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Icariin alleviates cisplatin‑induced 
premature ovarian failure 
by inhibiting ferroptosis 
through activation of the Nrf2/ARE 
pathway
Fangfang Li 1,3,6, Fengyu Zhu 2,3,4,6, Siyuan Wang 1,3,6, Huiqing Hu 1,3, Di Zhang 1,3, 
Zhouying He 1,3, Jiaqi Chen 1,3, Xuqing Li 2,3,4*, Linghui Cheng 2,3,4* & Fei Zhong 1,3,5*

Cisplatin is a widely used chemotherapeutic drug that can induce ovarian damage. Icariin (ICA), a 
natural antioxidant derived from Epimedium brevicornum Maxim., has been found to protect against 
organ injury. The aim of the present study was to investigate whether ICA can exert an ovarian-
protective effect on cisplatin induced premature ovarian failure (POF) and the underlying mechanism 
involved. The preventive effect of ICA was evaluated using body weight, the oestrous cycle, ovarian 
histological analysis, and follicle counting. ICA treatment increased body weight, ovarian weight, and 
the number of follicles and improved the oestrous cycle in POF mice. ICA reduced cisplatin-induced 
oxidative damage and upregulated the protein expression levels of Nrf2, GPX4 and HO-1. Moreover, 
ICA reduced the expression levels of Bax and γH2AX and inhibited ovarian apoptosis. In addition, ICA 
activated the Nrf2 pathway in vitro and reversed changes in the viability of cisplatin-induced KGN 
cells, reactive oxygen species (ROS) levels, lipid peroxidation, and apoptosis, and these effects were 
abrogated when Nrf2 was knocked down or inhibited. Molecular docking confirmed that ICA promotes 
the release of Nrf2 by competing with Nrf2 for binding to Keap1. The inhibitory effects of ICA on 
cisplatin-induced oxidative stress, ferroptosis, and apoptosis may be mediated by its modulatory 
effects on the Nrf2 pathway, providing a novel perspective on the potential mechanisms by which ICA 
prevents POF.
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MDA	� Malondialdehyde
LDH	� Lactate dehydrogenase
POI	� Premature ovarian insufficiency

Infertility, a range of symptoms associated with menopause, and lower oestrogen levels leading to long-term 
diseases such as osteoporosis, cardiovascular disease, and cognitive impairment are all key characteristics of 
premature ovarian failure (POF)1,2. Extensive research has indicated that POF can be influenced by various fac-
tors, including genetic, autoimmune, medical, and environmental factors3–5. Notably, chemotherapy-induced 
ovarian damage is the primary cause of ovarian reserve depletion and infertility in cancer survivors6. With the 
continued increase in cancer survival rates, it has become crucial to prioritize enhancing patients’ quality of life. 
Impaired fertility, in particular, greatly impacts the well-being of patients of reproductive age and may even lead 
patients to choose not to receive chemotherapy7. However, there are currently no validated strategies available 
to effectively preserve and restore ovarian reproductive and hormonal functions.

Cisplatin, a nonspecific cell cycle inhibitor, is commonly used to treat solid tumours8. Cisplatin has been 
proven in studies to directly produce double-stranded DNA breaks, resulting in cell death9. However, while it 
has antitumour benefits, it also kills normal cells in the body, causing a variety of side effects, such as gastroin-
testinal dysfunction, nephrotoxicity, ototoxicity, and reproductive toxicity10–12. Clinical studies have reported 
that cisplatin can cause POF13,14. The studies in human ovarian cortical pieces or granulosa cells shown that 
cisplatin treatment reduced follicle numbers and steroidogenic activity11. However, the specific mechanism of 
cisplatin-induced POF is still unclear. An increasing number of studies have suggested that various mechanisms, 
including oxidative stress, inflammation, mitochondrial disruption, autophagy, and apoptosis, are involved in the 
pathophysiology of cisplatin-induced POF15–17. Notably, exposure to cisplatin increases the production of reactive 
oxygen species (ROS) in follicular and granulosa cells18. Intracellular ROS also attack organelles and biomol-
ecules, causing varying degrees of oxidative stress in DNA, lipids, and proteins19. ROS can increase the acetylation 
and expression of p53, while decrease the expression of Sirtuin 1 (SIRT1), and promote cell apoptosis20. ROS 
is also able to up-regulate the expression of apoptosis genes by inducing FOXO1 overexpression19. Apoptosis 
induced follicular atresia has been hypothesized to be involved in the pathophysiology of POF21. Additionally, 
increased lipid-based ROS, particularly lipid hydroperoxides, may cause ferroptosis22. Ferroptosis is a novel type 
of nonapoptotic cell death distinguished by iron-dependent lipid peroxidation23. There is growing evidence that 
ferroptosis plays a crucial role in nonneoplastic diseases, such as ischaemic cardiomyopathy24, nonalcoholic fatty 
liver disease25 and acute kidney injury12. Our previous study revealed that it is associated with the pathological 
process of POF26. Thus, identifying the mechanism of cisplatin-induced ferroptosis and anti-ferroptosis drugs is 
critical for identifying new ways to prevent or protect against chemotherapy-induced ovarian damage.

One of the crucial transcription factors involved in the fight against oxidative stress is nuclear factor eryth-
roid-2 related factor 2 (Nrf2), which not only restores redox homeostasis by activating genes containing anti-
oxidant response elements (AREs), such as glutathione peroxidase 4 (GPX4) and haemoglobin oxygenase 1 
(HO-1) but also plays a crucial role in the control of ferroptosis27,28. According to research by Sun et al., Nrf2/
ARE pathway activation reduces the redox imbalance caused by hydrogen peroxide in primary cardiomyocytes 
and blocks ferroptosis, which delays cardiomyocyte death29. A recent study revealed that the Nrf2/ARE pathway 
plays an essential role in preventing chemotherapy-induced ferroptosis in ovaries30. As a result, activating Nrf2 
to minimize lipid peroxidation and ferroptosis appears to be a potential therapy.

