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A B S T R A C T   

Oxidative stress refers to a condition where there is an imbalance between the production of 
reactive oxygen species and their removal by antioxidants. While the function of reactive oxygen 
species as specific second messengers under physiological conditions is necessary, their over-
production can lead to numerous instances of cell and tissue damage. Nuclear factor erythroid 2- 
related factor 2 (Nrf2) is a master regulator of many cytoprotective genes that respond to redox 
stresses. Nrf2 is regularly degraded by kelch-like ECH-associated protein 1 through the ubiquitin- 
proteasome pathway. The kelch-like ECH-associated protein 1 and Nrf2 complex have attracted 
attention in both basic and clinical infertility research fields. Oxidative stress is implicated in the 
pathogenesis of female infertility, including primary ovarian insufficiency, polycystic ovarian 
syndrome, and endometriosis, as well as male infertility, namely varicocele, cryptorchidism, 
spermatic cord torsion, and orchitis. Most scientists believe that Nrf2 is a potential therapeutic 
method in female and male infertility disorders due to its antioxidant effect. Here, the potential 
roles of oxidative stress and Nrf2 in female and male infertility disorders are reviewed. Moreover, 
the key role of Nrf2 in the inhibition or induction of these diseases is discussed.   

1. Introduction 

This review article offers a comprehensive explanation of the mechanisms involved in the production of ROS and its associated 
processes. The discussion focuses on Nrf2 and its inhibitor, providing a detailed analysis. Moreover, we provide an overview of the 
physiological and inducible functions of Nrf2.Furthermore, it explores the involvement of Nrf2 in female fertility disorders such as 
polycystic ovary syndrome (PCOS), endometriosis, primary ovarian insufficiency (POI), and male fertility disorders like varicocele, 
cryptorchidism, spermatic cord torsion, and orchitis. 

1.1. ROS production mechanism 

Low concentration of reactive oxygen species (ROS) makes them a second messenger in triggering and regulating biological re-
sponses, while their high concentration is likely to have a toxic impact on molecules and cells, leading to oxidative stress (OS). Hence, 
the role of many of these molecules in health and disease is related to their production rates, steady-state concentrations, and the 
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ability of the cellular antioxidant systems to modulate their activity. OS refers to an imbalance between ROS and antioxidant capacity 
[1]. A maximum of 1–2% of the oxygen consumed by the cell can be converted into oxygen radicals, which finally are converted into 
ROSs, such as oxygen radicals, like superoxide (O2

− ), and non-radicals, like hydrogen peroxide (H2O2). In an in vivo, the main source of 
ROS production is aerobic respiration, which occurs in the mitochondrial organelle. These ROSs are mainly produced by complexes 
(CO) I and III, which are regulated by several factors, including oxygen levels, substrate availability, and mitochondrial morphology 
[2–4]. The most important source of ROS production in mitochondria is CO I, which mainly produces O2

− in the electron transport chain 
(ETC). Two different mechanisms occur to produce O2

− in CO I. The first occurs when a Flavin Mononucleotide (FMN) center receives 
electrons from nicotinamide adenine dinucleotide hydrogen (NADH), and as a result, the FMN center acts as an entry point to the 
electron transport chain. Under the conditions when the rate of electron transferring through the ETC is slow, the content of the FMN 
center can decrease, then it reacts with oxygen, and thereby catalyzing the O2

− production. This condition occurs when the NADH/NAD 
ratio is high. The second mechanism occurs when the rate of electron transferring from the ETC is high. In this situation, the Q enzyme 
(Q) located downstream of CO I decreases. Here, there is a high proton motive force, which can push the electrons in the reverse 
direction, i.e. the electrons are transferred from the coenzyme Q to the FMN Center CO I. This reverse electron transfer (RET) leads to 
the production of O2

− [1,5,6]. As mentioned, CO III is another source of ROS production in mitochondria. Although the ROS production 
rate is significantly lower in the CO III than in the CO I, the CO III catalyzes a Q cycles where electrons are accepted from ubiquinone to 
be used to reduce cytochrome C (Cyto C) for subsequent transferring to the CO IV. During this process, ubiquinone binds to the Q0 site 
of the CO III and is subjected to one-electron oxidation, leading to the production of an unstable semiquinone radical. In most cases, 
semiquinone is quickly oxidized and its reaction with oxygen leads to the production of O2

