertility 
[40]. In additional to fertility problems, there are additional 
challenges like insulin resistance and cardiovascular disease 
(CVD). and abdominal obesity are additional clinical signs 
of PCOS that are linked to high testosterone levels and 
cause women to experience anxiety and depression [41].

Fig. 6 Diacerein increased ovarian and cardiac SOD (A-B) with the decrease in MDA (C-D) in LET-induced PCOS mice. Control: saline solution 
at 0.9%: LET (6 mg/kg of LET); LET + DIC (6 mg/kg of LET and 35 mg/kg of DIC); *P = 0.01 Control versus LET; #P = 0.01 LET versus LET + DIC. LET: 
Letrozole, DIC: Diacerein
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Visceral fat deposition has indeed been related to insu-
lin resistance, dyslipidemia, and increased CVD risks. For 
several PCOS patients, adiposity is likely primary source 
of insulin resistance [42]. Visceral fat gain has been linked 
to insulin resistance, dyslipidemia, as well increased CVD 
risks. In several Patients with PCOS, insulin resistance 
is likely caused by abdominal obesity [42]. The PCOS 
mouse model indicated increased body weight and excess 
abdominal fat, but the deficiencies were corrected by oral 
DIC treatment. In a latest study, letrozole-induced PCOS 
in mice resulted in elevated body weights [43].

Adipose In addition, etrozole treatment throughout 
the current study resulted in elevation of abdominal fat, 
diminished circulating and ovarian adiponectin con-
centration, insulin resistance, hyperinsulinemia, dys-
lipidemia, oxidative stress, and hyperandrogenemia, 
indicating an association with both adiponectin and 
PCOS metabolic changes. These findings are in accord-
ance with previous studies on impaired adipose tissue 
activity in PCOS. Moreover, multiple studies have con-
nected PCOS metabolic problems to decreased adi-
ponectin levels. Adiponectin as well as its receptor Adipo 

R1 are widely distributed throughout reproductive tis-
sues, especially the ovaries. This increased their capacity 
to affect steroidogenic processes and metabolic controls 
in the reproductive tissues [18, 44, 45]. The current 
study’s findings that letrozole-induced PCOS mice have 
dyslipidemia, oxidative stress, impaired glucometabolic 
regulation, and decreased adiponectin concentration 
in serum and ovarian tissue are consistent with a previ-
ous study that revealed metabolic dysregulation in adi-
ponectin-deficient mice [45]. Additionally, women with 
PCOS possess lower levels of adiponectin, which might 
also make them more susceptible to developing type 
2diabetes due to decreased glucometabolic control and 
dyslipidemia, demonstrating a crucial metabolic role for 
adiponectin [46].

To assess the impact of DIC on hormonal changes, we 
conducted an analysis of serum hormone levels. Our find-
ings revealed that DIC administration led to a decrease 
in serum testosterone, LH, and LH/FSH concentration 
in LET + DIC mice compared to those treated with LET 
alone. Elevated LH levels and an increased LH/FSH ratio 
have been identified as potential indicators of PCOS in 

Fig. 7 Diacerein increased ovarian and cardiac  NA+K+ (A-B) and  H+ ATPase (C-D) in LET-induced PCOS mice. Control: saline solution at 0.9%: LET 
(6 mg/kg of LET); LET + DIC (6 mg/kg of LET and 35 mg/kg of DIC); *P = 0.01 Control versus LET; #P = 0.01 LET versus LET + DIC. LET: Letrozole, DIC: 
Diacerein
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females [47]. Moreover, in mice with PCOS, DIC treat-
ment significantly lowered serum testosterone, LH, and 
LH/FSH levels. Reducing elevated testosterone levels can 
be beneficial for managing PCOS-related conditions, as 
high androgen levels have been implicated in the etiology 
of PCOS [48, 49]. In addition, LET-treated mice mani-
fested decreased levels of serum estrogen, progesterone, 
and FSH. This decline corresponded to alterations in the 
growth and morphology of follicles in the ovary during 
mid or early-follicular stages [50]. Hormone-based ther-
apies are commonly used to address atypical symptoms 
associated with female reproductive disorders. However, 
these treatments are often accompanied by side effects 

such as uterine hemorrhage and hyperplasia [51, 52]. The 
observed findings suggest that DIC may offer potential 
effectiveness in addressing hormonal imbalances associ-
ated with PCOS. Reduced steroid hormones levels in the 
ovary have been correlated with increased numbers and 
diverse shapes of developing follicles [53].

