
ORIGINAL ARTICLE 

 

 

RECORDS OF PHARMACEUTICAL 
AND BIOMEDICAL SCIENCES 

 
 

Diallyl Disulfide Ameliorates Kidney Damage Associated with 

Polycystic Ovary Syndrome by Targeting STAT1/ NF-κB and 

Nrf2/HO-1 Signaling 

Hala I. Madkour1, Reda S. Yousef 2, Rasha Mokhtar Abdelkareem3, Eman Mohammed Ali1* 

1 Department of Clinical Pharmacology, Faculty of Medicine, Sohag University, Egypt; 2 Department of 

Biochemistry, Faculty of Medicine, Sohag University, Egypt;3 Department of Pathology, Faculty of Medicine, 

Sohag University, Egypt. 

 

Received: 04. 8. 2024  

Revised: 20. 8. 2024  

Accepted: 23. 8. 2024 

 

*Correspondence Author: 

E-mail address: 

emanmohamed@med.sohag.edu.eg 

  

 

Abstract 

Diallyl disulfide (DADS), a significant bioactive component of garlic, 

has many advantageous biological purposes. It is unknown how DADS 

affects renal disorder in PCOS patients. In a rat model of PCOS, our 

study postulated that DADS would safeguard against renal dysfunction 

possibly by combating NF-κB and enhancing Nrf2 dependent 

mechanism. Female Wistar rats were randomly divided into 4 groups (n 

= 8); normal control, PCO induced by letrozole (LET) (1 mg kg-1day-1, 

p.o.), protective group; DADS (50 mg kg-1 day-1, p.o.) + LET, and 

therapeutic group; LET followed by DADS treatment. DADS 

significantly reduced serum creatinine, urea, body weight, 

hyperinsulinemia, hyperglycemia, hyperandrogenism, and dyslipidemia. 

In addition, DADS obviously diminished PCOS-induced elevations in 

STAT1, NF-κB, TNFα, and IL6 and increased IL10. Moreover, DADS 

significantly reduced oxidative stress markers (MDA and NOX4) and 

increased SOD, GST, and PON1 in renal tissue. Furthermore, DADS 

positively regulated the Nrf2, HO-1, and NQO1 genes. DADS up-

regulates Bcl2 expression in cortical glomerular capillaries and renal 

tubules and downregulates the expression of caspase-3. Our research 

revealed that DADS significantly ameliorated kidney dysfunction and 

renal injury associated with PCOS. The antioxidant, anti-inflammatory, 

and anti-apoptotic properties of DADS may signify a crucial part of its 

applications in therapy. DADS may be a probable therapy in PCOS to 

lessen the linked kidney damage through targeting STAT1/ NF-κB and 

Nrf2/HO-1 signaling.      

Keywords: Diallyl disulfide; polycystic ovary syndrome; Bcl2/caspase-

3, STAT1/NF-κB; Nrf2/HO-1; renal dysfunction. 

 

1. Introduction  

Polycystic ovary syndrome (PCOS) is one of the 

most common endocrine diseases affecting women 

of reproductive age (Escobar-Morreale, 2018). 

Oligomenorrhea, irregular ovulation, polycystic  

 ovarian morphology (Azziz et al., 2016), and a 

number of metabolic disorders like 

hyperandrogenism, hyperinsulinemia, and 

dyslipidemia are characteristics of PCOS 

(Goodarzi et al., 2011). Additionally, PCOS is 

associated with numerous systemic complications  
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(Behboudi-Gandevani et al., 2020). Strong 

correlations have been found between PCOS and 

obesity, hyperlipidemia, fatty liver, type 2 diabetes, 

hypertension, anxiety, depression (Cooney et al., 

2017), endometrial cancer, and cardiovascular 

diseases (Cooney and Dokras, 2018). 

Chronic kidney disease (CKD) is a gradual decline 

of renal function over time. It can progress to end-

stage kidney failure and uremia, with a significantly 

higher death rate if lacking early prevention, 

management, and treatment (Nigam and Bush, 

2019). Metabolic syndrome characteristics, in 

particular, diabetes, obesity, and cardiovascular 

disease are strongly correlated with CKD mortality 

rates (Chadban et al., 2010; Piccoli et al., 2018). 

As previously stated, PCOS patients are associated 

with a number of metabolic disorders, and this 

results in the development of further chronic 

illnesses. PCOS and CKD are causally linked (Du 

et al., 2023). Many studies demonstrated that PCOS 

triggers CKD due to metabolically connected 

elements like obesity and abnormal hormone 

secretion (Patil et al., 2017; Behboudi-Gandevani 

et al., 2020).  

Garlic contains a naturally occurring organic 

compound called diallyl disulfide (DADS), which 

has antioxidant and anti-inflammatory properties. 

(Lee et al., 2014). Reports are stating that DADS 

prevents renal injury caused by acetaminophen and 

glycerol in rodents, mostly due to its antioxidant 

and anti-inflammatory characteristics (Ko et al., 

2017; Sharma et al., 2021). The use of herbal 

medicines has always been considered. It is 

interesting to note that natural substances may offer 

a novel and promising approach with greater 

efficacy and less toxicity. The purpose of this 

research was to explore the probable protective and 

therapeutic effect of DADS versus kidney injury 

accompanying PCOS in rats and the potential 

mechanism of DADS in improving kidney 

dysfunction.  

