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The therapeutic effects of
curcumin on polycystic ovary
syndrome by upregulating
PPAR-g expression and reducing
oxidative stress in a rat model
Wei Zhang †, Cong Peng †, Lei Xu, Yutai Zhao, Chaolin Huang*

and Ling Lu*

Department of Gynecology and Obstetrics, Clinical Medical College and The First Affiliated Hospital
of Chengdu Medical College, Chengdu, China
Objective: Polycystic ovary syndrome (PCOS) is a prevalent endocrine and

metabolic disorder that impacts 8-13% of women in their reproductive years.

However, the drugs commonly used to treat PCOS are often prescribed off-label

and may carry potential side effects. This study aimed to investigate the

therapeutic effects of curcumin in a PCOS rat model.

Materials and methods: A PCOS rat model was established through daily

subcutaneous injection of 60 mg/kg body weight of dehydroepiandrosterone

(DHEA) for 21 days. The PCOS rats received a daily intragastric dose of 50 mg/kg

body weight of curcumin for another 21 days. Ovarian morphological changes,

estrous cycle changes, and hormone level changes weremeasured to evaluate the

therapeutic effectiveness of curcumin in PCOS rats. Oxidative stress markers in the

ovaries were analyzed to explore the mechanisms of curcumin in PCOS rats.

Results: This study demonstrated that curcumin alleviated insulin resistance and

significantly reduced serum levels of estradiol (p = 0.02), luteinizing hormone

(p = 0.009), testosterone (p = 0.003), and the LH/FSH ratio (p = 0.008) in PCOS

rats. Curcumin also restored normal ovarian morphology and the estrous cycle in

these rats. Furthermore, curcumin treatment significantly decreased levels of

oxidative stress markers, including malondialdehyde (p = 0.004) and reactive

oxygen species (p = 0.005), while increasing antioxidant levels such as

superoxide dismutase (p = 0.04), glutathione peroxidase (p = 0.002), and

glutathione (p = 0.02) in ovarian tissues. Additionally, curcumin significantly

upregulated PPAR-g in the ovarian tissues of PCOS rats.

Conclusion: This study demonstrates that curcumin effectively restores ovarian

morphology, hormone levels, and estrous cycles in PCOS rats. These effects may

be linked to its ability to reduce oxidative stress in ovaries via the upregulation of

PPAR-g. Curcumin shows promise as a potential drug for the treatment of PCOS.
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1 Introduction

Polycystic ovary syndrome (PCOS) is a prevalent endocrine and

metabolic disorder that impacts 8-13% of women in their reproductive

years (1, 2). It is characterized by various clinical manifestations,

including hyperandrogenism, irregular menstruation, anovulation,

infertility, and polycystic ovaries (3, 4). PCOS patients face an

elevated risk of developing various diseases (5–7). Although the exact

cause of PCOS is not fully understood, it is believed to result from

a complex interplay of genetic, lifestyle, and environmental factors.

Research suggests that hyperandrogenemia, inflammation, and

oxidative stress are key contributors to the pathophysiology of

PCOS (8, 9).

Oxidative stress plays an essential role in the development and

progression of PCOS and its associated complications (10, 11).

Oxidative stress arises when the generation of reactive oxygen

species (ROS) surpasses the body’s ability to defend itself with

antioxidants (12, 13). Key components involved in defending

against oxidative stress include the antioxidant molecule

glutathione and the enzymes superoxide dismutase and

glutathione peroxidase (14, 15). Peroxisome proliferator-activated

receptor gamma (PPAR-g) is a nuclear receptor involved in various

biological processes, including mitochondrial oxidative reactions,

fatty acid oxidation, and glucose metabolism (16, 17). Research

indicates that PPAR-g enhances the expression of superoxide

dismutase and glutathione peroxidase, thereby strengthening

antioxidant defenses (18, 19). Additionally, PPAR-g has been

shown to reduce insulin resistance in PCOS (20, 21). These

findings indicate that it could be a promising therapeutic target

for treating PCOS.