Oxidative stress (OS) is critical in the early phases of 
carcinoma conversions or cancer origination by boost-
ing protooncogene and suppressing anticancer genes 
[54]. As a result, higher OS in PCOS may raise risk of 
developing cancer along with contributing to epigenetic 
changes. The most typical symptoms and suspected 
sources of ovulatory disruption in PCOS patients are 

Fig. 8 Diacerein increased serum and cardiac PON 1 (A-B), serum and ovarian adiponectin/Adipo R1 (C-E) in LET-induced PCOS mice. Control: 
saline solution at 0.9%: LET (6 mg/kg of LET); LET + DIC (6 mg/kg of LET and 35 mg/kg of DIC); *P = 0.01 Control versus LET; #P = 0.01 LET 
versus LET + DIC. LET: Letrozole, DIC: Diacerein
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inflammation, obesity, and hyperandrogenism, which 
have all been strongly linked to oxidative stress. Numer-
ous studies have connected decreased proton (H +) 
pump (ATPase) action to issues with female reproduc-
tive. Some studies have suggested a relationship between 
oxidative stress and decreased ATPase activity [55]. Free 
radicals, inflammation, and membrane lipid peroxidation 
are all reported to significantly enhance the vulnerability 
of ATPase to these circumstances. This was discovered 
that lipid peroxidation (MDA) specifically altered the 
function of H + and Na + /K + ATPase [56]. Reactive spe-
cies of oxygen might significantly increase quantities of 
helpful antioxidants, which could also assist in explaining 
why H + and Na + /K + ATPase function is hindered [57, 
58]. In contrast to the LET-treated group, the group that 
received LET + DIC displayed a considerable increase in 
H + and Na + /K + ATPase.

PON1 is an anti-inflammatory and antioxidant agent 
which aids HDL in its function as a vasculo-protective 
agent and stops the generation of oxidized LDL [59]. 
Lowered PON1 activities in PCOS as a result of oxidative 
stress and lipid peroxidation contributed to the origin of 
PCOS issues [60]. PCOS decreases blood PON1 levels, 
which could be related to a higher risk of heart disease 

with atherosclerosis [10]. Additionally, it has been shown 
that in comparison to normal control patients, women 
with PCOS had lower serum PON1 activity [61]. Our 
study found that the letrozole-induced PCOS group had 
lower blood and ovarian PON1 levels than the control 
group, which was restored by DIC treatment, in agree-
ment with other research. A possible explanation for the 
decreased PON1 activity is enhanced PON1 inactivation 
brought on by PCOS’s elevated ROS generation [61]. As 
a result, by modifying the structure of the protein, super-
oxide anions might be accountable for PON1’s reduced 
function. PON 1 is believed to be inactivated by ROS, 
perhaps as a result of xanthine oxidase producing super-
oxide anions [62]. It has recently been demonstrated that 
decreased PON1 activities enhances oxidative stress lev-
els and alters metabolism in Patients with PCOS [62]. 
Therefore, the fact that LET-treated PCOS mice dis-
played higher levels of lipid peroxidation, lactate, and lac-
tate dehydrogenase activities in their serum, hearts, and 
ovaries backs up the notion that oxidative stress plays a 
role in the development of PCOS. Additionally, it’s pos-
sible that the oxidative stress in the LET-treated PCOS 
rats is related to the decreased serum and ovarian PON1 
activity in these animals.

Fig. 9 Diacerein attenuated ovarian cysts in LET-induced PCOS mice. Letrozole, DIC: Diacerein. Cystic follicles are identified with red arrows
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This study’s key finding was that DIC restored LET-
induced PCOS ovarian and cardio-metabolic abnor-
malities.  In LET-induced PCOS mice, DIC treatment 
substantially increased energy  metabolism, which 
restricted visceral fat gain, insulin resistance, improved 
hyperglycemia, decreased oxidative stress, and dys-
lipidemia. It also caused a reduction in circulating lev-
els of testosterone, luteinizing hormone, and the LH/
FSH ratio, along with improved hyperglycemia and 
decreased oxidative stress. Based on a histopathologi-
cal evaluation, the administration of DIC  improved the 
damaged cytoarchitecture of the ovaries brought on by 
LET treatment. Additionally, in LET-induced PCOS, 
DIC treatment resulted in decreased serum, cardiac, and 
ovarian  lactate, LDH. Intriguingly, the beneficial effects 
of DIC  treatment in LET-induced PCOS mice were 
accompanied by elevated levels of PON1 and adiponec-
tin. Nevertheless, the study did not investigate the cause 
effect relationship between PON1/adiponectin and other 

biochemical changes, which for the basis for the future 
research.