2. Materials and Methods 

2.1. Drugs and Chemicals 

Diallyl disulfide and letrozole (LET) were procured 

from Sigma Aldrich Co, (England). Dimethyl 

sulfoxide (DMSO) was obtained from GFS 

chemicals Co, (India).  

Superoxide dismutase (SOD) (Cat. No. SD 25 

21), Glutathione-S-transferase (GST) (Cat. No. 

GT 25 19), and malondialdehyde (MDA)  

 (Cat. No. MD 25 29) were procured from the Bio-

diagnostic Co, (Egypt). From Bioassay technology 

laboratory (Shanghai. China), kits for assay of 

paraoxonase-1 (PON1) (Cat. No. E0867Ra) and 

nicotinamide adenine dinucleotide phosphate 

oxidase 4 (NADPH Oxidase 4) (NOX4) (Cat. No. 

E1298Ra) were bought.   

Kits for estimation of tumor necrosis factor α 

(TNFα) (Cat. No. E-EL-R0019) and interleukin 6 

(IL6) (Cat. No. E-EL-R0015) were obtained from 

Elabscience Biotechnology Inc. (USA). Interleukin 

10 (IL10) (Cat. No. CSB-E04595r) and nuclear 

factor-κB (NF-κB) (Cat. No. CSB-E13148r) 

detection kits were taken from Cusabio Technology 

LLC (USA). ELK Biotechnology Co., LTD (USA) 

provided signal transducer and activator of 

transcription 1 (STAT1) (Cat. No. ELK8989) 

detection kits. 

Urea (Cat. No. 1001332) and creatinine (Cat. No. 

1001115) assay kits were purchased from Spinreact 

Co. (Spain). Kits for the detection of testosterone 

(Cat. No. E0259Ra) and insulin (Cat. No. 

E0707Ra) were purchased from the Bioassay 

technology laboratory (Shanghai, China). Bio-

diagnostic Company (Egypt) provided kits for 

glucose (Cat. No. GL 13 20). Total cholesterol 

(TC), triglycerides (TG), and high-density 

lipoprotein (HDL) were detected using kits from 

Human Gesellschaft Für Biochemica and 

Diagnostica mbH (Wiesbaden, Germany). 

2.2. Animals 

A total of 32 prepubertal female Wistar rats, 4 

weeks old, with average body weight of 95±5 g 

taken from the animal house, Faculty of 

Medicine, Sohag University, Egypt, were used 

in the experiment. Rats were housed under 

standardized conditions (normal light/dark 

cycles, temperature of 22±2°C, and 50±10% 

humidity). The rats were allowed to have 

unrestricted access to water and food. The 

European Union Guidelines for the Care and 

Use of Laboratory Animals (European Union 

Directive 2010/63/EU) were strictly followed 

throughout the entire study process, and it was 

authorized by the Institutional Animal Care 

and Use Committee of Sohag University, 

Faculty of Medicine, Sohag, Egypt (Approval 

No. Sohag-5-5-1/2024-01). 
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2.3. Experimental design 

The animals were split into four groups at random 

with eight animals each, after acclimatization for a 

week.  

Control group: rats were administered DMSO 

(0.5%) orally daily for the entire period of the 

experiment. 

PCOS group: rats received LET (1 mg kg-1 day-1 

p.o) (Olaniyi et al., 2021) for 5 weeks to develop 

PCOS. Manifestation of PCOS was verified by 

tracking testosterone levels and performing 

histopathology of the ovaries. 

PCOS+DADS pre-treatment group (protective): 
rats were given DADS (50 mg kg-1 day-1 p.o) 

(Somade et al., 2019) 1 hour before LET (1 mg kg-1 

day-1 p.o) for 5 weeks.  

PCOS+DADS post-treatment group 

(therapeutic): rats were given LET (1 mg kg-1 day-1  

p.o) for 5 weeks and then DADS (50 mg kg-1 day-1 

p.o) was administered for 5 weeks after induction of 

PCOS.  

2.4. Sample collection 

At the end of the experiment, all rats were weighed 

and then they had isoflurane anesthesia. Blood 

samples were collected by heart puncture, serum 

was extracted and kept frozen for estimation of 

kidney function biomarkers, testosterone, insulin, 

glucose, and lipid profile. After that, animals were 

sacrificed via cervical dislocation to separate tissue 

samples. Ovaries and kidneys were removed 

carefully from each animal. The right ovary and the 

right kidney were immediately fixed in 10% 

formalin. Confirmation of PCOS development in 

the ovary was done. Histopathological changes and 

expression of apoptotic markers by 

immunohistochemistry were evaluated in the 

kidney. The left kidney was divided into two 

divisions; one was immediately frozen in liquid 

nitrogen and preserved at -80 °C for real-time 

quantitative polymerase chain reaction (RT q-PCR) 

analysis. The second was rinsed in ice-cold water, 

weighed, and homogenized in phosphate-buffered 

saline (pH 7.4). The tissue homogenate was 

centrifuged at 4000 rpm for 15 min, after which the 

supernatant was removed and kept at -80°C till the 

biochemical assay. 