Curcumin, a yellow polyphenol derived from the rhizomes of

turmeric, a tropical plant native to Southeast Asia, is known for its

potent anti-inflammatory and antioxidant properties (22). The

antioxidant capacity of curcumin is underscored by its role in

upregulating the expression of enzymes such as superoxide

dismutase and glutathione peroxidase (22, 23). Although

curcumin’s anti-inflammatory and antioxidant effects are well-

documented, it remains unclear whether these mechanisms

provide therapeutic benefits for PCOS, a condition characterized

by chronic inflammation and oxidative stress. The drugs commonly

used to treat PCOS are often prescribed off-label and may carry

potential side effects. This study aims to assess the therapeutic

potential of curcumin in managing PCOS and to explore the

molecular mechanisms underlying its effects. The findings of this

study may contribute to the development of new strategies for the

treatment of PCOS.
2 Materials and methods

2.1 Experimental animals and treatments

The experimental protocols were approved by the Ethics

Committee of The First Affiliated Hospital of Chengdu Medical

College (Approval No. 2124131621). Eighteen female Sprague-

Dawley (SD) rats, aged 6 weeks and weighing 174 ± 8 g, were
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kept at our laboratory animal center at a temperature of 22 ± 2°C

with a 12-hour light/dark cycle. The rats were free to get food and

water. Following a one-week acclimatization period, the rats were

randomly divided into a control group (n = 6) and an experimental

group (n = 12).

The experimental group was administered a daily subcutaneous

injection of 60 mg/kg body weight of dehydroepiandrosterone

(DHEA; Sigma-Aldrich, Shanghai, China) dissolved in 100 ml
sesame oil for 21 days to induce a PCOS model according to the

manufacturer’s instructions and previously published studies (24,

25). The control group was subcutaneously injected with the same

amount of vehicle sesame oil. The successful establishment of the

PCOS model was confirmed based on established criteria (26).

Subsequently, the experimental group was further divided into two

subgroups: the PCOS group (n = 6) and the PCOS-curcumin group

(n = 6). The PCOS-curcumin group received a daily intragastric

dose of 50 mg/kg body weight of curcumin powder (Product No.

PHR2209, Sigma-Aldrich, Shanghai, China) suspended in 200ml
purified water lasted for 21 days. The control PCOS rat group

received 200ml purified water by gavage. The experimental group

was administered DHEA continuously for another 21 days while

treated with curcumin.
2.2 Estrous cycle determination

Vaginal smears were collected daily at 09:00 AM, air-dried on

glass slides, and stained with 0.1% methylene blue (Sigma,

Chengdu, China). The slides were evaluated under a microscope

(BX41, Olympus), and images were captured. The phases of the

estrous cycle were identified using vaginal cytology: a predominance

of nucleated epithelial cells indicated the proestrus stage, the

presence of mostly cornified squamous epithelial cells signified

the estrus stage, a mix of cornified squamous epithelial cells and

leukocytes characterized the metestrus stage, and a predominance

of leukocytes marked the diestrus stage (26).
2.3 Morphological evaluation of ovaries

The mice were euthanized and the ovaries were carefully

dissected, fixed in 4% paraformaldehyde at 4°C overnight, and

then embedded in paraffin blocks. The paraffin blocks were cut into

4 mm thick serial sections and stained with hematoxylin and eosin

(H&E) according to standard histological examination protocols.

The morphology of ovaries and the number of follicular cysts were

evaluated under a microscope.
2.4 Serum analysis

To avoid the impact of different estrous cycle stages on the levels

of serum hormones, blood samples were collected at diestrus from

the caudal veins of rats and centrifuged at 2000 g for 10 minutes to

separate the serum. The serum levels of luteinizing hormone (LH),

follicle-stimulating hormone (FSH), estradiol (E2), and testosterone
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(T) were measured using commercial ELISA kits purchased from

Cusabio Technology LLC, the product numbers were CSB-E12654r,

CSB-E06869r, CSB-E05110r, and CSB-E05100r, respectively. Each

serum sample was tested in triplicates. Insulin resistance index

(HOMA-IR) was calculated by the formula of fasting insulin (FIns,

mU/ml) × fasting blood glucose (FBG, mmol/L)/22.5 as described in

the previously published study (27).
2.5 Western blot analysis

Proteins were extracted from ovarian tissues, and their

concentrations were determined using a bicinchoninic acid (BCA)

protein quantification kit (Beyotime Biotechnology Inc., Shanghai,

China). Each well was loaded with 15 mg of protein, which was then

separated on a 10% sodium dodecyl sulfate-polyacrylamide

electrophoresis (SDS-PAGE) gel and transferred onto

polyvinylidene fluoride (PVDF) membranes. The membranes

were blocked with 1.5% skimmed milk for one hour, followed by

incubation with rabbit recombinant primary antibodies of anti-

PPAR-g (1:1000 dilution, ab316981, Abcam, Shanghai, China) and

anti-GAPDH (1:1000 dilution, ab181602, Abcam, Shanghai, China)