Icariin (ICA), a flavonoid derived from the Chinese medicinal plant Epimedium, has been demonstrated to 
have anti-inflammatory, antioxidative stress, antiaging, and antitumour effects31,32. For example, ICA decreases 
extracellular matrix buildup and ameliorates experimental diabetic nephropathy by inhibiting oxidative stress 
via GPER-mediated p62-dependent Keap1 degradation and Nrf2 activation33. Furthermore, earlier research 
revealed that ICA prevents hypoxia-reoxygenation-induced cardiomyocyte oxidation and ferroptosis via the 
Nrf2/HO-1 pathway24. In particular, ICA enhances ovarian endocrine function and successfully lessens ovarian 
damage caused by d-galactose34,35. However, it is worthwhile to determine whether the protective effect of ICA 
against cisplatin-induced POF improves oxidative stress and inhibits ferroptosis through activation of the Nrf2/
ARE pathway, which would provide new insights into the management of cisplatin-induced POF.

Results
ICA improves ovarian function in cisplatin‑induced POF
To evaluate whether ICA is able to protect against cisplatin-induced ovarian damage in vivo, we examined the 
body weights, oestrous cycles, ovarian appearances and follicle counts of the mice. We observed that the cisplatin 
group had considerably lower body weights, ovarian weights, and ovarian indices than did the control group 
(P < 0.0001) (Fig. 1A–D). These indices were restored in the cisplatin and ICA combination treatment group 
(P < 0.05) (Fig. 1A–D). Vaginal smears were subsequently obtained to assess the oestrous cycle of the mice. 
The results revealed that mice in the control and ICA groups presented regular oestrous cycles, and irregular 
oestrous cycles were observed in the mice in the cisplatin group, while cisplatin and ICA cotreatment altered 
oestrous cycle disorders in the mice (Fig. 1E,G). The number of follicles represents the ovarian reserve capacity, 
particularly the number of primordial follicles36. Therefore, we counted follicle numbers in each group of mice to 
assess the ovarian reserve. Compared to the control group, the cisplatin group exhibited a significant decrease in 
the number of follicles at all stages (P < 0.0001) and an increase in the percentage of growing follicles (P < 0.05), 
whereas the ICA and cisplatin cotreatment group showed an increase in the number of follicles at all levels and 
a decrease in the percentage of growing follicles (P < 0.05) (Fig. 1H–J). We also detected the Gdf9, Bmp15 and 
IL-1β mRNA level. As shown in figure S1, cisplatin treatment increased the expression level of Gdf9, Bmp15 
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Figure 1.   ICA improves ovarian function in cisplatin-induced POF. (A) Gross appearance of ovaries between 
indicated groups. (B-D), Comparison of body weight (B), ovarian weight (C) and ovarian index (D) of mice 
after treatment in each group (n = 5). (E), Representative images of HE staining of mice at various stages of the 
estrous cycle (n = 5). Scale bars, 50 µm. (F), Percentage of estrous cycle in each stage. P, proestrus; E, estrus; M, 
metestrus; D, diestrus. (G), Representative graphs for monitoring the estrous cycle of each group of mice for 
21 consecutive days. (H), HE staining of the ovaries in each group. Black arrows indicate primordial follicles; 
red arrows indicate primary follicles; green arrows indicate secondary follicle; blue arrows indicate antral 
follicles. Scale bars, 100 µm. (I), Ratio of number of growing follicles (primary follicle, secondary follicle and 
antral follicle) to primordial follicles in mice (n = 6). (J), Following therapy, the quantity of follicles at each stage 
in every mouse group (n = 6). PMF, primordial follicle; PF, primary follicle; SF, secondary follicle; AF, antral 
follicle. Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, non-statistically 
significant.
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and IL-1β, only IL-1β decreased after cisplatin and ICA cotreatment (P < 0.05) (Fig. S1A-C). The above results 
indicated that ICA has the capacity to alleviate cisplatin-induced POF.

ICA alleviates cisplatin‑induced oxidative stress and inhibits apoptosis
Cisplatin-induced ROS can attack organelles and biomolecules, causing different degrees of oxidative damage 
to DNA, lipids, and proteins and triggering apoptosis19. To determine the level of oxidative damage, we used 
three commonly used biomarkers: 4-HNE (a marker of lipid peroxidation), 8-OHdG (a marker of DNA dam-
age), and NTY (a marker of protein damage). IHC data revealed that cisplatin therapy significantly increased 
the levels of 4-HNE, 8-OHdG, and NTY (P < 0.01), whereas the combined treatment in the Cis + ICA group 
showed significantly decreased expression levels of these markers (P < 0.05) (Fig. 2A–D). Furthermore, ICA 
reduced the cisplatin-induced increase in Malondialdehyde (MDA) content in mouse ovaries (P < 0.05) (Fig. 2E). 