Conclusion
In summation, DIC administration prevented the endo-
crine and cardio-metabolic changes brought on by 
letrozole-induced PCOS in mice. As a result, the ame-
liorative effects of DIC on letrozole-induced PCOS with 
concurrent oxidative stress, abdominal fat deposition, 
cardiac and ovarian tissue mishandling, glucometabolic 
dysfunction, and Adiponectin/PON1 activation support 
the notion that DIC may be able to restore compromised 
endocrine and cardio-metabolic changes in PCOS. How-
ever, the future study would investigate the mechanisms 
underlying the modulation of adiponectin/PON1 by DIC 
in a mouse model of PCOS.

Acknowledgements
Not applicable.

Fig. 10 Schematic diagram showing the attenuation of endocrine and cardiometabolic abnormalities by DIC through Adipo R1/PON 1modulation 
in LET-induced PCOS mouse model Diacerein attenuated ovarian cysts in LET-induced PCOS mice. Letrozole, DIC: Diacerein



Page 14 of 15Shah et al. BMC Endocrine Disorders          (2024) 24:109 

Authors’ contributions
All the authors contributed to the study.

Funding
The research conducted did not receive any dedicated funding from public, 
commercial, or not-for-profit organizations.

Availability of data and materials
 The raw data will be made available from the corresponding author on 
request.

Declarations

Ethics approval and consent to participate
All experimental procedures and reporting adhered to the ARRIVE guidelines 
2.0. The study protocol received ethical approval, issued by the ethics commit-
tee of Barkatullah University in Bhopal with approval number 885/GO/Re/S/
CPCSEA/IAEC/BU/21, following the Guide for the Care and Use of experimen-
tal animals of National Institutes of Health.

Consent for publication
Not applicable.

Competing interest
The authors declare no competing interests.

Received: 30 April 2023   Accepted: 1 July 2024

References
 1. Guney G, Taşkın MI, Sener N, Tolu E, Dodurga Y, Elmas L, Cetin O, Sarigul 

C. The role of ERK-1 and ERK-2 gene polymorphisms in PCOS patho-
genesis. Reprod Biol Endocrinol. 2020;20(1):95. https:// doi. org/ 10. 1186/ 
s12958- 022- 00967-6.

 2. De Leo V, Musacchio MC, Cappelli V, Massaro MG, Morgante G, Petraglia F. 
Genetic, hormonal and metabolic aspects of PCOS: an update. Reproduc-
tive biology and endocrinology : RB and E. 2016;14(1):38. https:// doi. org/ 
10. 1186/ s12958- 016- 0173-x.

 3. Sanchez-Garrido MA, Tena-Sempere M. Metabolic dysfunction in poly-
cystic ovary syndrome: Pathogenic role of androgen excess and potential 
therapeutic strategies. Mol Metab. 2020;35:100937. https:// doi. org/ 10. 
1186/ s12958- 016- 0173-x.

 4. El-Mazny A, Abou-Salem N, El-Sherbiny W, El-Mazny A. Insulin resistance, 
dyslipidemia, and metabolic syndrome in women with polycystic ovary 
syndrome. Int J Gynaecol Obstet. 2010;109:239–41.

 5. Areloegbe SE, Peter MU, Oyeleke MB, Olaniyi KS. Low-dose spironolac-
tone ameliorates adipose tissue inflammation and apoptosis in letrozole-
induced PCOS rat model. BMC Endocrine Disorders. 2022;22(1):224.

 6. Olaniyi KS, Areloegbe SE. Alleviation of adipose–hepatic glycolipid 
dysregulation by acetate in experimental PCOS model is associated with 
NF-κB/NLRP3 repression. Can J Physiol Pharmacol. 2023;101(12):630–41.

 7. Wekker V, van Dammen L, Koning A, Heida KY, Painter RC, Limpens J, 
Laven JSE, van Lennep JE, Roseboom TJ, Hoek A. Long-term cardiometa-
bolic disease risk in women with PCOS: a systematic review and meta-
analysis. Hum Reprod Update. 2020;26:942–60.