  

 2.5. Calculation of body weight 

Animal body weight was measured by placing the 

animal on a weighing scale. Animals were weighed 

both before and after the experiment, and the final 

body weight was calculated. 

2.6. Biochemical analysis 

2.6.1. Determination of serum testosterone, 

insulin, and glucose levels 

Testosterone and insulin were estimated using 

enzyme-linked immunosorbent assay (ELISA) 

according to the recommendations of the 

manufacturer. Testosterone was indicated as nmol 

L-1 whereas insulin was expressed as mIU L-1. 

Glucose was assayed spectrophotometrically 

(Photometer 5010, Germany) and was reported as 

mg dL-1. 

2.6.2. Determination of lipid profile 

Total cholesterol, TG, and HDL were assayed 

spectrophotometrically (photometer 5010, 

Germany), whereas Friedewald's Formula was 

employed to estimate LDL (Friedewald et al., 

1972):  

LDL-C=TC ˗ HDL-C ˗ TG/5 

2.6.3. Determination of kidney function 

biomarkers  

Urea and creatinine were estimated 

spectrophotometrically (Photometer 5010, 

Germany). 

2.6.4. Determination of renal 

antioxidant/oxidant status 

Superoxide dismutase and GST were measured 

based on the procedure of Nishikimi et al. (1972) 

and Habig et al. (1974), respectively by a 

colorimetric technique. The levels of SOD and 

GST were reported as U g-1 tissue. Lipid 

peroxidation was assayed by the measurement of 

MDA levels colorimetrically as stated by Ohkawa 

et al. (1979) approach. Values were presented as 

nmol g-1 tissue. PON1 and NOX4 were assayed by 

ELISA in accordance with the manufacturer's rules 

and their levels were depicted as ng g-1 tissue.   
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2.6.5. Determination of renal inflammatory 

markers and transcription factors 

Using ELISA, the levels of inflammatory markers 

(TNFα, IL6, IL10) and transcription factors (NF-κB 

and STAT1) were assayed in line with the 

manufacturer's protocol. TNFα, IL6, IL10, and NF-

κB levels were presented as pg g-1 tissue whereas 

STAT1 was recorded as ng g-1 tissue. 

2.7. Real-time q-PCR analysis 

Total RNA was taken out from the kidney tissue 

using TRI REAGENT (Bioshop Co, Canada) 

following the manufacturer’s rules. A one-step 

reaction was applied to reverse transcribe mRNA 

into cDNA. The real-time PCR assay uses RNA as a 

template, and reverse transcription takes place while 

the assay is running. To amplify a segment of the 

target cDNA, modified gene-specific PCR primers 

(Metabione Co, Germany) are utilized following the 

reaction in real-time. The steps were performed 

using a GoTaqR 1-Step RT-qPCR System (Promega 

Company, USA) on a real-time PCR machine 

(applied biosystems step one plus). The following 

parameters were used in quantitative PCR for 

several cycles: denaturation at 95 °C for 10 s, 

annealing at 60 °C for 30 s, and extension at 72 °C 

for 30 s. The comparative approach, 2˗∆∆CT was 

utilized to determine the relative expression level of 

every gene, normalized to the expression levels of 

GAPDH (Livak and Schmittgen, 2001). Table 1 

shows the primers. 

 2.8. Histological and 

immunohistochemical studies 

The kidney and ovary specimens that had 

been preserved in formalin underwent the 

following processing for histological and 

immunohistochemical analyses. 

2.8.1. Histological investigation 

Formalin-fixed ovary and kidney tissues were 

gathered. Hematoxylin and eosin (H&E)-stained 

sections of 5 μm thickness were made and 

examined under a light microscope. 

2.8.2. Immunohistochemical Staining 

Immunohistochemistry of Bcl2 and caspase-3 

antibodies carried out using avidin biotin 

peroxidase complex method. The chosen paraffin 

blocks were divided into 4µm thick sections, which 

were deparaffinized and rehydrated, followed by a 

distilled water rinse. Tissue sections were 

incubated in 0.6% hydrogen peroxide to block 

endogenous peroxidase activity. Sections were then 

incubated with rabbit anti-human Bcl2 antibody 

(clone EP36, Cat. # AN723-5M, BioGenex) and 

polyclonal anti-cleaved-caspase-3 rabbit antibodies 

(clone P70677, Cat. #GB11532). After that, slides 

were incubated with a goat anti-rabbit secondary 

antibody for 30 min after being washed by 

phosphate-buffered saline. DAB kit was used for 

staining tissue sections before being counter-

stained with Mayer's hematoxylin. The 

immunostaining interpretation of Bcl2 and caspase-

3 was done using light microscopy. 