Figure 2.   ICA alleviates cisplatin-induced oxidative stress. (A) Representative IHC images of 4-HNE, NTY and 
8-OHdG in ovaries of each group (n = 6). Scale bars, 100 µm. (B-C), Quantification of positive area for 4-HNE 
(B), NTY (C) and 8-OHdG (D). (E), MDA levels in each group’s ovarian tissue were determined (n = 4). (F), 
Representative IHC images of Nrf2, HO-1, and Gpx4 in ovaries of each group (n = 6). Scale bars, 100 µm. (G), 
Nrf2, HO-1 and Gpx4 protein expression levels in ovarian tissues of each group were examined by WB (n ≥ 3). 
(H-J), Quantification of Nrf2 (H), HO-1 (I), and Gpx4 (J) protein levels. Data are presented as mean ± SEM, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, non-statistically significant.
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Numerous studies have revealed that the NRF2/ARE pathway is crucial for the regulation of oxidative stress 
and the induction of antioxidant damage by ICA24,33. As confirmed by both the IHC and WB results, the protein 
expression levels of Nrf2, HO-1, and GPX4 were significantly lower in the Cis group than in the control group 
(P < 0.01), and ICA reversed the inhibitory effect of cisplatin on the Nrf2, HO-1, and GPX4 proteins (P < 0.05) 
(Fig. 2F–J). Additionally, TUNEL analysis revealed an increase in the percentage of TUNEL-positive cells (par-
ticularly granulocytes) in the Cis group compared to the control group, as well as a decrease in the percentage 
of TUNEL-positive cells in the Cis + ICA cotreatment group (Fig. 3A). Moreover, we ascertained from the IHC 
data that cisplatin treatment with ICA considerably attenuated the cisplatin-induced increase in the levels of 
the pro-apoptotic gene Bax and the DNA double-strand break marker γH2AX (Fig. 3B). Moreover, WB data 
revealed that the Cis group had significantly higher expression levels of γH2AX and Bax than did the control 
group (P < 0.01) and that ICA intervention decreased the protein expression levels of γH2AX and Bax (P < 0.01) 
(Fig. 3C–E). Briefly, by accelerating the NRF2/ARE system, ICA decreases cisplatin-induced oxidative damage 
and prevents apoptosis in ovarian cells.

ICA protects KGN cells from cisplatin‑induced damage by reducing oxidative stress and fer‑
roptosis via the Nrf2/ARE pathway
To investigate whether ICA also reduces cisplatin-induced damage in vitro by activating the Nrf2/ARE path-
way. First, the viability of KGN cells was determined using the CCK8 assay, and the results showed that 5 μg/
ml or 10 μg/ml ICA did not affect the viability of KGN cells (Fig. 4A). We also observed that ICA alleviated the 
cisplatin-induced decrease in cell viability (P < 0.01) (Fig. 4B) and increase in cytotoxicity (P < 0.01) (Fig. 4C) by 
CCK-8 and lactate dehydrogenase (LDH) assays, respectively. Cisplatin exposure considerably elevated ROS lev-
els in KGN cells, but ICA pretreatment significantly decreased cisplatin-induced ROS levels (P < 0.001) (Fig. 4D 
and 4E). In addition, the in vitro WB results were consistent with the in vivo findings. ICA elevated the protein 

Figure 3.   ICA inhibits cisplatin-induced apoptosis in mouse ovaries. (A) TUNEL was performed on each 
group’s ovarian sections, and green fluorescent signals showed apoptosis. The nuclei of the cells were stained 
with Hoechst and fluoresced blue (n = 3). Scale bars, 100 µm. (B), Representative IHC images of Bax and γH2AX 
in each group of ovaries (n = 6). Scale bars, 100 µm. (C), Detection of γH2AX and Bax protein expression 
levels in ovarian tissues by WB (n ≥ 3). β-Actin was used as an internal control. (D,E), Quantitative analysis of 
γH2AX and Bax protein levels. Data are presented as mean ± SEM, **P < 0.01, ***P < 0.001, ns, non-statistically 
significant.
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Figure 4.   ICA reduces oxidative stress and ferroptosis via the Nrf2/ARE pathway. (A) Cell viability of KGN 
cells after treatment with different concentrations of ICA for 24 h. (B), Detection of KGN cell viability treated 
by ICA or/with cisplatin. (C), Effect of ICA on Cis-induced toxicity in KGN cells validated by LDH assay. 
(D), Effect of ICA on cis-induced ROS levels in KGN cells detected by flow cytometry. (E), Geometric mean 
fluorescence intensity was employed for quantitative analysis of ROS levels. (F), The expression levels of Nrf2, 
HO-1 and Gpx4 proteins in KGN cells of each treatment group were detected by WB. (G–I), Quantification of 
Nrf2, HO-1, and Gpx4 protein levels.(J–K), Assessment of intracellular lipid peroxidation by flow cytometry 
using BODIPY C11 staining (J) and quantitative analysis (K). (L), Determination of the level of MDA in each 
group of KGN cells. Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, 
non-statistically significant.
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levels of Nrf2, HO-1 and GPX4, which were decreased by cisplatin treatment (P < 0.05) (Fig. 4F–I). Moreover, 
the flow cytometry data of C11 BODIPY 581/591 support our hypothesis that lipid peroxidation accumulation 
was markedly elevated in the Cis group, while lipid peroxidation levels decreased when ICA was co-treated with 
cisplatin (P < 0.0001) (Fig. 4J–L). Comparable outcomes were noted for the capacity of ICA to prevent cisplatin-
induced modifications to MDA levels. KGN cells treated with cisplatin showed high levels of lipid peroxidation; 
however, when both cisplatin and ICA were used for treatment, the level of lipid peroxidation decreased , as 
shown in Fig. 4J–L.

To investigate whether cisplatin and ICA cotreatment blocks the inhibitory effect of cisplatin on gynecologi-
cal tumor cells, we examined the cell viability after treatment by different concentrations of cisplatin alone or in 
combination with ICA in gynecological cancer cell lines. The results showed that the viability of cervical cancer 
cell line SiHa cells, endometrial cancer cell line Ishikawa cells and ovarian cancer cell line A2780 cells decreased 
gradually with the increase of cisplatin concentration (Fig. 2SA–C). In each cell line, there was no significant 
difference between the cisplatin group and cisplatin + ICA group (Fig. 2SA–C).

To further validate the effect of ICA on cisplatin-induced ferroptosis in KGN cells, we treated KGN cells with 
the classical ferroptosis inducer RSL3 (a specific inhibitor of GPX4). A significant decrease in cell viability and a 
significant increase in LDH, MDA, ROS and lipid peroxidation levels were observed in the RSL3-treated group 
(P < 0.0001) (Fig. 5A–G). When ferroptosis was blocked with Fer-1, a ferroptosis inhibitor, these alterations were 
reversed (P < 0.0001) (Fig. 5A–G). Consistent with Fer-1, ferroptosis was suppressed by ICA administration 
(P < 0.0001) (Fig. 5A–G). These findings indicated that ICA activates the Nrf2/ARE signalling pathway to shield 
KGN cells from oxidative stress and ferroptosis induced by cisplatin.