− [4,7] (Fig. 1). Another main source of ROS 
production is NADPH-Oxidases (NOXs), NOXs are mainly multi-protein enzyme COs that catalyze the transfer of electrons to molecular 
oxygen, and as a result, these ROS include mainly O2

− and H2O2 [8,9]. The putative mechanism that can be stated for all pro-NOXs is 
that NOXs are considered an electron transport chain that transfers electrons from NADPH to FAD-Cofactor in flavoprotein or de-
hydrogenase and from FAD to heme moiety, and reduced heme moiety binds with oxygen leading to the production of Ferrous/Oxy, 
which is broken into ferric-heme and O2

− . Evidence shows that all NOX isoforms first produce O2
− and then special types of NOXs, such 

as NOX4, convert O2
− into H2O2 [10,11]. 

1.2. Nrf2 activation and infertility 

Basal concentration of these molecules needs to be regulated, a process where Nuclear factor-E2-related factor 2 (Nrf2) plays an 
essential role. Nrf2 is considered as one of the most important responses to redox stresses and helps in providing a homeostatic milieu 
for other basal mechanisms. Nrf2 is a transcriptional factor known as a master regulator of cellular responses versus oxidative and 
xenobiotic stresses. Recently, researchers have largely devoted their attention to this transcriptional factor and its own negative 
regulator Kelch-like ECH-associated protein 1 (KEAP 1), and widespread investigations are being done to determine the exact role of 
Nrf2 and its pathway [12]. The focus of study is on investigating whether Nrf2 can act as an infertility inhibitor, or whether Nrf2 should 
be purposed for anti-infertility therapeutic methods [13,14]. There are strong beliefs that increased Nrf2 activity should be considered 
in order to prevent not only infertility but also some other diseases induced by environmental stresses [15–17]. Nowadays, some new 
drugs, including curcumin, sulforaphane, bardoxolone methyl 13, and dimethyl fumarate, are used in the stage of clinical trials to 
demonstrate how they can activate Nrf2 and stop oxidative stress progression [18–24]. However, some studies have shown that 
spermatogenesis disruption and decreased sperm quality can be achieved by Nrf2 knockout; this knockout decreases Nrf2 activity and 

Fig. 1. Schematic portrayal of O2- production through ETC in the inner mitochondrial membrane. ROS production is carried out by CO I and 
III. CO I is composed by FMN which received electron from NADH and thereby catalyzed the O2

− production. When the rate of electron transferring 
from the ETC is high, Q can push the electrons in the reverse direction and ROS production occurred. CO III reduced Cyto C through catalyzing the 
Q0 for subsequent transferring to the CO IV. The biquinone binds to the Q0 site which is subjected to one-electron oxidation, and can lead to the 
production of O2

− . 
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is associated with lack of resistance versus environmental stresses and the inability to preserve fertility potential [14,25]. Clinical trial 
studies have shown that oligospermia patients have a low level of Nrf2 expression, indicating that the presence of Nrf2 is crucial for 
spermatogenesis and helps to maintain the sperm quality [13,14,25] The roles of Nrf2 and the quality of sperm and spermatogenesis 
have remained unresolved and are actively under discussion. 

In this review, we first briefly summarize the current knowledge of the activation, constituent subunits, and cellular mechanisms of 
Nrf2 and its inhibitors. We also display the activation of downstream genes. We conduct extensive research in order to determine the 
effect of Nrf2 on sperm, oocyte, and infertility and show the obvious role of this transcription factor on gamete cells. 