 8. Bizoń A, Franik G, Madej P. The role of proprotein convertase subtilisin/
kexin type-9 concentration andparaoxonase 1 activities in the blood 
of women with polycystic ovary syndrome. Environ ToxicolPharmacol. 
2021;84:103612.

 9. Dursun P, Demirtaş E, Bayrak A, Yarali H. Decreased serum paraoxonase 
1 (PON1) activity: an additional risk factor for atherosclerotic heart 
disease in patients with PCOS? Human reproduction (Oxford, England). 
2006;21(1):104–8. https:// doi. org/ 10. 1093/ humrep/ dei284.

 10. Litvinov D, Mahini H, Garelnabi M. Antioxidant and anti-inflammatory role 
of paraoxonase 1: implication in arteriosclerosis diseases. N Am J Med Sci. 
2012;4(11):523–32. https:// doi. org/ 10. 4103/ 1947- 2714. 103310.

 11. Olaniyi KS, Areloegbe SE. Modulation of PON-1 by acetate reverses 
hepatic dysmetabolism in experimentally induced PCOS. Comp Clin 
Pathol. 2024;33:1–10.

 12. Koren-Gluzer M, Aviram M, Hayek T. Paraoxonase1 (PON1) reduces 
insulin resistance in mice fed a high-fat diet and promotes GLUT4 
overexpression in myocytes via the IRS-1/Akt pathway. Atherosclerosis. 
2013;229:71–8.

 13. Shih DM, Lusis AJ. The roles of PON1 and PON2 in cardiovascular disease 
and innate immunity. Current opinion in lipidology. 2009;20(4):288–92. 
https:// doi. org/ 10. 1097/ MOL. 0b013 e3283 2ca1ee.

 14. Meneses MJ, Silvestre R, Sousa-Lima I, Macedo MP. Paraoxonase-1 as a 
Regulator of Glucose and Lipid Homeostasis: Impact on the Onset and 
Progression of Metabolic Disorders. Int J Mol Sci. 2019;20:4049. https:// 
doi. org/ 10. 3390/ ijms2 01640 49.

 15. Tisato V, Romani A, Tavanti E, Melloni E, Milani D, Bonaccorsi G, Sanz JM, 
Gemmati D, Passaro A, Cervellati C. Crosstalk Between Adipokines and 
Paraoxonase 1: A New Potential Axis Linking Oxidative Stress and Inflam-
mation. Antioxidants (Basel). 2019;8:287.

 16. Benrick A, Chanclón B, Micallef P, Wu Y, Hadi L, Shelton JM, Stener-Victorin 
E, WernstedtAsterholm I. Adiponectin protects against development of 
metabolic disturbances in a PCOS mouse model. Proc Natl Acad Sci USA. 
2017;114:E7187–96.

 17. Wu Y, Chanclón B, Micallef P, Stener-Victorin E, WernstedtAsterholm 
I, Benrick A. Maternal adiponectin prevents visceral adiposity and 
adipocyte hypertrophy in prenatal androgenized female mice. FASEB J. 
2021;35:e21299.

 18. Barbe A, Bongrani A, Mellouk N, Estienne A, Kurowska P, Grandhaye J, 
Elfassy Y, Baskol G, Baskol M, Kocer D. Oxidative stress and antioxidant 
defenses in serum of patients with non-alcoholic steatohepatitis. Clin 
Biochem. 2007;40:776–80.

 19. Xu J, Dun J, Yang J, Zhang J, Lin Q, Huang M, Ji F, Huang L, You X, Lin 
Y. Letrozole Rat Model Mimics Human Polycystic Ovarian Syndrome 
and Changes in Insulin Signal Pathway. Medical Science Monitor. 
2020;26:e923073. https:// doi. org/ 10. 12659/ MSM. 923073.

 20. Shah M, Shrivastava VK. Turmeric extract alleviates endocrine-metabolic 
disturbances in letrozole-induced PCOS by increasing adiponec-
tin circulation: A comparison with Metformin. Metabolism open. 
2021;13:100160.https:// doi. org/ 10. 1016/j. metop. 2021. 100160

 21. Choi SH, Shapiro H, Robinson GE, Irvine J, Neuman J, Rosen B, Murphy 
J, Stewart D. Psychological side-effects of clomiphene citrate and 
human menopausal gonadotrophin. J  Psychosom Obstet  Gynaecol. 
2005;26(2):93–100. https:// doi. org/ 10. 1080/ 01443 61040 00229 83.