overnight at 4 °C. After three 15-minute washes with phosphate-

buffered saline with tween-20 (PBST), the membranes were

incubated with horseradish peroxidase-conjugated goat anti-

rabbit IgG secondary antibody (1:2000 dilution, ab205718,

Abcam, Shanghai, China) for 2 hours at room temperature. The

protein bands on the PVDF membranes were then visualized using

an enhanced chemiluminescence (ECL) kit (Thermo Fisher

Scientific Inc., Shanghai, China). The quantitation of the proteins

was determined by Image Lab 6.0 software.
2.6 Oxidative stress index analyses

The mice were euthanized, and ovarian tissues were harvested

for oxidative stress index analyses. Oxidative stress markers,

including reactive oxygen species (ROS) and malondialdehyde

(MDA), were measured using the Reactive Oxygen Species

Detection Assay Kit (ab186027, Abcam, Shanghai, China) and

Lipid Peroxidation (MDA) Assay Kit (ab233471, Abcam,

Shanghai, China), respectively. Antioxidant markers, including

superoxide dismutase (SOD), glutathione peroxidase (GPx), and

Glutathione (GSH), were assessed using the Superoxide Dismutase

Activity Assay Kit (ab65354, Abcam, Shanghai, China), Glutathione

Peroxidase Assay Kit (ab102530, Abcam, Shanghai, China), and

Glutathione Assay Kit (ab65322, Abcam, Shanghai, China),

respectively. All assays were performed according to the

manufacturer’s instructions.
2.7 Statistical analysis

Statistical analyses were performed using SPSS 33.0 software.

An unpaired Student’s t-test was used to compare differences
Frontiers in Endocrinology 03
between the two groups. A P-value of less than 0.05 was

considered statistically significant.
3 Results

3.1 DHEA induced the PCOS model in rats

Normal control rats exhibit regular sequential estrous cycles

that include the proestrus stage, estrus stage, metestrus stage, and

diestrus stage. However, DHEA-treated rats didn’t exhibit regular

sequential estrous cycles, their estrous cycles were disrupted and

stayed in the diestrus phase most of the time (Figure 1A). Vaginal

smears revealed a predominance of leukocytes, with few keratinized

epithelial cells observed, indicating anovulation in DHEA-treated

rats (Figure 1B). Pathological examination showed an increased

number of follicles with cystic dilation in the DHEA-treated rats,

whereas the control group displayed a normal ovarian

morphology (Figure 1C).

Additionally, we assessed the serum levels of sex hormones.

Compared to the control group, the DHEA-treated rats showed

significantly elevated levels of estradiol (p = 0.001), luteinizing

hormone (p = 0.0001), testosterone (p = 0.0001), and an

increased LH/FSH ratio (p = 0.002). In contrast, progesterone

levels (p = 0.01) were notably decreased. However, the two groups

have no statistical difference in follicle-stimulating hormone levels

(p = 0.2) (Figure 2). These findings suggested that we successfully

established a PCOS rat model.
3.2 Curcumin alleviated sex hormone
disorders and insulin resistance in
PCOS rats

We evaluated curcumin’s effect on the sex hormone imbalances

associated with PCOS. The findings indicated that curcumin

significantly reduced serum levels of estradiol (p = 0.02),

luteinizing hormone (p = 0.009), testosterone (p = 0.003), and the

LH/FSH ratio (p = 0.008) in PCOS rats. However, curcumin

significantly increased serum progesterone levels (p = 0.01) in

these rats. Additionally, curcumin alleviated insulin resistance in

PCOS rats (Figure 3).
3.3 Curcumin restored estrous cycle and
ovarian morphology in PCOS rats

The ovarian morphology of PCOS rats showed polycystic

changes (Figure 4A). After the curcumin treatment, the PCOS

rats showed multiple corpus luteum and no polycystic changes

(Figure 4B). After the curcumin treatment, the number of follicular

cysts decreased significantly in the PCOS rat model (Figure 4C).

The estrous cycles of PCOS rats were disrupted and stayed in the

diestrus stage most of the time (Figure 4D). However, curcumin

treatment restored the normal estrus cycles (Figure 4E).
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3.4 Curcumin suppressed oxidative stress
and upregulated PPAR-g in PCOS rats