ICA suppressed cisplatin‑induced apoptosis in KGN cells
We also investigated the potential impact of ICA on apoptosis induced by cisplatin treatment. The western 
blot results demonstrated that cis-treated cells had significantly higher levels of Bax and γH2AX expression 
(P < 0.0001) and that the increase in these proteins was significantly inhibited by ICA pretreatment (P < 0.01) 

Figure 5.   ICA alleviates RSL3-induced oxidative damage. (A–C). Effects of ICA (5ug/ml) and Fer-1 (20 μM) 
on cell viability (A), cytotoxicity (B) and MDA levels (C) in KGN cells induced by RSL3 (300 nM). (D-G), 
ROS (D,E) and lipid oxidation levels (F,G) in KGN cells of different treatment groups were detected and 
quantified using DCFH-DA and C11-BODIPY 581/591 probes, respectively. Data are presented as mean ± SEM, 
****P < 0.0001.
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(Fig. 6A-C). Apoptosis was also detected by flow cytometry using Annexin V and PI staining. We discovered 
that the cisplatin group exhibited more apoptosis than the control group and that ICA significantly protected 
against cisplatin-induced apoptosis (P < 0.01) (Fig. 6D,E). We also discovered that ICA and Fer-1 could block the 
apoptosis caused by RSL3 administration (P < 0.0001) (Fig. 6F,G). These results indicated that ICA can attenuate 
cisplatin- or ferroptosis-induced apoptosis.

Knockdown or inhibition of Nrf2 reverses the protective effects of ICA on cisplatin‑induced 
injury in KGN cells
To demonstrate that ICA protects KGN cells from cisplatin-induced injury by activating the Nrf2/ARE path-
way, we transfected KGN cells with Nrf2 siRNA to knock down Nrf2, and the results were validated by WB. 
We observed that the Nrf2 protein level was significantly lower in the Nrf2 siRNA group than in the negative 
control group, and there was a significant reduction in HO-1 and GPX4 and an increase in γH2AX and Bax 
(P < 0.01) (Fig. 7A,B ). Moreover, CCK-8 and LDH assays confirmed that the protective effect of ICA against the 
cisplatin-induced decrease in cell viability (P < 0.01) and increase in cytotoxicity (P < 0.0001) was reversed by 
Nrf2 knockdown (Fig. 7C,D ). Furthermore, the ability of ICA to suppress ROS and lipid peroxidation, as well 
as apoptosis, was abolished in Nrf2-knockdown cells (Fig. 7E-J). Additionally, we utilized the Nrf2 inhibitor 

Figure 6.   ICA rescued cis-induced apoptosis in KGN cells. (A,B) Determination of γH2AX and Bax protein 
expression levels in KGN cells from different treatment groups by WB (A) and quantitative analysis (B,C). 
(D,E), Effect of ICA on the percentage of Cis-induced apoptosis in KGN cells using Annexin V/PI staining and 
flow cytometry. (F,G), Effect of ICA and Fer-1 on the percentage of RSL3-induced apoptosis in KGN cells using 
Annexin V/PI staining and flow cytometry. Data are presented as mean ± SEM, **P < 0.01, ****P < 0.0001, ns, 
non-statistically significant.
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Figure 7.   Knockdown of Nrf2 reverses the protective effect of ICA on cis-induced KGN cell injury. (A) and 
(B), KGN cells were transfected with Nrf2 siRNA or negative control (NC) siRNA, and the protein levels of 
Nrf2, HO-1, Gpx4, γH2AX, and Bax were assessed by WB (A) and quantified (B). (C) and (D), Detection of cell 
viability and cytotoxicity of KGN cells in different treatment groups using CCK8 (C) and LDH (D), respectively. 
(E,F)  , ROS were detected using DCFH-DA (E) and quantified (F). (G) and (H), Lipid peroxidation levels were 
detected using C11-BODIPY 581/591 probes (G) and quantified (H). (I) and (J), The percentage of apoptosis of 
KGN cells in different treatment groups was detected using Annexin V/PI staining and flow cytometry. Data are 
presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, non-statistically significant.
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ML385 to block the activity of Nrf2 and examined the oxidation indices, apoptosis indices, and ferroptosis-related 
parameters with similar findings (Fig. 8).

ICA promotes Nrf2 release by competing with Nrf2 for binding to Keap1
To investigate the mechanism of Nrf2 activation, we performed molecular docking studies between ICA and 
Keap1. We found that Asn414, Arg415, Arg380, and Ser363 of Keap1 formed hydrogen bonds with the ligand, 
and their binding energy was−7.6 kcal/mol (Fig. 9 and Table 1). Analysis of the UniProt database revealed that 
Arg380 and Ser363 are essential for the interaction between Keap1 and Nrf2, and a mutation at this locus resulted 
in the loss of this interaction. Thus, ICA may competitively bind to Keap1, promoting the dissociation of Nrf2 
and Keap1 and allowing for Nrf2 to be released and activated.