Table 1. The sets of primers used in real-time q-PCR analysis 

Target genes Direction and sequence 

Nrf2 
F: 5′-CACATCCAGACAGACACCAGT-3′ 

R: 5′-CTACAAATGGGAATGTCTCTGC-3′ 

HO-1 
F: 5′-ACAGGGTGACAGAAGAGGCTAA-3′ 

R: 5′-CTGTGAGGGACTCTGGTCTTTGG-3′ 

NQO1 
F: 5′-CAGCGGCTCCATGTACT-3′ 

R: 5′-GACCTGGAAGCCACAGAAG-3′ 

GAPDH 
F: 5′-AGGTTGTCTCCTGTGACTTC-3′ 

R: 5′-CTGTTGCTGTAGCCATATTC-3′ 

Nrf2= Nuclear factor erythroid 2-related factor 2, HO-1= Heme oxygenase-1, NQO1= NADPH quinone oxidoreductase 1. 
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2.9. Statistical analysis 

Data were indicated as mean ± SE. The one-way 

analysis of variance (ANOVA) was used to analyze 

all data using the SPSS program (Statistical 

Package for the Social Sciences, version 25.0, SPSS 

Inc, Chicago, IL, USA). Tukey's post hoc test was 

utilized to compare the groups' means. p<0.05 was 

deemed significant. 

3. Results 

3.1. Effect of DADS on body weight in 

LET-induced PCOS 

The body weight of rats was determined before and 

after the experiment as the increase in body weight 

is one of the most important clinical characteristics 

of PCOS. Our results exhibited a significant rise 

(p<0.05) in body weight in PCOS animals 

compared to normal controls, which was thereafter 

reversed (p<0.05) in PCOS animals administered 

DADS pre- and post-treatment when compared with 

PCOS group. Furthermore, a considerable decrease 

in body weight (p<0.05) occurred in DADS pre-

treatment group compared to DADS post-treatment 

group (Fig. 1). 

3.2. Hormonal evidence of PCOS 

induction and effect of DADS on serum 

testosterone level in LET-induced PCOS 

A significant rise (p<0.05) in serum testosterone 

level was observed in PCOS rats when compared 

with the control rats. However, pre- and post-

treatment with DADS produced a remarkable 

decrease (p<0.05) in serum testosterone level 

compared to PCOS group (Fig. 2). 

3.3. Effect of DADS on serum insulin and 

glucose levels in LET-induced PCOS 

The results demonstrated in Table 2 show that 

serum insulin and glucose levels in PCOS rats were 

significantly higher (p<0.05) than in the control 

group. In contrast, pre- and post-treatment with 

DADS caused a remarkable reduction (p<0.05) in 

both parameters compared to PCOS rats. 

3.4. Effect of DADS on lipid profile in 

LET-induced PCOS 

Table 3 proves that there was a significant rise 

(p<0.05) in TC, TG, and LDL and a significant  

 
reduction (p<0.05) in HDL in animals with PCOS 

compared to the control group. However, TC, TG, 

and LDL were reduced (p<0.05) and HDL was 

elevated upon pre- and post-treatment with DADS 

when compared with PCOS group. 

3.5. Effect of DADS on kidney function 

biomarkers in LET-induced PCOS 

Comparing the PCOS group to the control rats, 

Table 4 reveals a significant (p<0.05) rise in serum 

urea and creatinine. While DADS pre- and post-

treatment data showed a significant decline 

(p<0.05) in these indicators compared to PCOS 

animals. Moreover, DADS pre-treatment group 

displayed a substantial decline (p<0.05) in the 

kidney function biomarkers compared to DADS 

post-treatment group. 

3.6. Effect of DADS on renal 

antioxidant/oxidant status in LET-

induced PCOS 

3.6.1. Antioxidant biomarkers 

Table 5 presents significantly decreased (p<0.05) 

levels of renal SOD, GST and PON1 in PCOS 

group compared to the control rats. Instead, DADS 

pre- and post-treatment showed a significant 

elevation (p<0.05) in the previous parameters 

compared to PCOS group. In addition, there was a 

significant elevation (p<0.05) in SOD, GST, and 

PON1 levels in DADS pre-treatment group 

compared to DADS post-treatment group. 

3.6.2. Oxidative biomarkers 

There was a significant rise (p<0.05) in renal MDA 

and NOX4 levels in PCOS group compared to the 

control group. In contrast, as compared to the 

PCOS group, pre- or post-treatment with DADS 

was associated with a significant (p< 0.05) decline 

in MDA and NOX4. Moreover, DADS pre-

treatment group exhibited a significant reduction 

(p<0.05) in the levels of MDA and NOX4 

compared to DADS post-treatment group (Fig. 3 

and 4). 

3.7. Effect of DADS on renal 

inflammatory markers and transcription 

factors in LET-induced PCOS 

Table 6 displays a significant rise (p<0.05) in 

TNFα, IL6, NF-κB, and STAT1 and a considerable  
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Fig. 1. Effect of DADS (50 mg kg-1 day-1, p.o.) on body weight in LET (1 mg kg-1 day-1, p.o.)-induced PCOS. Data are 

displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide. * p<0.05 contrasted with control 

group, # p<0.05 contrasted with PCOS group, ● p<0.05 contrasted with DADS (post) group. 

 

Fig. 2. Effect of DADS (50 mg kg-1 day-1, p.o.) on serum testosterone in LET (1 mg kg-1 day-1, p.o.)-induced PCOS. Data are 

displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide. * p<0.05 contrasted with control 

group, # p<0.05 contrasted with PCOS group. 