 22. Badawy A, Elnashar A. Treatment options for Polycystic Ovary Syndrome. 
Int J Womens Health. 2011;3:25–35. https:// doi. org/ 10. 2147/ IJWH. S11304. 
PMID: 21339935; PMCID: PMC3039006.

 23. Lashen H. Role of metformin in the management of polycystic ovary 
syndrome. Ther Adv  Endocrinol  Metab. 2010;1(3):117–28. https:// doi. 
org/ 10. 1177/ 20420 18810 380215.

 24. Abdel-Gaber SA, Mohammed RK, Refaie M. Mechanism mediating the 
protective effect of Diacerein in ischemia-reperfusion-induced testicular 
injury in rats. Life Sci. 2018;209:57–62. https:// doi. org/ 10. 1016/j. lfs. 2018. 
07. 060.

 25. da K Silva, Camacho AP, Mittestainer FC, Carvalho BM, Santos A, Guad-
agnini D, Oliveira AG, Saad M. Atorvastatin and Diacerein reduce insulin 
resistance and increase disease tolerance in rats with sepsis. J  inflamm 
(London, England). 2018;15:8. https:// doi. org/ 10. 1186/ s12950- 018- 0184-9

 26. Eite NC, Viegas BB, Villela-Nogueira CA, Carlos FO, Cardoso C, Salles GF. 
Efficacy of Diacerein in reducing liver steatosis and fibrosis in patients 
with type 2 diabetes and non-alcoholic fatty liver disease: A randomized, 
placebo-controlled trial. Diabetes Obes Metab. 2019;21(5):1266–70. 
https:// doi. org/ 10. 1111/ dom. 13643.

 27. Fouad AA, Abdel-Aziz AM, Hamouda A. Diacerein Downregulates NLRP3/
Caspase-1/IL-1β and IL-6/STAT3 Pathways of Inflammation and Apoptosis 
in a Rat Model of Cadmium Testicular Toxicity. Biol Trace Elem Res. 
2020;195(2):499–505. https:// doi. org/ 10. 1007/ s12011- 019- 01865-6.

 28. Tres GS, Fuchs SC, Piovesan F, Koehler-Santos P, Pereira F, Camey S, Lisboa 
HK, Moreira LB. Effect of Diacerein on Metabolic Control and Inflamma-
tory Markers in Patients with Type 2 Diabetes Using Antidiabetic Agents: 
A Randomized Controlled Trial. J  Diabetes Res. 2018;2018:4246521. 
https:// doi. org/ 10. 1155/ 2018/ 42465 21.

https://doi.org/10.1186/s12958-022-00967-6
https://doi.org/10.1186/s12958-022-00967-6
https://doi.org/10.1186/s12958-016-0173-x
https://doi.org/10.1186/s12958-016-0173-x
https://doi.org/10.1186/s12958-016-0173-x
https://doi.org/10.1186/s12958-016-0173-x
https://doi.org/10.1093/humrep/dei284
https://doi.org/10.4103/1947-2714.103310
https://doi.org/10.1097/MOL.0b013e32832ca1ee
https://doi.org/10.3390/ijms20164049
https://doi.org/10.3390/ijms20164049
https://doi.org/10.12659/MSM.923073
https://doi.org/10.1016/j.metop.2021.100160
https://doi.org/10.1080/01443610400022983
https://doi.org/10.2147/IJWH.S11304
https://doi.org/10.1177/2042018810380215
https://doi.org/10.1177/2042018810380215
https://doi.org/10.1016/j.lfs.2018.07.060
https://doi.org/10.1016/j.lfs.2018.07.060
https://doi.org/10.1186/s12950-018-0184-9
https://doi.org/10.1111/dom.13643
https://doi.org/10.1007/s12011-019-01865-6
https://doi.org/10.1155/2018/4246521


Page 15 of 15Shah et al. BMC Endocrine Disorders          (2024) 24:109  

 29. Zhang Q, Zhou J, Wang Y, Chen D. The effect and safety of Diacerein in 
patients with type 2 diabetes mellitus : a systematic review and meta-
analysis. Am J Clin  Exp Immunol. 2017;6(6):97–106.

 30. ZafariZangeneh F, Naghizadeh MM, Masoumi M. Polycystic ovary 
syndrome and circulating inflammatory markers. Int J Reprod Biomed. 
2017;15(6):375–82.