To assess the effectiveness of curcumin on oxidative stress in

PCOS rats, we measured reactive oxygen species (ROS) levels and

the levels of enzymes critical for maintaining redox balance. The

results showed that PCOS rats exhibited significantly increased

levels of oxidative indicators, including ROS and malondialdehyde,

along with decreased levels of antioxidants such as superoxide
Frontiers in Endocrinology 04
dismutase, glutathione peroxidase, and glutathione in ovarian

tissues. However, treatment with curcumin in PCOS rats

significantly reduced ROS (p = 0.005) and malondialdehyde (p =

0.004) levels while increasing superoxide dismutase (p = 0.04),

glutathione peroxidase (p = 0.002), and glutathione (p = 0.02) levels

in ovarian tissues (Figure 5). Additionally, we observed that the

expression of PPAR-g was significantly decreased in the ovarian

tissues of PCOS rats, but curcumin treatment significantly

upregulated PPAR-g expression (Figure 5).
FIGURE 1

DHEA induced the PCOS model in rats (Control group: n=6, DHEA group: n=12). (A) the estrous cycle of normal rats and PCOS model rats (P:
proestrus stage; E: estrus stage; M: metestrus stage; D: diestrus stage). (B) The vaginal smears of normal rats and PCOS model rats. (C) the ovarian
morphology of normal rats and PCOS model rats.
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4 Discussion

PCOS is a prevalent endocrine andmetabolic disorder that impacts

8-13% of women in their reproductive years (1, 2). While medications

such as letrozole, clomiphene, and metformin are commonly used to

manage PCOS symptoms, it is important to note that these drugs are

often prescribed off-label and may carry potential side effects (28). As a

result, there has been significant interest in developing new and more

effective treatments for PCOS. Recently, studies have reported that

traditional Chinese medicine and food-derived ingredients, such as
Frontiers in Endocrinology 05
allium extracts, soy isoflavones, and crocetin, have emerged as

promising effectiveness for PCOS management (29, 30). These

findings suggested that botanical ingredients have the potential for

further advancements in PCOS treatment options.

Curcumin has been extensively studied for its diverse biological

activities, including potent anti-inflammatory, antioxidant, and

anticancer properties (22, 31). This study demonstrated that

curcumin alleviated insulin resistance and significantly reduced

serum levels of luteinizing hormone (LH), testosterone (T), and

the LH/FSH ratio in PCOS rats. Additionally, curcumin restored
FIGURE 3

Curcumin alleviated sex hormone disorders and insulin resistance in PCOS rats (Control group: n=6, DHEA group: n=6, DHEA + Curcumin group:
n=6). E2: estradiol; LH: luteinizing hormone; T: testosterone; P: progesterone.
FIGURE 2

The sex hormone changes of normal rats and PCOS model rats (Control group: n=6, DHEA group: n=12). E2: estradiol; LH: luteinizing hormone; T:
testosterone; P: progesterone; FSH: follicle-stimulating hormone.
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normal ovarian morphologies and estrous cycles in these PCOS

rats. Previous studies suggested that oxidative stress is a key

contributor to the development and progression of PCOS and its

associated complications. The therapeutic effectiveness of curcumin

in PCOS rats may be due to its antioxidant ability to reduce

oxidative stress.
Frontiers in Endocrinology 06
Previous research has identified curcumin as a potent antioxidant,

with its antioxidant properties attributed to the hydroxyl group and

methylene group within its b-diketone structure (22). Under normal

physiological conditions, various antioxidants protect the body from

the damaging effects of oxidative stress. Known antioxidants include

glutathione, vitamin E, catalase, vitamin C, and glutathione peroxidase,
FIGURE 4

Curcumin restored estrous cycle and ovarian morphology in PCOS rats (DHEA group: n=6, DHEA + Curcumin group: n=6). (A) The ovarian
morphology of PCOS model rats. (B) The ovarian morphology of curcumin-treated PCOS model rats. (C) The number of follicular cysts in each
ovary. (D) The estrous cycle of PCOS model rats. (E) the estrous cycle of curcumin-treated PCOS model rats. P: proestrus stage; E: estrus stage; M:
metestrus stage; D: diestrus stage.
FIGURE 5

Curcumin reduced oxidative stress and upregulated PPAR-g in PCOS rats (Control group: n=6, DHEA group: n=6, DHEA + Curcumin group: n=6).
ROS: oxygen species; MDA: malondialdehyde; SOD: superoxide dismutase; GPx: glutathione peroxidase; GSH: glutathione.
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superoxide dismutase (32). However, during oxidative stress, the levels

of these antioxidants are reduced. In our study, PCOS rats exhibited

significantly increased levels of oxidative indicators, including ROS and

malondialdehyde, along with decreased levels of antioxidants such as

glutathione, superoxide dismutase, and glutathione peroxidase in

ovarian tissues. These findings suggest that the PCOS rats were in a

state of oxidative stress. Treatment with curcumin in PCOS rats

significantly reduced the levels of ROS and malondialdehyde while

increasing the levels of glutathione, glutathione peroxidase, and

superoxide dismutase in ovarian tissues. These findings demonstrate

that curcumin has decreased oxidative stress in PCOS rats.