Figure 8.   The Nrf2 inhibitor ML385 attenuates the protective effect of ICA on cis-induced KGN cell injury. 
(A–C) Effect of co-treatment of ICA with ML385 (2.5 μM) on cis-induced KGN cell viability (A), cytotoxicity 
(B) and MDA levels (C). (D) and (E), ROS were detected using DCFH-DA (D) and quantified (E). (F) and 
(G), Lipid peroxidation levels were detected using C11-BODIPY 581/591 probes (F) and quantified (G). (H) 
and (I), The percentage of apoptosis of KGN cells in different treatment groups was detected using Annexin 
V/PI staining and flow cytometry. Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, ns, non-statistically significant.
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Discussion
The long-term survival rates of women of reproductive age have increased in recent years due to considerable 
advances in cancer detection and treatment37. Maintaining fertility and eventual childbirth are crucial for these 
people38. Unfortunately, chemotherapy is a major cause of ovarian failure. POF leads not only to impaired 
fertility but also to many comorbidities. However, impaired fertility has a significant impact on the quality of 
life of patients of childbearing age and may lead to the abandonment of recommended treatments because of 
the risk of infertility39. Consequently, finding fertility-protective adjuvants to protect the ovaries from chemo-
therapy medicines is essential. Icariin is a flavonoid discovered in the Chinese medicinal plant Epimedium that 
has numerous pharmacological and biological properties31. Previous studies have shown that ICA ameliorates 
cisplatin-induced nephrotoxicity and cardiotoxicity by inhibiting oxidative stress, inflammation, and apoptosis 
through inhibition of the ROS-mediated PI3K/Akt pathway35,40. Furthermore, ICA has been shown to restore 
ovarian endocrine function and effectively reduce D-galactose-induced ovarian damage34,41.

Clinical studies have reported the toxicity of cisplatin to ovaries13,14. Cisplatin induced models of POF in rats 
and mice have been widely used to study the mechanism of ovarian injury and explore ways to alleviate ovarian 
injury15,17,18,26,42,43. The doses used in this study have been validated in our previous studies26 and others56. In this 
study, our results showed that cisplatin treatment significantly reduced ovarian volume and weight, disrupted 
oestrous cycle, and significantly reduced total follicles number and follicle number at all levels, suggesting that 
cisplatin caused POF. However, ICA treatment can alleviate these damage caused by cisplatin (Fig. 1). It is well 
known that the number of follicles at all levels reflects the reserve capacity of the ovary, especially the number 
of primordial follicles44. Cisplatin can directly cause damage and apoptosis in primordial follicular oocytes11. 
In women, the population of primordial follicle which serves as the reservoir for future fertility is determined 
at birth45. Excessive activation of primordial follicles can lead to premature ovarian insufficiency (POI), also 
known as POF36,45. Cisplatin treatment decreases the level of AMH which have an important inhibitory effect 
on primordial follicle activation42. Cytokines such as GDF9, BMP15 and IL-1β promote primordial follicle 
activation46,47. In addition, cisplatin has been shown to trigger the activation and maturation of primordial 
follicles via PI3K/AKT/FOXO3a activation, which eventually depletes primordial follicles48. We observed an 
increase in the proportion of growing follicles and increased expression levels of GDF9, BMP15, and IL-1β in 
the cisplatin group (Fig. S1A-C), which supports this activating impact on primordial follicles. ICA has been 
shown to alleviate osteoarthritis by down-regulating the AKT pathway49. Cotreatment with ICA and cisplatin 
decreased the proportion of growing follicles (Fig. 1I), possibly because ICA inhibited the PI3K/AKT pathway 
and IL-1β levels. The number of primordial follicles provides a more direct indication of chemotherapy-induced 
ovarian damage. The number of follicles at all stages in the cisplatin group significantly decreased, while the 

Figure 9.   ICA promotes Nrf2 release by competing with Nrf2 to bind Keap1. (A) Molecular docking of ICA to 
the key target KEAP1. (B), The KEAP1 protein is represented as a slate cartoon model, ICA is shown as a cyan 
stick, and their binding sites are shown as magentas stick structures. The hydrogen bond, ionic interactions, and 
hydrophobic interactions are depicted as yellow, magentas and green dashed lines, respectively.

Table 1.   Primer sequences for RT-PCR.

Gene Forward primer (5′-3′) Reverse primer(5′-3′)

Mouse Gdf9 TCT​TAG​TAG​CCT​TAG​CTC​TCAGG​ TGT​CAG​TCC​CAT​CTA​CAG​GCA​

Mouse Bmp15 TCC​TTG​CTG​ACG​ACC​CTA​CAT​ TAC​CTC​AGG​GGA​TAG​CCT​TGG​

Mouse IL1β GCA​ACT​GTT​CCT​GAA​CTC​AACT​ ATC​TTT​TGG​GGT​CCG​TCA​ACT​

Mouse β-Actin GGA​GAT​TAC​TGC​CCT​GGC​TCCTA​ GAC​TCA​TCG​TAC​TCC​TGC​TTG​CTG​
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number of follicles in the ICA and cisplatin cotreatment group increased at all stages, as validated by our follicle 
counting results (Fig. 1J).