 31. Xia YH, Yao L, Zhang ZX. Correlation between IL-1β, IL-1Ra gene poly-
morphism and occurrence of polycystic ovary syndrome infertility. Asian 
Pac J Trop Med. 2013;6(3):232–6. https:// doi. org/ 10. 1016/ S1995- 7645(13) 
60030-9.

 32. Qu HQ, Li Q, Rentfro AR, Fisher-Hoch SP, McCormick JB. The definition of 
insulin resistance using HOMA-IR for Americans of Mexican descent using 
machine learning. PloS one. 2011;6(6):e21041. https:// doi. org/ 10. 1371/ 
journ al. pone. 00210 41

 33. Pan M, Janis RA. Stimulation of Na+, K+-ATPase of isolated smooth 
muscle membranes by the Ca2+ channel inhibitors, nimodipine and 
nitrendipine. Biochem Pharmacol. 1984;33(5):787–91.

 34. Evans BL, Thompson KT. A derivative attachment for a prism spectropho-
tometer. Journal of Physics E: Scientific Instruments. 1969;2(4):327.

 35. Abd-Ellatif RN, Hegab II, Atef MM, Sadek MT, Hafez YM. Diacerein protects 
against glycerol-induced acute kidney injury: Modulating oxidative 
stress, inflammation, apoptosis and necroptosis. Chem Biol Interact. 
2019;306:47–53. https:// doi. org/ 10. 1016/j. cbi. 2019. 04. 008.

 36. Ibrahim YF, Alorabi M, Abdelzaher WY, Toni ND, Thabet K, Hegazy A, Bahaa 
HA, Batiha GE, Welson NN, Morsy MA, Venugopala KN, Abdel-Aziz AM. 
Diacerein ameliorates letrozole-induced polycystic ovarian syndrome in 
rats. Biomed Pharmacother. 2022;149:112870. https:// doi. org/ 10. 1016/j. 
biopha. 2022. 112870

 37. Kamel RM. Management of the infertile couple: an evidence-based 
protocol. Reprod Biol  Endocrinol. 2010;8:21. https:// doi. org/ 10. 1186/ 
1477- 7827-8- 21.

 38. Azziz R, Woods KS, Reyna R, Key TJ, Knochenhauer ES, Yildiz BO. The preva-
lence and features of the polycystic ovary syndrome in an unselected 
population. J Clin Endocrinol Metab. 2004;89(6):2745–9. https:// doi. org/ 
10. 1210/ jc. 2003- 032046.

 39. Hsueh AJ, Kawamura K, Cheng Y, Fauser BC. Intraovarian control of early 
folliculogenesis. Endocr Rev. 2015;36(1):1–24. https:// doi. org/ 10. 1210/ er. 
2014- 1020.

 40. Sirmans, S. M., and Pate, K. A. (2013). Epidemiology, diagnosis, and 
management of polycystic ovary syndrome. Clin. Epidemiol. 6, 1–13. doi: 
10.2147/CLEP. S37559.

 41. Ndefo UA, Eaton A, Green MR. Polycystic ovary syndrome: a review of 
treatment options with a focus on pharmacological approaches. P and T : 
a peer-reviewed journal for formulary management. 2013;38(6):336–55.

 42. Chan DC, Barrett HP, Watts GF. Dyslipidemia in visceral obesity: mecha-
nisms, implications, and therapy. Am J Cardiovasc Drugs. 2004;4(4):227–
46. https:// doi. org/ 10. 2165/ 00129 784- 20040 4040- 00004.

 43. ul haq Shah MZ, Shrivastava V, Mir M A. Metformin treatment ameliorates 
endocrine-metabolic disturbances in letrozole-induced PCOS mice 
model by modulating adiponectin status. Obes Med. 2022;31:100392.

 44. Palin MF, Bordignon VV, Murphy BD. Adiponectin and the control of 
female Reproductive functions. Vitam Horm. 2012;90:239–87.

 45. Qiao L, Wattez JS, Lee S, Nguyen A, Schaack J, Hay WWJr, Shao J,. Adi-
ponectin deficiency impairs maternal metabolic adaptation to pregnancy 
in mice. Diabetes. 2017;66:1126–35.

 46. Tokmak A, Guzel AI, Güney G, Tasdemir U, Umit C, Yilmaz N. Effect of 
Obesity on Clinical Parameters and Pregnancy Rates in Women with Poly-
cystic Ovary Syndrome Undergoing Ovulation Induction Cycles. J Reprod 
Med. 2017;62(5–6):300–4 PMID: 30027724.