Table 2. Effect of DADS (50 mg kg-1 day-1, p.o.) on serum insulin and glucose levels in LET (1 mg kg-1 day-1, p.o.) 

induced PCOS 

Groups Insulin (mIU L-1) Glucose (mg dL-1) 

Control 1.83±0.1 102.82±6.44 

PCOS 5.24±0.37* 173.82±5.34* 

PCOS+DADS (Pre) 2.25±0.14# 118.44±4.82# 

PCOS+DADS (Post) 2.4±0.15# 125.84±3.87# 

Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide. * p<0.05 

contrasted with control group, # p<0.05 contrasted with PCOS group. 
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Table 3. Effect of DADS (50 mg kg-1 day-1, p.o.) on lipid profile in LET (1 mg kg-1 day-1, p.o.)-induced 

PCOS  

Groups TC (mg dL-1) TG (mg dL-1) HDL (mg dL-1) LDL (mg dL-1) 

Control 110.84±4.76 104.7±5.3 55.72±2.34 34.18±2.56 

PCOS 202.07±6.63* 203.82±6.34* 27.87±1.23* 133.43±5.66* 

PCOS+DADS (Pre) 118.46±3.34# 120.75±2.24# 50.8±2.58# 43.51±3.39# 

PCOS+DADS (Post) 122.97±2.23# 123.36±3.64# 45.02±1.64# 53.28±2.79# 

Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide, TC=Total 

cholesterol, TG=Triglycerides, HDL=High density lipoprotein, LDL= Low density lipoprotein. * p<0.05 contrasted 

with control group, # p<0.05 contrasted with PCOS group. 

Table 4. Effect of DADS (50 mg kg-1 day-1, p.o.) on kidney function biomarkers in LET (1 mg kg-1 day-1, 

p.o.)-induced PCOS 

Groups Urea (mg dL-1) Creatinine (mg dL-1) 

Control 36.52±1.96 0.85±0.03 

PCOS 74.72±2.31* 1.87±0.04* 

PCOS+DADS (Pre) 33.56±1.82#● 0.87±0.03#● 

PCOS+DADS (Post) 55.33±2.32# 1.42±0.04# 

Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide. * p<0.05 contrasted with 

control group, # p<0.05 contrasted with PCOS group, ● p<0.05 contrasted with DADS (post) group. 

Table 5. Effect of DADS (50 mg kg-1 day-1, p.o.) on renal antioxidant biomarkers in LET (1 mg kg-1     

day-1, p.o.)-induced PCOS 

Groups SOD (U g-1) GST (U g-1) PON1 (ng g-1) 

Control 2.27±0.09 2.39±0.08 18.73±0.52 

PCOS 0.98±0.07* 1.07±0.07* 5.21±0.12* 

PCOS+DADS (Pre) 2.34±0.05#● 2.41±0.08#● 19.5±0.67#● 

PCOS+DADS (Post) 1.73±0.05# 2.05±0.09# 10.68±0.75# 

Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide, SOD=Superoxide 

dismutase, GST=Glutathione-S-transferase, PON1= Paraoxonase-1. * p<0.05 contrasted with control group, # p<0.05 

contrasted with PCOS group, ● p<0.05 contrasted with DADS (post) group. 
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Fig. 3. Effect of DADS (50 mg kg-1 day-1, p.o.) on renal MDA in LET (1 mg kg-1 day-1, p.o.)-induced PCOS. 

Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide, 

MDA=Malondialdehyde. * p<0.05 contrasted with control group, # p<0.05 contrasted with PCOS group, ● p<0.05 

contrasted with DADS (post) group. 

 

Fig. 4. Effect of DADS (50 mg kg-1 day-1, p.o.) on renal NOX4 in LET (1 mg kg-1 day-1, p.o.)-induced PCOS. 

Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide, NOX4= 

NADPH Oxidase 4. * p<0.05 contrasted with control group, # p<0.05 contrasted with PCOS group, ● p<0.05 

contrasted with DADS (post) group. 

Table 6. Effect of DADS (50 mg kg-1 day-1, p.o.) on renal inflammatory markers and transcription 

factors in LET (1 mg kg-1     day-1, p.o.)-induced PCOS 

Groups TNFα (pg g-1) IL6 (pg g-1) IL10 (pg g-1) NF-κB (pg g-1) STAT1 (ng g-1) 

Control 69.89±3.17 12.68±0.58 18.09±0.73 1.65±0.1 0.34±0.02 

PCOS  128.77±8.31* 22.29±0.68* 3.58±0.22* 3.14±0.15* 2.87±0.13* 

PCOS+DADS (Pre) 71.08±2.96#● 11.53±0.56#●   19.97±0.52#● 1.59±0.1#● 1.33±0.1#● 

PCOS+DADS (Post)   98.64±7.86#    17.91±0.67#    10.19±0.46#    2.37±0.13# 1.96±0.11# 

Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl disulfide, TNFα=Tumor 

necrosis factor α, IL6=Interleukin 6, IL10=Interleukin 10, NF-κB= nuclear factor-κB, STAT1=Signal transducer and 

activator of transcription 1. * p<0.05 contrasted with control group, # p<0.05 contrasted with PCOS group, ● p<0.05 

contrasted with DADS (post) group. 
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reduction (p<0.05) in IL10 in PCOS group 

compared to the control group. Conversely, there 

was a significant decline (p<0.05) in TNFα, IL6, 

NF-κB, and STAT1 and a significant elevation 

(p<0.05) in IL10 levels in DADS pre- and post-

treatment compared to PCOS group. Likewise, there 

was a significant decline (p<0.05) in TNFα, IL6, 

NF-κB and STAT1 and a substantial elevation 

(p<0.05) in IL10 levels in DADS pre-treatment 

group compared to DADS post-treatment group. 