1.3. Structural properties of Nrf2 and its inhibitor 

Nrf2 is a master regulator of physiological and inducible genes expression and belongs to the cap’n’collar, basic region leucine 
zipper (bZIP). This factor is broken down into 7 conserved NRF2-ECH homology (Neh) domains, each of which has a different trait and 
function. The Neh1 belongs to the CNC-bZIP, allowing Nrf2 to shape heterodimer with the ZIP domain of small musculoaponeurotic 
fibrosarcoma (sMaf) proteins, which together bind to the regulatory region of DNA at a designated cis-acting antioxidant response 
element (ARE) with the 5′-GTGACNNNGC-3′sequence, called the CNC sMaf binding elements (CsMBEs) [26,27]. The Neh2 domain is 
centralized in the N-terminal area of Nrf2, which is crucial for degradation of Nrf2. ETGE and DLG are two important conserved degron 
motifs in the Neh2 domain that binds to kelch domain of Keap1 [28]. Some of these domains, including 3, 4, and 5, act as tran-
scriptional activation domains through binding to transcription machinery components [29]. With two redox-independent degrons 
including DSGIS and DSAPGS, the Neh 6 is connected to E3 ubiquitin ligase, which mediates Nrf2 degradation in cells under oxidative 
stress [30]. Beta-Transduction repeat-containing protein (β-TrCP) is one of the F-box proteins that helps Nrf2 degradation. The DSGIS 
motif in Neh6 helps to recognize the Nrf2 via β-TrCP. The phosphorylation of two serine residues within the DSGIS is crucial for Nrf2 
reorganization via β-TrCP [31]. The Nrf2 activity is suppressed by interaction of the Neh7 domain with the retinoic X receptor alpha 
(RXRa) [32]. Generally, the Nrf2 activity is regulated by Neh2, 6, and 7 domains. In basal condition, the Nrf2 is an inactive protein that 
is ceased by its inhibitor Keap1 through Neh2 domain. Keap1 has five main domains, each of which plays a crucial role in Nrf2 
degradation. The Kelch domain and the C-terminal region with six repeated motifs bind to the Neh2 domain of Nrf2 [33]. The 
intervening region (IVR) plays a crucial role in redox homeostasis. This domain contains multiple cysteine residues which are oxidized 
under oxidative and xenobiotic stresses. Broad complex, tramtrack, and bric-a-brac domain (BTB) have many proteins that act as a 
substrate adaptor for the CUL3-RING E3 ligase complex [34]. The last region is the N-terminal region (NTR) (Fig. 2). 

1.4. Physiologic and inducible activities of Nrf2 

Keap1-Nrf2 complex has some other members, including culling 3 (cul3) and RING box 1 (Rbx1). Keap1 binds to cul3- Rbx1 in 
order to create ubiquitin E3 ligase complex, which directs Keap1-dependent degradation of Nrf2 by 26s proteasome [12,35–37]. Under 
unstressed conditions, Nrf2 is constantly and negatively polyubiquitinated by Keap1-cul3 ubiquitin E3 ligase and is degraded by the 
ubiquitin-proteasome pathway [12]. Other mechanisms may be involved in the activation of antioxidant phase 2 through Nrf2. There 
are 4 main known components in the detoxification of ROS, drugs, and toxins, which include Nrf2, Keap1, Maf, and electrophile 

Fig. 2. Schematic portrayal of the Nrf2-Keap1 system with Cul3-RING E3 ubiquitin ligase complex. These complex are bounded together with 
specific regions of each other under unstressed conditions. All the Neh domains of Nrf2 are shown in their relative positions. Keap1is bounded 
through its DC domain to Neh 2 of Nrf2. Keap1 binds to CUL3-RING3 ubiquitin ligase complex, which directs Keap1-dependent degradation of Nrf2 
by proteasome. NTR and IVR have numerous constituent cysteine residues, which act as a highly reactive sensor to oxidative. Nrf2 bind to MAF and 
ARE through its Neh1and induce some downstream antioxidant genes. More details are provided in the main text. 
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responsive element (EpRE) or antioxidant response element (ARE) [38,39]. 
Keap1 has numerous constituent cysteine residues that contain more than 20 thiol groups, which act as a highly reactive sensor to 

oxidative and electrophilic stresses for Nrf2. Under stress conditions, Keap1 cysteine residues are modified by ROS [38,40–42]. Keap1 
modifications decrease the ubiquitination activity by disrupting the integrity of the Keap1-cul3-Rbx1 E3 ligase complex, thereby 
preventing the Nrf2 degradation. This conversion help to simplify accumulation of Nrf2. In fact, Keap1 acts as a sensor for xenobiotic, 
which help to transmission to the transcription activation [43] (Fig. 3). 