 47. Saadia Z. Follicle Stimulating Hormone (LH: FSH) Ratio in Polycystic 
Ovary Syndrome (PCOS) - Obese vs Non- Obese Women. Medical Arch. 
2020;74(4):289–93. https:// doi. org/ 10. 5455/ medarh. 2020. 74. 289- 293.

 48. Abbott DH, Dumesic DA, Franks S. Developmental origin of polycystic 
ovary syndrome - a hypothesis. J Endocrinol. 2002;174:1–5. https:// doi. 
org/ 10. 1677/ joe.0. 17400 01.

 49. Kafali H, Iriadam M, Ozardali I, Demir N. Letrozole-induced polycystic 
ovaries in the rat: a new model for cystic ovarian disease. Arch Med Res. 
2004;35:103–8. https:// doi. org/ 10. 1016/j. arcmed. 2003. 10. 005.

 50. Dewailly, D., Robin, G., Peigne, M., Decanter, C., Pigny, P., and Catteau-
Jonard, S. (2016). Interactions between androgens, FSH, anti-Mullerian 
hormone and estradiol during folliculogenesis in the human normal 

and polycystic ovary. Hum. Reprod. Update 22, 709–724. doi: 10.1093/
humupd/ dmw027.

 51. Hidaka T, Yonezawa R, Saito S. Kami-shoyo-san, Kampo (Japanese tradi-
tional medicine), is effective for climacteric syndrome, especially in hor-
mone-replacement-therapy-resistant patients who strongly complain of 
psychological symptoms. J Obstet Gynaecol Res. 2013;39:223–8.https:// 
doi. org/ 10. 1111/j. 1447- 07562 012. 01936.x

 52. Yang H, Kim HJ, Pyun BJ, Lee HW. Licorice ethanol extract improves 
symptoms of polycytic ovary syndrome in Letrozole-induced female rats. 
Integr Med Res. 2018;7:264–70. https:// doi. org/ 10. 1016/j. imr. 2018. 05. 003.

 53. Baravalle C, Salvetti NR, Mira GA, Pezzone N, Ortega HH. Microscopic char-
acterization of follicular structures in letrozoleinduced polycystic ovarian 
syndrome in the rat. Arch Med Res. 2006;37:830–9. https:// doi. org/ 10. 
1016/j. arcmed. 2006. 04. 006.

 54. Donkena KV, Young CY, Tindall DJ. Oxidative stress and DNA methylation 
in prostate cancer. Obstet Gynecol Int. 2010;2010:302051. https:// doi. org/ 
10. 1016/ s0300- 483x(98) 00003-1

 55. Misra RR, Smith GT, Waalkes MP. Evaluation of the direct genotoxic 
potential of cadmium in four different rodent cell lines. Toxicology. 
1998;126(2):103–14. https:// doi. org/ 10. 1016/ s0300- 483x(98) 00003-1.

 56. Dunaif A, Mandeli J, Fluhr H, Dobrjansky A. The impact of obesity and 
chronic hyperinsulinemia on gonadotropin release and gonadal steroid 
secretion in the polycystic ovary syndrome. J Clin Endocrinol Metab. 
1988;66(1):131–9. https:// doi. org/ 10. 1210/ jcem- 66-1- 131.

 57. Prasad KN, Sinha PK, Ramanujam M, Sakamoto A. Sodium ascorbate 
potentiates the growth inhibitory effect of certain agents on neuroblas-
toma cells in culture. Proc Natl Acad Sci U S A. 1979;76(2):829–32. https:// 
doi. org/ 10. 1073/ pnas. 76.2. 829.

 58. D’Ambrosio SM, Gibson-D’Ambrosio RE, Brady T, Oberyszyn AS, Robertson 
FM. Mechanisms of nitric oxide-induced cytotoxicity in normal human 
hepatocytes. Environmental and molecular mutagenesis. 2001;37(1):46–
54. https://doi.org/10.1002/1098-2280(2001)37:146aid-em1005 30co2-6.

 59. Shekhanawar M, Shekhanawar SM, Krisnaswamy D, Indumati V, Satishku-
mar D, Vijay V, Rajeshwari T, Amareshwar M. The role of “paraoxonase-1 
activity” as an antioxidant in coronary artery diseases. J Clin Diagn Res. 
2013;7(7):1284–7. https:// doi. org/ 10. 7860/ JCDR/ 2013/ 5144. 3118.