There is growing evidence that oxidative stress is one of the important causative factors of chemotherapeutic 
premature ovarian failure17,43. This is related to an imbalance between intracellular free radical products and 
cellular defence mechanisms50. Cisplatin has been shown to increase ROS production in follicular and granulosa 
cells18. In this study, we discovered that combining ICA with cisplatin decreased the levels of the oxidative dam-
age products 4-HNE, 8-OHdG, and NTY (Fig. 2A–D). Similarly, ICA intervention significantly decreased the 
levels of the lipid peroxidation product MDA (Fig. 2E). Furthermore, we cocultured cisplatin-exposed KGN cells 
with ICA for in vitro treatment, and as expected, cisplatin exposure significantly increased ROS levels in KGN 
cells, whereas pretreatment with ICA significantly attenuated cisplatin-induced ROS accumulation (Fig. 4D–E). 
However, the accumulation of ROS will increases oxidative damage25. Nrf2/ARE has been demonstrated to be a 
crucial mechanism in the regulation of oxidative stress, and activation of this system promotes the production 
of antioxidant enzymes such as HO-1 and GPX4, which has an anti-oxidative stress effect27,28. There is evidence 
that ICA decreases oxidative stress and improves Escherichia coli lipopolysaccharide-mediated endometritis in 
mice by activating the NRF2 pathway51. Our findings showed that ICA activated the Nrf2/ARE pathway and 
reduced cisplatin-induced oxidative damage (Fig. 2F–J). Interestingly, multiple investigations have revealed 
that Nrf2 is a critical regulator of ferroptosis and has the ability to suppress ferroptosis by regulating GPX4 and 
HO-112,29. On the other hand, inhibition of GPX4 leads to an uncontrolled increase in lipid peroxidation, which 
results in ferroptosis. Conversely, there is disagreement concerning the involvement of HO-1 in ferroptosis. As 
mentioned above, HO-1 has been reported to inhibit ferroptosis, but in other studies HO-1 has been found to 
promote ferroptosis. For example, ferroptosis regulated by HO-1 is the main pathological process of sodium 
iodate induced retinal pigment epithelium degeneration52. Tagitinin C exerts anti-colorectal cancer effects by 
activating the NRF2/HO-1 pathway to promote ferroptosis53. In our study, we found that ICA upregulated the 
protein expression of Nrf2, GPX4 and HO-1. In addition, flow cytometry analysis of C11 BODIPY 581/591 
further demonstrated that cotreatment with ICA and cisplatin reduced lipid peroxidation levels (Fig. 4D-L). 
Moreover, we found that ICA significantly increased cell viability and reduced the RSL3-induced increases in 
MDA, ROS and lipid peroxidation. Surprisingly, in cells with Nrf2 knockdown or treated with the Nrf2 inhibi-
tor ML385, the ability of ICA to reduce ROS and lipid peroxidation generation, as well as apoptosis, was almost 
completely reversed. Our results confirmed that the Nrf2 pathway plays a role in the protective effect of ICA 
against cisplatin-induced oxidative stress, ferroptosis, and apoptosis in KGN cells(Fig. 7 and 8).

In summary, the Nrf2 pathway may be a crucial link between oxidative stress and ferroptosis12,29,53, and 
activated ICA protects against early ovarian failure. However, the exact mechanism by which ICA upregulates 
Nrf2 is still unclear. Previous research has demonstrated that in the absence of stress, Nrf2 binds to Keap1 in the 
cytoplasm and is thus ubiquitinated and destroyed50. Once exposed to oxidative stress or electrophilic chemicals, 
the conformation of Keap1 changes, resulting in inhibited ubiquitination and degradation of Nrf2, which can 
translocate to the nucleus and activate target genes such as HO-1, NQO1, and GPX454. As a result, we examined 
the molecular docking model of the ICA molecule with Keap1 and revealed that ICA binds to the Asn414, 
Arg415, Arg380, and Ser363 residues of Keap1 (Fig. 9). Whereas Arg380 and Ser363 are more critical for Keap1 
to interact with Nrf2, mutation of this site results in the loss of the interaction between the two. Thus, ICA may 
competitively bind to the Nrf2 binding site of Keap1 and promote the dissociation of Nrf2 from Keap1, allowing 
for Nrf2 to be released and activated. Therefore, we hypothesized that ICA could competitively bind to Keap1 
and release NRF2, thus exerting an antioxidant effect.

Overall, we discovered that ICA alleviated cisplatin-induced POF. Mechanistically, ICA prevented cisplatin-
induced POF by competitively binding to Keap-1 and activating the Nrf2/ARE pathway, which inhibited oxida-
tive stress, ferroptosis, and apoptosis. Therefore, icariin is a candidate for the treatment of chemotherapeutic 
premature ovarian failure. However, there are some limitations to our study. First, the protective effect of ICA 
found in this study was not evaluated in a tumor mouse model. The effect of ICA on tumor and whether it can 
play a protective role in tumor bearing mouse model are unclear. In addition, we found in this study that different 
types of tumor cell lines have different sensitivity to cisplatin. The protective effect of ICA at higher treatment-
appropriate concentrations of cisplatin still needs to be further clarified.

Methods
Reagents and antibodies
Icariin (C13319079) was purchased from MACKLIN (Shanghai, China). Cisplatin (HY-17394), ferrostatin-1 (HY-
100579), ML385 (HY-100523), RSL3 (HY-100218A), and BODIPY 581/591 C11 (HY-D1301) were purchased 
from MCE (Monmouth Junction, NJ, USA). An Annexin V-FITC/PI Apoptosis Kit (40302ES60), foetal bovine 
serum (FBS; 40130ES76), Dulbecco’s modified Eagle’s medium/Ham’s F-12 (DMEM/F12; 41420ES76), penicil-
lin–streptomycin (PS; 60162ES76), trypsin–EDTA (0.25%; 40127ES60), Hieff Trans® siRNA/miRNA in vitro 
transfection reagents (40806ES03), and a 1st Strand cDNA Synthesis Kit (11141ES60) were purchased from 
Yeasen (Shanghai, China). An LDH Cytotoxicity Assay Kit (C0017), One Step TUNEL Apoptosis Assay Kit 
(C1086) and Reactive Oxygen Species Assay Kit (S0033S) were purchased from Beyotime (Shanghai, China). A 
Cell Counting Kit-8 (CT0001) was purchased from SparkJade (Shandong, China). A malondialdehyde (MDA) 
content kit (JL-T0761) was purchased from Jianglai (Shanghai, China).