3.8. Effect of DADS on the expression of 

renal genes Nrf2, HO-1, and NQO1 in 

LET-induced PCOS 

In PCOS group, the levels of mRNA expression of 

Nrf2, HO-1, and NQO1 genes were downregulated 

(p<0.05) compared to the control group. 

Alternatively, there was an upregulation (p<0.05) in 

their levels in DADS pre- and post-treatment in 

comparison with the PCOS group. In addition, 

DADS pre-treatment group presented an 

upregulation (p<0.05) in the levels of mRNA 

expression of Nrf2, HO-1, and NQO1 genes 

compared to DADS post-treatment group (Fig. 5-7). 

3.9. Effect of DADS on histological and 

immunohistochemical studies in LET-

induced PCOS 

3.9.1. Histological investigation 

3.9.1.1. Evidence of PCOS induction from 

histopathology 

Ovaries from rats with PCOS and control group 

stained with H&E. Ovaries from PCOS group 

demonstrated that the ovarian follicles had changed 

into a cystic formation (Fig. 8). 

3.9.1.2. Histopathology of the kidney 

Kidney sections of control group demonstrated 

normal architecture. Compared to control group, 

kidney sections from PCOS group revealed atrophy, 

decreased glomerular cellular density, and marked 

deformity of renal corpuscles. The renal tubules 

showed degenerated lining cells with moderate 

chronic inflammatory cell infiltrate and dilated 

luminal cavities.  

When compared with PCOS group, kidney tissue of 

DADS pre-treatment group showed obvious 

preservation of normal histological structure of the 

renal cortex and medulla. While kidney tissue of       

 
DADS post-treatment group showed renovation of 

glomeruli, tubules, and cortical renal corpuscles' 

normal structure with some remaining tubules 

presented mild degenerative alterations (Fig. 9). 

3.9.2. Immunohistochemical Staining 

3.9.2.1. Effect of DADS on the 

immunohistochemical expression of Bcl2 in rat 

kidney 

Kidneys from control rats demonstrate marked 

Bcl2 cytoplasmic expression in the cortical 

glomerular capillaries. Kidneys from PCOS rats 

displayed diminished cytoplasmic expression of 

Bcl2 in cortical glomerular capillaries in contrast to 

the control group. PCOS rats with DADS pre-

treatment showed a notable rise in the expression 

of Bcl2 in the renal cortex and medulla contrasted 

with PCOS rats. Alternatively, DADS therapy after 

induction of PCOS demonstrates a moderate 

expression of Bcl2 in the renal cortex compared to 

PCOS rats (Fig. 10). 

3.9.2.2. Effect of DADS on the 

immunohistochemical expression of caspase-3 in 

rat kidney 

Kidneys from control rats demonstrate negative 

expression of caspase-3. Kidneys from PCOS rats 

exhibited moderate nuclear expression of caspase-3 

in cortical glomerular capillaries and renal tubules. 

PCOS rats pretreated with DADS demonstrate a 

negative expression of caspase-3. On the other 

hand, treatment with DADS after induction of 

PCOS demonstrates mild caspase-3 expression in 

the cortical glomerular capillaries and renal tubules 

(Fig. 11). 

4. Discussion 

The complicated pathology of PCOS represents a 

major health and socioeconomic burden. PCOS 

plays a significant role in the emergence of CKD 

(Du et al., 2023). There are limited therapeutic 

approaches for managing the metabolic 

complications of PCOS. The tendency to use 

natural antioxidants and anti-inflammatory agents 

to regulate metabolism and hyperlipidemia has 

increased because of drugs side effects (Ma and 

Tan, 2017). Natural antioxidants and anti-

inflammatory agents present a novel and safe 

approach for better control of the disease. This 

study used DADS to explore its potential effect on 

kidney disease associated with PCOS. 



                                                                                             Rec. Pharm. Biomed. Sci. 8 (3), 144-159, 2024 

 

 

Fig. 5. Effect of DADS (50 mg kg-1 day-1, p.o.) on the expression of renal gene Nrf2 in LET (1 mg kg-1 day-1, 

p.o.)-induced PCOS. Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl 

disulfide, Nrf2= Nuclear factor erythroid 2-related factor 2. * p<0.05 contrasted with control group, # p<0.05 

contrasted with PCOS group, ● p<0.05 contrasted with DADS (post) group. 