Curcumin mitigates oxidative stress by upregulating PPAR-g
expression, a nuclear receptor integral to the regulation of

inflammation, glucose metabolism, and lipid balance (16, 17, 33).

Our research demonstrated that PPAR-g expression was significantly

reduced in the ovarian tissues of PCOS rats, but treatment with

curcumin significantly upregulated PPAR-g expression. The precise

mechanisms by which curcumin upregulates PPAR-g expression are

still unclear. Two possible scenarios exist: curcumin may bind to a

specific receptor, forming a complex that promotes PPAR-g
upregulation, or curcumin might act directly on transcription factors

to promote gene expression of PPAR-g. Despite this uncertainty, many

studies have linked curcumin’s ability to reduce oxidative stress to

PPAR-g upregulation (34, 35). Furthermore, recent research has shown

that curcumin exerts antitumor effects in pancreatic cancer by

inhibiting cell proliferation, angiogenesis, and the NF-kB signaling

pathway (36). Therefore, it is plausible to propose that curcumin

reduces oxidative stress in PCOS rats by upregulating PPAR-g
expression and subsequently inhibiting the NF-kB signaling pathway.

Previous studies have shown that curcumin can reduce serum

testosterone and luteinizing hormone levels while alleviating insulin

resistance in PCOS rat models (37). Our research builds on these

findings by demonstrating that curcumin also normalizes the estrous

cycles and restores ovarian morphologies in PCOS rats. Additionally,

our study provides novel insights by highlighting the crucial role of

PPAR-g in mediating curcumin’s therapeutic effects on PCOS.

The study has several limitations that should be acknowledged.

First, the therapeutic effects of curcumin on PCOS rats were

investigated only in vivo, so further in vitro studies are needed to

understand the underlying mechanisms. Second, the research was

conducted using 6-week-old rats, which do not represent the entire

reproductive age population; further studies involving rats of varying

ages are needed to confirm these findings. Finally, since this research

was conducted using a PCOS rat model, cautions are needed before

generalizing the findings to humans. Further randomized clinical

trials are required to validate these findings in human populations.
5 Conclusions

In summary, this study demonstrates that curcumin effectively

restores ovarian morphologies, hormone levels, and estrous cycles

in PCOS rats. The findings suggest that curcumin’s therapeutic

effects in PCOS may be linked to its ability to reduce oxidative stress

in ovaries through the upregulation of PPAR-g. Curcumin shows

promise as a potential drug for the treatment of PCOS. However,
Frontiers in Endocrinology 07
further studies are needed to confirm these findings and to

understand their underlying mechanisms.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The animal study was approved by The First Affiliated Hospital

of Chengdu Medical College. The study was conducted in

accordance with the local legislation and institutional requirements.
Author contributions

WZ: Data curation, Funding acquisition, Project administration,

Writing – original draft. CP: Investigation, Methodology, Project

administration, Writing – original draft. LX: Data curation, Formal

analysis, Visualization, Writing – original draft. YZ: Formal analysis,

Project administration, Writing – review & editing. CH:

Conceptualization, Methodology, Writing – review & editing. LL:

Funding acquisition, Investigation, Writing – original draft.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. The study

was supported by funding from The First Affiliated Hospital of

Chengdu Medical College (No. CYFY-GQ33), Chengdu Medical

College (No. CYZYB 20-17), Sichuan Medical Committee (No.

2021HR48), Sichuan Science and Technology Program

(2024YFFK0326), Sichuan Provincial Key Medical Discipline, and

Chengdu Medical Scientific Research Project (No. 2021410).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1494852
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Zhang et al. 10.3389/fendo.2024.1494852
References
1. Teede HJ, Misso ML, Costello MF, Dokras A, Laven J, Moran L, et al.
Recommendations from the international evidence-based guideline for the
assessment and management of polycystic ovary syndrome. Hum Reprod. (2018)
33:1602–18. doi: 10.1093/humrep/dey256

2. Lu L, Wu B, Peng C, Zhang W, Zhao Y, Huang C, et al. Lower serum ATG7 levels
linked to insulin resistance in women with polycystic ovary syndrome. Med Sci Monit.
(2024) 30:e944556. doi: 10.12659/MSM.944556

3. Lu L, Luo J, Deng J, Huang C, Li C. Polycystic ovary syndrome is associated with a
higher risk of premalignant and Malignant endometrial polyps in premenopausal
women: a retrospective study in a tertiary teaching hospital. BMC Womens Health.
(2023) 23:127. doi: 10.1186/s12905-023-02269-4