The primary antibodies used in this study were as follows: anti-GPX4 (381958), anti-HO-1 (R24541), anti-
Bax (380709), anti-p-γH2AX (381558), anti-beta actin (250136), goat anti-mouse IgG H&L (HRP) (511103) 
and goat anti-rabbit IgG H&L (HRP) (511203), which were purchased from Zen BioScience (Chengdu, China); 
and anti-4-HNE (bs-6313R), anti-NTY (bs-8551R), and anti-8-OHdG (bs-1278R), which were purchased from 
Bioss (Beijing, China). The anti-Nrf2 antibody (16396-1-AP) was purchased from Proteintech (USA).
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Animal grouping and treatment
Female ICR mice (6–8 weeks) were purchased from Anhui Medical University’s Animal Centre. All mice were 
housed in a favourable experimental setting (temperature, 25 ℃; humidity, 55%; 12 h light/dark cycle) with free 
access to water and food. After three days of acclimatization, a total of 88 mice were randomly assigned to four 
groups (22 mice were randomly selected for each group): the control (Ctr), cisplatin (Cis), cisplatin + Icariin 
(Cis + ICA), and icariin (ICA) groups. In the Ctr and ICA groups, saline containing 1% dimethyl sulfoxide and 
ICA (30 mg/kg)55 was injected intraperitoneally daily; Cis (5 mg/kg)56 was injected intraperitoneally every 5 days 
in the Cis group; and ICA (30 mg/kg) was injected intraperitoneally in the Cis + ICA group, followed by an inter-
val of 3 h before an intraperitoneal injection of cisplatin (5 mg/kg). In each group, 4 mice were used for western 
blotting, 6 mice for RT-PCR, 6 mice for follicle counting and 6 mice were used for IHC and other staining. After 
21 days, all the mice were sacrificed, and the ovaries were collected and weighed for further experiments. The 
individual mouse was considered the experimental unit within the studies. All the animal procedures used in 
this study were in accordance with the protocols of the National Institute of Health Guide for the Care and Use 
of Laboratory Animals and ARRIVE guidelines. The permission (LLSC20220164) was obtained from the Labora-
tory Animal Ethics Committee of Anhui Medical University.

Oestrous cycle analysis
During the course of the 21 days of therapy, vaginal swabs were collected every day at 8 a.m. to evaluate the 
oestrous cycle of the mice. Briefly, 20 μl of saline was used to clean the vagina, and then the collected vaginal 
secretions were placed on slides, dried, and stained with HE. The oestrus cycle was differentiated according to 
the predominant cell type in the vaginal smear. Preoestrus is predominantly nucleated epithelial cells; oestrus 
consists of anucleate, keratinized epithelial cells; postoestrus consists of equal proportions of anucleate kerati-
nized epithelial cells and neutrophils; and interoestrus is predominantly composed of neutrophils.

HE staining and follicle count
Mouse ovaries were submerged in 4% paraformaldehyde, fixed for at least 24 h, dehydrated in gradient alcohol 
and embedded in paraffin. One side of the ovary from each group was cut into consecutive sections at a thick-
ness of 5 µm, and the sections were stained with haematoxylin and eosin solution at intervals of 5th for follicle 
counting and morphological observation. To eliminate double counting, only follicles containing oocytes were 
assessed, and the number of follicles at each level was counted by two independent experienced technicians using 
predefined criteria. We used the recognized criteria developed by Pedersen and Peters for follicular staging57.

Immunohistochemistry
The steps for fixation, paraffin embedding, and tissue sectioning were the same as those for H&E staining 
described in Section “Oestrous cycle analysis”. Tissue sections were deparaffinized with xylene, rehydrated with 
gradient alcohol and heated for antigen repair using sodium eurycomonate. After blocking with endogenous 
peroxidase for 10 min, diluted primary antibody was added, and the membrane was incubated at 4 ℃ overnight. 
Subsequently, the sections were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody 
at 37 ℃ for 40 min, stained with DAB, restained with haematoxylin, air-dried, and viewed under a microscope, 
and positive expression was indicated by dark brown-stained areas.

Western blot analysis
Ovarian tissue and KGN cells were lysed with precooled RIPA buffer to extract total protein (n ≥ 3). Next, the 
protein samples were subjected to SDS‒PAGE and then transferred to a PVDF membrane. After being blocked 
with 5% skim milk powder for 1 h, the membranes were cut prior to hybridisation with primary antibodies 
overnight at 4 ℃. The next day, the membranes were incubated with anti-rabbit or murine IgG secondary 
antibody at 1:10,000 for 1 h, and then chemiluminescence detection was performed using a CS analysis system 
(5200, Tanon, Shanghai, China). The following antibodies were used: anti-Nrf2 (1:1000), anti-HO-1 (1:1000), 
anti-GPX4 (1:1000), anti-Bax (1:1000), anti-γH2AX (1:1000), and anti-beta actin (1:1000). Protein bands were 
quantified using ImageJ software and normalized to each control.

TUNEL staining
A terminal deoxynucleotidyl transferase (TdT) dUTP end labelling (TUNEL) staining kit was used to measure 
ovarian tissue cell death. After dewaxing, rehydration, and proteinase K permeabilization, we treated the tissue 
slices with 50 μl of TDT buffer solution and incubated them for 1 h at 37 ℃ in a dark and humid setting. Cell 
nuclei were stained with Hoechst 33342 (1:500) for 5 min at room temperature and observed and photographed 
under a fluorescence microscope.

Cell culture and treatment
SiHa cells and Ishikawa cells were cultured in DMEM medium and A2780 cells were cultured in DMEM medium. 
KGN cells were cultured in DMEM/F-12 medium. All medium supplemented with 10% foetal bovine serum 
and 1% penicillin/streptomycin.

The cells were kept at 37 ℃ and 5% CO2 in a humid environment. We generated the following groups: the 
control group, in which KGN cells were cultured in DMEM/F-12 medium supplemented with 1% DMSO for 
48 h; the cisplatin group, in which KGN cells were cultured in DMEM/F-12 medium supplemented with cisplatin 
(1 μg/ml) for 48 h; the Cis + ICA group, in which KGN cells were treated with ICA (5 μg/ml) for 6 h, after which 
cisplatin (1 μg/ml) was added for 48 h; the ICA group, in which KGN cells were cultivated for 48 h with ICA 
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(5 μg/ml) alone; and the Cis + ICA + ML385 group, in which ICA (5 μg/ml) and ML385 were cotreated for 6 h, 
after which cisplatin (1 μg/ml) was added for 48 h.