 

 
 

Fig. 6. Effect of DADS (50 mg kg-1 day-1, p.o.) on the expression of renal gene HO-1 in LET (1 mg kg-1 day-1, 

p.o.)-induced PCOS. Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl 

disulfide, HO-1= Heme oxygenase-1. * p<0.05 contrasted with control group, # p<0.05 contrasted with PCOS 

group, ● p<0.05 contrasted with DADS (post) group. 

 

 

Fig. 7. Effect of DADS (50 mg kg-1 day-1, p.o.) on the expression of renal gene NQO1 in LET (1 mg kg-1 day-1, 

p.o.)-induced PCOS. Data are displayed as mean ± SE (n=8). PCOS=Polycystic ovary syndrome, DADS=Diallyl 

disulfide, NQO1= NADPH quinone oxidoreductase 1. * p<0.05 contrasted with control group, # p<0.05 contrasted 

with PCOS group, ● p<0.05 contrasted with DADS (post) group. 
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Fig. 8.  H&E photos showing: (A, x40) Ovary of the control group revealed normal ovarian follicles, black arrow: 

Tunica albuginea, C: Cortex, M: Medulla, CL: Corpus luteum, AF: Antral follicle. (B, x40) Ovary of the PCOS group 

showed the change of follicles into cystic formations compared to normal ovary, CF: Cystic follicle. 

 

Fig. 9. H&E images demonstrating how DADS medication and PCOS affect the rat kidney's histology. (A, 

400x&B, 200x) The control images display an average cell density and the usual architecture of cortical renal corpuscles 

and glomeruli (red arrow). The high cuboidal lining epithelium of the renal tubules appears normal (black arrow). (C&D, 

200x) Images of PCOS demonstrate renal corpuscle malformation, severe atrophy, decreased glomerular cellular density 

(red arrow), and infiltration by chronic inflammatory cells (yellow arrow). There are deteriorated lining cells and dilated 

lumina in the kidney tubules (black arrows). (E&F 200x) DADS pre-treatment group, pictures demonstrate notable 

retention of the normal cortical (red arrow) and medullary (black arrow) histological architecture. (G, 400x&H, 200x) 

DADS post-treatment group, images demonstrate the usual cortical renal corpuscle, glomerulus (red arrow), and tubule 

structures restored, except for a small number of remaining tubules with minor degenerative alterations (yellow arrow). 
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Fig. 10: Immunohistochemical expression of Bcl2 in rat kidney. (A, 400x) Control photo shows marked cytoplasmic 

expression of Bcl2 in the cortical glomerular capillaries (Head arrow). (B, 400x) PCOS photo shows weak Bcl2 staining 

(Head arrow). (C, 400x) DADS pre-treatment group photo shows a marked increase in the expression of Bcl2 (Head 

arrow). (D, 400x) DADS post-treatment group photo shows moderate expression of Bcl2 (Head arrow). 

 
Fig. 11. Immunohistochemical expression of caspase-3 in rat kidney. (A, 400x) Control photo shows negative 

expression of caspase-3 in the cortical glomerular capillaries and renal tubules (Head arrow). (B, 200x) PCOS photo 

shows moderate nuclear expression of caspase-3 in the cortical glomerular capillaries and renal tubules (Head arrows). 

(C, 400x) DADS pre-treatment group photo shows negative expression of caspase-3 (Head arrow). (D, 200x) DADS 

post-treatment group photo shows mild expression of caspase-3 (Head arrows). 
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In PCOS rat model, our study demonstrated 

through biochemical and histological evidence 

that PCOS is linked to impaired renal function.  

The results demonstrated increased body 

weight, hyperinsulinemia, hyperglycemia, 

hyperandrogenism, dyslipidemia, increased 

oxidative stress markers (MDA and NOX4), 

decreased antioxidant defense (SOD, GST, 

and PON1), and elevated serum levels of urea 

and creatinine. PCOS group also showed an 

increased level of pro-inflammatory mediators 

(STAT1, NF-κB, TNFα, and IL6), decreased 

level of anti-inflammatory mediator IL10, 

decreased expression of Nrf2, HO-1, and 

NQO1 genes and apoptosis as indicated by 

immunoreactivity of renal tissue with 

decreased Bcl2 and increased caspase-3 

antibodies. Our results are in agreement with 

earlier studies (Mancini et al., 2021; Bashir 

and Olaniyi, 2023; Ji et al., 2023; Ye et al., 

2023). In comparison to the untreated PCOS 

group, concurrent DADS administration 

attenuated these abnormalities in the kidney of 

PCOS rats. 

A characteristic manifestation of metabolic-driven 

kidney disease is impaired glucose tolerance 

resulting from insulin resistance (Habib, 2018). The 

current research demonstrated dysregulation in 

glucose level as evidenced by elevated glucose and 

insulin level in PCOS group in comparison to 

control group.  Fortunately, it was determined that 

DADS supplementation had metabolic advantages, 

illustrated by the marked reduction in 

hyperglycemia, hyperinsulinemia, and body weight, 

and this is in line with (Tsuzuki et al., 2024). 

DADS improved hypercholesterolemia as shown in 

treated groups compared with untreated PCOS 

group and this is in harmony with previous study in 

which DADS inhibits diet-induced 

hypercholesterolemia (Kim and Kim, 2023).     