4. Teede HJ, Tay CT, Laven JJE, Dokras A, Moran LJ, Piltonen TT, et al.
Recommendations from the 2023 international evidence-based guideline for the
assessment and management of polycystic ovary syndrome. J Clin Endocrinol Metab.
(2023) 108:2447–69. doi: 10.1210/clinem/dgad463

5. Elasam AN, Ahmed MA, Ahmed ABA, Sharif ME, Abusham A, Hassan B, et al.
The prevalence and phenotypic manifestations of polycystic ovary syndrome (PCOS)
among infertile Sudanese women: a cross-sectional study. BMCWomens Health. (2022)
22:165. doi: 10.1186/s12905-022-01762-6

6. Zhu T, Cui J, Goodarzi MO. Polycystic ovary syndrome and risk of type 2
diabetes, coronary heart disease, and stroke. Diabetes. (2021) 70:627–37. doi: 10.2337/
db20-0800

7. Tokmak A, Kokanali MK, Guzel AI, Kara A, Topcu HO, Cavkaytar S. Polycystic
ovary syndrome and risk of endometrial cancer: a mini-review. Asian Pac J Cancer
Prev. (2014) 15:7011–4. doi: 10.7314/APJCP.2014.15.17.7011

8. Duica F, Danila CA, Boboc AE, Antoniadis P, Condrat CE, Onciul S, et al. Impact
of increased oxidative stress on cardiovascular diseases in women with polycystic ovary
syndrome. Front Endocrinol (Lausanne). (2021) 12:614679. doi: 10.3389/
fendo.2021.614679

9. Chen H, Zhang Y, Li S, Tao Y, Gao R, Xu W, et al. The genetic association of
polycystic ovary syndrome and the risk of endometrial cancer: A mendelian
randomization study. Front Endocrinol (Lausanne). (2021) 12:756137. doi: 10.3389/
fendo.2021.756137

10. Wang Y, Li N, Zeng Z, Tang L, Zhao S, Zhou F, et al. Humanin regulates
oxidative stress in the ovaries of polycystic ovary syndrome patients via the Keap1/Nrf2
pathway. Mol Hum Reprod. (2021) 27:1–14. doi: 10.1093/molehr/gaaa081

11. Blair SA, Kyaw-Tun T, Young IS, Phelan NA, Gibney J, Mceneny J. Oxidative
stress and inflammation in lean and obese subjects with polycystic ovary syndrome. J
Reprod Med. (2013) 58:107–14.

12. Duda W, Curzytek K, Kubera M, Iciek M, Kowalczyk-Pachel D, Bilska-Wilkosz
A, et al. The effect of chronic mild stress and imipramine on the markers of oxidative
stress and antioxidant system in rat liver. Neurotox Res. (2016) 30:173–84. doi: 10.1007/
s12640-016-9614-8

13. Sies H. Oxidative stress: a concept in redox biology and medicine. Redox Biol.
(2015) 4:180–3. doi: 10.1016/j.redox.2015.01.002

14. Sinha N, Dabla PK. Oxidative stress and antioxidants in hypertension-a current
review.Curr Hypertens Rev. (2015) 11:132–42. doi: 10.2174/1573402111666150529130922

15. Medithi S, Jonnalagadda PR, Jee B. Predominant role of antioxidants in
ameliorating the oxidative stress induced by pesticides. Arch Environ Occup Health.
(2021) 76:61–74. doi: 10.1080/19338244.2020.1750333

16. Hong Y, Jiang L, Tang F, Zhang M, Cui L, Zhong H, et al. PPAR-gamma
promotes the polarization of rat retinal microglia to M2 phenotype by regulating the
expression of CD200-CD200R1 under hypoxia. Mol Biol Rep. (2023) 50:10277–85.
doi: 10.1007/s11033-023-08815-5

17. Liu S, Zhang H, Li Y, Zhang Y, Bian Y, Zeng Y, et al. S100A4 enhances protumor
macrophage polarization by control of PPAR-gamma-dependent induction of fatty acid
oxidation. J Immunother Cancer. (2021) 9:1–17. doi: 10.1136/jitc-2021-002548

18. Lan T, Bi F, Xu Y, Yin X, Chen J, Han X, et al. PPAR-gamma activation promotes
xenogenic bioroot regeneration by attenuating the xenograft induced-oxidative stress.
Int J Oral Sci. (2023) 15:10. doi: 10.1038/s41368-023-00217-4