Cell transfection
The Nrf2 siRNA sequences were purchased from Universal, and the sequences were as follows: forwards 5′- CCG​
GCA​UUU​CAC​UAA​ACA​CAATT-3′; reverse, 5′-UUG​UGU​UUA​GUG​AAA​UGC​CGGTT-3′. Briefly, KGN cells 
were transiently transfected with Nrf2 siRNA or negative control siRNA when they reached 50–80% confluence 
according to the manufacturer’s protocol, and the transfection efficiency was assessed by WB 24 h later.

Detection of cell viability
Cell viability was determined using the Cell Counting Kit-8 (CCK-8) assay. Cells were inoculated in 96-well 
plates, and cell processing was completed. Ten microlitres of CCK8 solution was added to each well, and the 
plates were incubated at 37 ℃ for 2 h. Then, the OD value at 450 nm was measured by an enzyme marker, and 
cell viability was calculated.

Lactate dehydrogenase (LDH) assay
After cell treatment, LDH release reagent was added to untreated KGN cells, which were then incubated for 1 h. 
Subsequently, 120 μl of supernatant from each group was removed and transferred to a new 96-well plate, 60 µl 
of LDH assay working solution was added, the cells were incubated for 30 min at room temperature on a shaker 
protected from light, and the OD at 490 nm was measured by an enzyme marker to determine the cytotoxicity.

Determination of MDA levels
Fresh ovarian tissue was lysed using RIPA lysis buffer, MDA working solution was added, mixed and heated at 
100 ℃ for 15 min, centrifuged, and the supernatant was removed and transferred to a new 96-well plate. The OD 
value at 532 nm was measured, and the amount of MDA in the sample solution was calculated. In addition, we 
inoculated KGN cells into 6-cm dishes, and after the cells had attached to the wall for 24 h, they were processed 
and cellular MDA measurements were performed using a kit according to the manufacturer’s instructions.

Lipid peroxidation assay
C11 BODIPY 581/591 (HY-D1301, MedChemExpress, Shanghai, China) was dissolved in DMSO to 1 mM for 
storage. To assess intracellular lipid peroxidation levels, KGN cells were seeded in 12-well plates. After drug treat-
ment, the cells were incubated with 1 ml of serum-free medium containing 2 μM BODIPY 581/591C11 dye for 
30 min at 37 ℃ in the dark. Then, the cells were washed three times with PBS after digestion with trypsin. Finally, 
the cells were resuspended in PBS, and the lipid peroxidation signal results were acquired by flow cytometry and 
analysed with FlowJo V10 software.

Detection of ROS
The fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) was used to detect cellular ROS 
levels. Cells were inoculated in 12-well plates, and after the completion of drug treatment, the cells were washed 
with serum-free DMEM/F-12, followed by incubation with serum-free medium containing 10 μM DCFH-DA for 
30 min at 37 ℃ in the dark. Then, the KGN cells were washed three times with cold PBS before being collected 
and resuspended in PBS. The results were acquired by flow cytometry and analysed using FlowJo V10 software.

Detection of apoptotic cells
An Annexin V-FITC Apoptosis Kit was used to calculate the number of apoptotic cells. KGN cells were collected 
and washed twice with precooled PBS before being resuspended in binding buffer containing 5 μl of Annexin 
V-FITC and 10 μl of propidium iodide (PI). Then, the cells were incubated at room temperature in the dark for 
15 min. Flow cytometry was used to determine the rate of apoptosis. Cells that were positive for Annexin V were 
considered early apoptotic cells, and cells that were positive for both Annexin V and PI were considered late apop-
totic cells. We calculated the sum of the proportions of early- and late-stage apoptotic cells for statistical analysis.

Quantitative real‑time PCR (qRT‑PCR)
RNA extraction kit (YEASEN, 19221ES50) was used to extract total RNA. RNA concentration was measured by 
Nanodrop Spectrophotometer (Thermo Scientific, Nanodrop2000, USA). After removing the genomic DNA, 
a total of 2.5 μg RNA was reverse-transcripted into cDNA using the 1st Strand cDNA Synthesis Kit (YEASEN, 
11141ES40). The cDNA was amplified using the Hieff qPCR SYBR Green Master Mix (YEASEN, 11201ES08) on 
the Real-time PCR Detection System (Roche LightCycler480, Switzerland). The primers purchased from GEN-
ERAL BIOL (Anhui, China) are listed in Table 1. All target genes were standardized with β-Actin. The relative 
gene expression levels were calculated using the 2−ΔΔCT method.

Molecular docking
The X-ray crystal structures of Keap1 (PDB: 2FLU) were retrieved from the Protein Data Bank. The protonation 
state of all the compounds was set at pH = 7.4, and the compounds were expanded to 3D structures using Open 
Babel58. AutoDock Tools (ADT3) were applied to prepare and parametrize the receptor protein and ligands. The 
docking grid documents were generated by AutoGrid of sitemap, and AutoDock Vina (1.2.0) was used for dock-
ing simulation59,60. The optimal pose was selected for interaction analysis. Finally, the protein‒ligand interaction 
was generated by PyMOL. The Keap1 protein is represented as a slate cartoon model, the ligand is shown as a 
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cyan stick, and its binding sites are shown as magenta stick structures. (Table 2) Nonpolar hydrogen atoms are 
omitted. The hydrogen bond, ionic interactions, and hydrophobic interactions are depicted as yellow, magenta 
and green dashed lines, respectively.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 9.0. Each experiment was repeated at least three times, 
and all the data are expressed as the mean ± sem. A t test was used to compare differences between two groups, 
one-way ANOVA was used to analyse differences between three or more groups, and post hoc analyses were car-
ried out with the Bonferroni correction. p < 0.05 was considered to indicate a statistically significant difference.

Ethics approval and consent to participate
This study was approved (LLSC20220164) by t Laboratory Animal Ethics Committee of Anhui Medical University.

Data availability
Data is provided within the manuscript or supplementary information files.
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