1.5. Heterodimerization of Nrf2 and sMAf 

Nrf2 has a contributory region, called CNC bZip domain, in the C-terminal for DNA binding and heterodimerization with sMaf. 
SMaf proteins are a kind of transcriptional factors that have a characteristic bZip domain for DNA binding and heterodimerization with 
CNC bZip domain of Nrf2 [44]. Finally, transcriptionally active heterodimers are formed by binding of Nrf2 to sMaf [27]. This het-
erodimer identifies the ARE as a cis-acting sequence in the promoters of a regulatory region genes, including phase II detoxification 
enzymes and antioxidant to induce their transcriptions, e.g., NAD(P)H:quinone oxidoreductase 1 (NQO1) and glutathione S-trans-
ferase (GST) [45]. More than 100 genes are regulated by the Nrf2-Keap1 in this regulation [46–52]. For instance, the reduction of ROS 
is achieved by direct regulation of the enzymatic formation by Nrf2. In addition, it is essential for cells to protect themselves from toxic 
molecules, and the Nrf2 pathway plays a crucial role here. Detoxification of toxic molecules, such as ROS and toxins, is carried out by 
the Nrf2 pathway through thioredoxin (Trx) and glutathione (GSH) systems [53]. Both of these systems are involved in the ROS 
balancing, and not only protect it from fertility but also support it [54–56] Nrf2 has another effect, called drug resistance. It is carried 
out by the induction of the multidrug resistance-associated proteins. Furthermore, Nrf2 can convert aspects of oxidative and xenobiotic 
stresses into adaptive cytoprotective responses [57]. 

2. Sources and methodology 

In this research, we structured a narrative paper following the guidelines of preferred reporting items for systematic review and 
meta-analyses guideline (PRISMA). Google scholar, Scopus, PubMed and PubMed/Medline databases were searched, from beginning 
to 12 July 2023, for studies that comprised the following keywords in the abstract and title: Polycystic ovarian syndrome [MeSH 
Terms], OR Endometriosis [MeSH Terms], OR Primary ovarian insufficiency syndrome [MeSH Terms], OR Varicocele [MeSH Terms], 
OR Cryptorchidism [MeSH Terms], Spermatic cord torsion [MeSH Terms], OR orchitis torsion [MeSH Terms]. The bibliographies of 
the chosen articles were also reviewed to identify any further relevant articles. 

3. Role of Nrf2 in female and male infertility disorders 

Oxidative stress, a label that reports an imbalance between pro-oxidant molecules, such as ROS and RNS, and the body’s scavenging 
activity can lead to multiple female and male reproductive disorders such as polycystic ovary syndrome (PCOS), endometriosis, 
primary ovarian insufficiency (POI), varicocele, cryptorchidism, spermatic cord torsion and orchitis [58]. Special cellular mechanisms 

Fig. 3. Accumulation of Nrf2 in nuclei. Under stress condition, transmission and accumulation of Nrf2 takes place in nuclei and binding to CNC sMaf 
binding element through heterodimerization with sMaf and finally activation of cytoprotective genes, thereby detoxification of ROS, Toxins, and 
some Drugs. 
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should be initiated to struggle against the increased level of ROS in order to save the body from oxidative injury. Nrf2 is a master 
regulator of cellular redox balance and cell protective antioxidants. The correlation between Keap1/Nrf2/ARE and female and male 
reproductive disorders are discussed next [59–61]. 

3.1. Female infertility disorders 

3.1.1. Polycystic ovarian syndrome (PCOS) 
PCOS is considered as the most widespread endocrine and metabolic disorder in women of childbearing age, affecting about 6–15 % 

of them [62–64]. Although PCOS has drawn researches’ attention, the exact cause of its pathophysiology is complex and remain 
unclear [64]. Some investigations have revealed that oxidative stress acts as major factor in the pathogenesis of PCOS [65,66]. Nrf2 
accumulation increases in the early stage of OS in PCOS because of attempting to preserve the purposely removal of ROS. Nevertheless, 
the sustained OS causes antioxidant dysfunction, eventually leading to a decrease in the Nrf2 expression [66]. Meantime, the use of 
antioxidants with therapeutic potential, e.g., humanin and carnosol, can attenuate the OS activated by the PCOS through the activation 
of Nrf2 and its downstream genes, like HO-1 and NOQ1 [66]. Endocrine reticulum-Nrf2-Foxo1-ROS is one of the most famous 
pathways in PCOS, which is triggered by the therapeutic potential of Genistein to attenuate the OS and its detrimental effect [67,68]. It 
has been revealed that the induction of AMPK/AKT/Nrf2 pathway has a diminishing impact on the pathogenic events caused by the OS 
in the PCOS [69]. Subfertility rates are often higher in PCOS patients with obesity, which may be due to the reduction in the induction 
of Nrf2/HO-1/Cyp1b1 pathway. Some investigations have shown the role of therapeutic agents in preserving the adipose cells under 
PCOS through the promotion of Nrf2/HO-1/Cyp1b1 [70]. The level of GSSG and Keap1 protein concentrations shows a higher positive 
correlation between PCOS patients and low concentration of Keap1 in the visceral fat surface compared to the subcutaneous fat 
surface, which may also lead to the activation of the Nrf2 and its downstream genes [71]. There are strong beliefs that claim PCOS can 
lead to not only infertility but also some other induced behaviors such as short-term memory impairment, depression, and anxiety. 
Currently, studies have shown that these behaviors can be modified by ameliorating Nrf2 and acetylcholine esterase (AchE) gene 
expression [72]. Using a supplement like luteolin can inhibit insulin resistance by PI3/AKT in the PCOS patients and ameliorate 
anti-oxidative reactions through the restoration of Nrf2 and downstream genes like NQO1 and Hmox1 [73](Fig. 4)(Table 1). 