19. Zhang X, Deng F, Zhang Y, Zhang X, Chen J, Jiang Y. PPARgamma attenuates
hepatic inflammation and oxidative stress of non−alcoholic steatohepatitis via
Frontiers in Endocrinology 08
modulating the miR−21−5p/SFRP5 pathway. Mol Med Rep. (2021) 24:1–11.
doi: 10.3892/mmr.2021.12463

20. Gu BH, Baek KH. Pro12Ala and His447His polymorphisms of PPAR-gamma
are associated with polycystic ovary syndrome. Reprod BioMed Online. (2009) 18:644–
50. doi: 10.1016/S1472-6483(10)60008-9

21. Shaikh N, Mukherjee A, Shah N, Meherji P, Mukherjee S. Peroxisome
proliferator activated receptor gamma gene variants influence susceptibility and
insulin related traits in Indian women with polycystic ovary syndrome. J Assist
Reprod Genet. (2013) 30:913–21. doi: 10.1007/s10815-013-0025-y

22. Akter T, Zahan MS, Nawal N, Rahman MH, Tanjum TN, Arafat KI, et al.
Potentials of curcumin against polycystic ovary syndrome: Pharmacological insights
and therapeutic promises. Heliyon. (2023) 9:e16957. doi: 10.1016/j.heliyon.2023.e16957

23. Naksuriya O, Okonogi S. Comparison and combination effects on antioxidant
power of curcumin with gallic acid, ascorbic acid, and xanthone. Drug Discovery Ther.
(2015) 9:136–41. doi: 10.5582/ddt.2015.01013

24. Wu H, Zhao B, Yao Q, Kang J. Dehydroepiandrosterone-induced polycystic
ovary syndrome mouse model requires continous treatments to maintain reproductive
phenotypes. J Ovarian Res. (2023) 16:207. doi: 10.1186/s13048-023-01299-8

25. Guo Z, Chen X, Feng P, Yu Q. Short-term rapamycin administration elevated
testosterone levels and exacerbated reproductive disorder in dehydroepiandrosterone-
induced polycystic ovary syndrome mice. J Ovarian Res. (2021) 14:64. doi: 10.1186/
s13048-021-00813-0

26. Zhang Y, Xu L. Comparative study of DHEA and letrozole induced polycystic
ovary syndrome in post-pubertal rats. Gynecol Endocrinol. (2022) 38:425–31.
doi: 10.1080/09513590.2022.2052843

27. Monzillo LU, Hamdy O. Evaluation of insulin sensitivity in clinical practice and
in research settings. Nutr Rev. (2003) 61:397–412. doi: 10.1301/nr.2003.dec.397-412

28. Vitek W, Alur S, Hoeger KM. Off-label drug use in the treatment of polycystic
ovary syndrome. Fertil Steril. (2015) 103:605–11. doi: 10.1016/j.fertnstert.2015.01.019

29. Ma X, Li X, Ma L, Chen Y, He S. Soy isoflavones alleviate polycystic ovary
syndrome in rats by regulating NF- kappaB signaling pathway. Bioengineered. (2021)
12:7215–23. doi: 10.1080/21655979.2021.1979864

30. Hu Q, Jin J, Zhou H, Yu D, Qian W, Zhong Y, et al. Crocetin attenuates DHT-
induced polycystic ovary syndrome in mice via revising kisspeptin neurons. BioMed
Pharmacother. (2018) 107:1363–9. doi: 10.1016/j.biopha.2018.08.135

31. Heshmati J, Moini A, SepidarkishM,MorvaridzadehM, SalehiM, Palmowski A, et al.
Effects of curcumin supplementation on blood glucose, insulin resistance and androgens in
patients with polycystic ovary syndrome: A randomized double-blind placebo-controlled
clinical trial. Phytomedicine. (2021) 80:153395. doi: 10.1016/j.phymed.2020.153395

32. Kurutas EB. The importance of antioxidants which play the role in cellular
response against oxidative/nitrosative stress: current state. Nutr J. (2016) 15:71.
doi: 10.1186/s12937-016-0186-5

33. Heshmati J, Golab F, Morvaridzadeh M, Potter E, Akbari-Fakhrabadi M, Farsi F,
et al. The effects of curcumin supplementation on oxidative stress, Sirtuin-1 and
peroxisome proliferator activated receptor gamma coactivator 1alpha gene expression
in polycystic ovarian syndrome (PCOS) patients: A randomized placebo-controlled
clinical trial. Diabetes Metab Syndr. (2020) 14:77–82. doi: 10.1016/j.dsx.2020.01.002