Additionally, elevated testosterone level in PCOS 

may cause kidney damage (Peng et al., 2019). 

Treatment with DADS significantly decreases 

testosterone level and inhibits testosterone-induced 

oxidative stress, and this is in harmony with earlier 

observation (Prasad et al., 2006). Decreased 

testosterone level by DADS was also accompanied 

by enhancement in glucose control and a 

corresponding rise in insulin sensitivity, so reducing 

extra body weight and dyslipidemia. These findings 

supported the anti-metabolic advantages of DADS 

in metabolic-linked pathologies and clearly 

evidenced the role of DADS against hyperglycemia-

mediated oxidative damage (Huang et al., 2013;  

 
Wu et al., 2021). 

The main outcome of the present work shows that 

DADS reduced kidney oxidative stress and 

inflammation in a rat model of PCOS. Reduced 

antioxidant defense resulted in elevated lipid 

peroxidation (MDA) as detected in PCOS animals 

with disproportionate concentrations of 

antioxidants (SOD, GST, and PON1) and oxidants 

(NOX4) leads to oxidative stress in the kidney 

tissue. Cellular structures are vulnerable to damage 

due to oxidative stress; inflammation is the body's 

essential immune response defense mechanism 

against an injury, infection, or stimulus. 

Nevertheless, chronic inflammation stimulates the 

emergence of many diseases and triggers immune 

deficiency (Gupta et al., 2018). This activates the 

STAT1/NF-κB inflammatory transcription factor-

signaling pathway. Stimulation of the NF-κB 

dependent mechanism thus releases pro-

inflammatory cytokines (TNFα and IL6). These 

observations suggest that PCOS is associated with 

renal inflammation. The association is 

characterized by increased STAT1/ NF-κB, TNFα, 

and IL6 and decreased IL10. Increased caspase-3 

and decreased Bcl2 expression in cortical 

glomerular capillaries and renal tubules in PCOS 

animals and declining renal function with 

corresponding increases in serum creatinine and 

urea all indicate that the renal inflammation 

worsens to cellular apoptosis.   

However, DADS administration to PCOS animals 

significantly reduced inflammation by a decrease in 

STAT1, NF-κB, TNFα, and IL6 and elevated anti-

inflammatory mediator IL10. These consequently 

minimize cellular apoptosis/injury, as shown with a 

significant decrease in caspase-3 and a marked 

increase in Bcl2 expression in cortical glomerular 

capillaries and renal tubules. Also, restores renal 

function as it improves serum creatinine and urea 

in DADS group compared with PCOS group. This 

demonstrates how DADS prevents and treats renal 

damage in a PCOS model by having anti-

inflammatory and anti-apoptotic properties. The 

previously mentioned results of DADS are 

comparable to past research that showed the anti-

inflammatory and anti-apoptotic effects of DADS 

(Ko et al., 2017; Sharma et al., 2021; Hassanein 

et al., 2021) in non-metabolic-driven pathologies. 

Interestingly, the transcription factor Nrf2 has been 

established to be the primary molecule controlling 

the cellular antioxidant response.  Under baseline 

circumstances, Nrf2 forms a bond to Keap-1. After 

activation, it moves to the nucleus and attaches  
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itself to the antioxidant response element (Zhang et 

al., 2012). This process triggers the production of 

downstream antioxidants, which is essential for 

preserving the balance between oxidants and 

antioxidants (Uruno and Motohashi, 2011). In this 

study, we found that in PCOS group there was more 

GST, SOD, and PON1 depletion than in control 

group, suggesting the critical role of oxidative stress 

in amplifying the susceptibility of PCOS-induced 

kidney injury. Our results showed significant 

elevation in the levels of oxidative stress markers, 

particularly NOX4 and MDA in PCOS group. 

DADS supplementation prevents the decline in Nrf2 

and ameliorates the progression of kidney injury. In 

the current study, DADS could induce NQO-1 and 

HO-1 gene expressions through Nrf2 activation and 

increased tissue SOD, GST, and PON1 that may 

account for the effect of DADS against kidney 

injury associated with PCOS. In addition to 

lessening the severity of the disease, DADS 

treatment demonstrated NOX4 and MDA 

suppression actions. These data demonstrate the 

usefulness of DADS in preventing renal tissue 

damage caused by oxidative stress. In harmony with 

the present finding, DADS has been formerly 

reported to have renal protective effects in previous 

studies, acetaminophen (Ko et al., 2017), 

methotrexate (Hassanein et al., 2021), and glycerol 

(Sharma et al., 2021).  

5. Conclusion  

Collectively, the findings imply that DADS 

improves renal dysfunction in LET-induced PCOS 

by diminishing androgen excess, enhancing 

antioxidant, anti-inflammatory, and anti-apoptotic 

activities through targeting Nrf2/HO-1, STAT1/ 

NF-κB signaling and modification of caspase3 and 

Bcl2 expression respectively. This study offered 

proof of the advantages of DADS in amelioration of 

kidney damage related to PCOS. In addition, this 

study recommends the use of DADS as an adjuvant 

therapy to protect and treat kidney injury linked to 

PCOS. 
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