 60. Bulut M, Selek S, Bez Y, Karababa IF, Kaya MC, Gunes M, Emhan A, Aksoy N, 
Sir A. Reduced PON1 enzymatic activity and increased lipid hydroperox-
ide levels that point out oxidative stress in generalized anxiety disorder. J 
Affect Disord. 2013;150(3):829–33. https:// doi. org/ 10. 1016/j. jad. 2013. 03. 
011.

 61. Fenkci IV, Serteser M, Fenkci S, Kose S. Paraoxonase levels in women with 
polycystic ovary syndrome. J Reprod Med. 2007;52(10):879–83.

 62. Kunjantarachot A, Pabalan N, Jarjanazi H, Christofolini DM, Montagna 
E, Barbosa CP, Bianco B. Paraoxonase single nucleotide variants show 
associations with polycystic ovary syndrome: a meta-analysis. Reprod Biol 
Endocrinol. 2020;18:114.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/S1995-7645(13)60030-9
https://doi.org/10.1016/S1995-7645(13)60030-9
https://doi.org/10.1371/journal.pone.0021041
https://doi.org/10.1371/journal.pone.0021041
https://doi.org/10.1016/j.cbi.2019.04.008
https://doi.org/10.1016/j.biopha.2022.112870
https://doi.org/10.1016/j.biopha.2022.112870
https://doi.org/10.1186/1477-7827-8-21
https://doi.org/10.1186/1477-7827-8-21
https://doi.org/10.1210/jc.2003-032046
https://doi.org/10.1210/jc.2003-032046
https://doi.org/10.1210/er.2014-1020
https://doi.org/10.1210/er.2014-1020
https://doi.org/10.2165/00129784-200404040-00004
https://doi.org/10.5455/medarh.2020.74.289-293
https://doi.org/10.1677/joe.0.1740001
https://doi.org/10.1677/joe.0.1740001
https://doi.org/10.1016/j.arcmed.2003.10.005
https://doi.org/10.1111/j.1447-07562012.01936.x
https://doi.org/10.1111/j.1447-07562012.01936.x
https://doi.org/10.1016/j.imr.2018.05.003
https://doi.org/10.1016/j.arcmed.2006.04.006
https://doi.org/10.1016/j.arcmed.2006.04.006
https://doi.org/10.1016/s0300-483x(98)00003-1
https://doi.org/10.1016/s0300-483x(98)00003-1
https://doi.org/10.1016/s0300-483x(98)00003-1
https://doi.org/10.1210/jcem-66-1-131
https://doi.org/10.1073/pnas.76.2.829
https://doi.org/10.1073/pnas.76.2.829
https://doi.org/10.7860/JCDR/2013/5144.3118
https://doi.org/10.1016/j.jad.2013.03.011
https://doi.org/10.1016/j.jad.2013.03.011

	Diacerein mitigates endocrine and cardio-metabolic disruptions in experimental PCOS mice model by modulating AdipoR1 PON 1
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Animals and treatment
	Sample collection
	Visceral adiposity
	Glucometabolic regulation
	Biochemical analysis
	Serum hormonal analysis
	Serum insulin
	Serum and ovarian adiponectin
	Serum and cardiac PON1 concentrations
	Lipid profile

	Lipid peroxidation and tissue injury biomarkers
	Malondialdehyde (MDA) is a marker of lipid peroxidation
	Superoxide dismutase
	Lactate and lactate dehydrogenase concentration
	Analysis of Ca2 + , Na + K + , and H + ATPase activity in the ovarian and cardiac tissues
	Reverse transcription and real-time PCR

	Evaluation of histology of ovaries
	Data analysis and statistics

	Results
	DIC decreases body weight and adiposity in PCOS mice
	DIC corrects glucometabolic imbalance in mice with PCOS
	DIC improves hormonal imbalance in PCOS mice
	DIC improves serum, cardiac and ovarian lipid metabolism in mice with PCOS
	DIC suppresses LDH in serum and heart of mice with PCOS
	DIC reduces oxidative damage in the heart and ovaries of mice with PCOS
	DIC increases the activity of ATPase (Na +  K + , H + ATPase) in ovary and heart of mice with PCOS
	DIC increased adiponectin concentration in both serum and ovary of mice with PCOS
	DIC increased PON1 concentration in both serum and heart of mice with PCOS
	DIC improves ovarian histoarchitecture in PCOS mice

	Discussion
	Conclusion
	Acknowledgements
	References