34. Li HY, Yang M, Li Z, Meng Z. Curcumin inhibits angiotensin II-induced
inflammation and proliferation of rat vascular smooth muscle cells by elevating
PPAR-gamma activity and reducing oxidative stress. Int J Mol Med. (2017) 39:1307–
16. doi: 10.3892/ijmm.2017.2924

35. Lin J, Tang Y, Kang Q, Feng Y, Chen A. Curcumin inhibits gene expression of
receptor for advanced glycation end-products (RAGE) in hepatic stellate cells in vitro
by elevating PPARgamma activity and attenuating oxidative stress. Br J Pharmacol.
(2012) 166:2212–27. doi: 10.1111/j.1476-5381.2012.01910.x

36. Li W, Jiang Z, Xiao X, Wang Z, Wu Z, Ma Q, et al. Curcumin inhibits superoxide
dismutase-induced epithelial-to-mesenchymal transition via the PI3K/Akt/NF-kappaB
pathway in pancreatic cancer cells. Int J Oncol. (2018) 52:1593–602. doi: 10.3892/
ijo.2018.4295

37. Mohammadi S, Kayedpoor P, Karimzadeh-Bardei L, Nabiuni M. The effect of
curcumin on TNF-alpha, IL-6 and CRP expression in a model of polycystic ovary
syndrome as an inflammation state. J Reprod Infertil. (2017) 18:352–60.
frontiersin.org

https://doi.org/10.1093/humrep/dey256
https://doi.org/10.12659/MSM.944556
https://doi.org/10.1186/s12905-023-02269-4
https://doi.org/10.1210/clinem/dgad463
https://doi.org/10.1186/s12905-022-01762-6
https://doi.org/10.2337/db20-0800
https://doi.org/10.2337/db20-0800
https://doi.org/10.7314/APJCP.2014.15.17.7011
https://doi.org/10.3389/fendo.2021.614679
https://doi.org/10.3389/fendo.2021.614679
https://doi.org/10.3389/fendo.2021.756137
https://doi.org/10.3389/fendo.2021.756137
https://doi.org/10.1093/molehr/gaaa081
https://doi.org/10.1007/s12640-016-9614-8
https://doi.org/10.1007/s12640-016-9614-8
https://doi.org/10.1016/j.redox.2015.01.002
https://doi.org/10.2174/1573402111666150529130922
https://doi.org/10.1080/19338244.2020.1750333
https://doi.org/10.1007/s11033-023-08815-5
https://doi.org/10.1136/jitc-2021-002548
https://doi.org/10.1038/s41368-023-00217-4
https://doi.org/10.3892/mmr.2021.12463
https://doi.org/10.1016/S1472-6483(10)60008-9
https://doi.org/10.1007/s10815-013-0025-y
https://doi.org/10.1016/j.heliyon.2023.e16957
https://doi.org/10.5582/ddt.2015.01013
https://doi.org/10.1186/s13048-023-01299-8
https://doi.org/10.1186/s13048-021-00813-0
https://doi.org/10.1186/s13048-021-00813-0
https://doi.org/10.1080/09513590.2022.2052843
https://doi.org/10.1301/nr.2003.dec.397-412
https://doi.org/10.1016/j.fertnstert.2015.01.019
https://doi.org/10.1080/21655979.2021.1979864
https://doi.org/10.1016/j.biopha.2018.08.135
https://doi.org/10.1016/j.phymed.2020.153395
https://doi.org/10.1186/s12937-016-0186-5
https://doi.org/10.1016/j.dsx.2020.01.002
https://doi.org/10.3892/ijmm.2017.2924
https://doi.org/10.1111/j.1476-5381.2012.01910.x
https://doi.org/10.3892/ijo.2018.4295
https://doi.org/10.3892/ijo.2018.4295
https://doi.org/10.3389/fendo.2024.1494852
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The therapeutic effects of curcumin on polycystic ovary syndrome by upregulating PPAR-&gamma; expression and reducing oxidative stress in a rat model
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals and treatments
	2.2 Estrous cycle determination
	2.3 Morphological evaluation of ovaries
	2.4 Serum analysis
	2.5 Western blot analysis
	2.6 Oxidative stress index analyses
	2.7 Statistical analysis

	3 Results
	3.1 DHEA induced the PCOS model in rats
	3.2 Curcumin alleviated sex hormone disorders and insulin resistance in PCOS rats
	3.3 Curcumin restored estrous cycle and ovarian morphology in PCOS rats
	3.4 Curcumin suppressed oxidative stress and upregulated PPAR-&gamma; in PCOS rats

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