3.1.2. Endometriosis 
Endometriosis is a common estrogen-dependent pelvic benign disorder characterized by the existence of endometrial tissue extra- 

pelvic sites. This disorder affects about 10 % of women in their reproductive age [78–80]. ROS and inflammation are two of the most 
important hallmarks of endometriosis [81]. ROS production can improve both nuclear factor kappa B (NF-kB) and vascular endothelial 
growth factor (VEGF), which play a key role in the induction of endometriosis [74]. Studies have recommended the use of antioxidants 
as a therapeutic strategy to control the early stages of endometriosis [82]. The link between Nrf2 and endometriosis has not been 
studied yet enough. But for the first time, Marcellin et al. revealed the correlation between Nrf2 and Glutamate Cysteine Ligase (GCL) 
expression and endometriotic lesion growth. A decrease in Nrf2 expression along with a decrease in one of its downstream genes, GCL, 
has been observed in women with endometriosis [75]. Unexpectedly, based on the research conducted by Kapoor et al. [76], on the one 
hand, the expression level of Nrf2 and its downstream genes, e.g., HO-1 and NQO1, increased in the ectopic lesion. On the other hand, 
endometriosis has shown a low level of Nrf2 inhibitor, Keap1, which could introduce Nrf2 as a key factor in the development of 
endometriosis (Fig. 4) (Table 1) 

3.1.3. Primary ovarian insufficiency (POI) 
POI is a disorder characterized by a lack of ovarian sex hormones and a decrease in residual follicles following ovarian dysfunction 

in women under 40 years of age and is associated with hypogonadism, oligo/amenorrhea, and subfertility/infertility [77,83]. Recent 
studies have shown that in POI mouse model, the GSH- and SOD-related activity of ovarian oxidation markers decreases, while the 

Fig. 4. Nrf2 and female fertility disorders. Schematic representation of female infertility disorders and Nrf2.  
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expression of MDA increases [84]. These findings indicate the role of oxidative stress as one of the underlying etiology of POI [85]. In 
ovarian cells, Nrf2 is known as a substantial sensor and modulator of chemical homeostasis, which protects these cells against invasion 
by metabolic detoxification and endogenous antioxidant effects [86]. Experimental studies show that Nrf2 knockout remarkably 
damages the ovarian function and antioxidant capacity of POF mice [87]. In the POI following the oxidative stress, we see a moderate 
increase in Nrf2 and Bach 1 mRNA levels as a self-defense mechanism. However, this self-defense mechanism is not able to entirely 
impede oxidative damage. On the other hand, the total protein expression of Nrf2 and Bach 1 does not increase significantly [88]. This 
increase in Nrf2 mRNA expression along with a significant decrease in Nrf2 protein expression ultimately leads to the depletion of 
ovarian reserves [89]. In addition, the expression of Keap-1 protein in ovarian tissue increases, while the expression of downstream 
proteins of Nrf2, including GCLC, HO-1, and NQO1, decreases [84,87]. Therefore, by inhibiting the Nrf2/Keap1 signaling pathway, the 
antioxidant capacity is weakened in the POI [90]. In this regard, it seems that related antioxidant treatment can ameliorate ovarian 
oxidative stress status by modulating the Nrf2 pathway, making it an effective treatment for improving the POI symptoms [91]. For 
example, IN vitro experiments showed that antioxidants such as epicatechin, Bu Shen Huo Xue Tang (BSHXT), and curcumin can 
protect granulosa cells from oxidative damages by activating the Nrf2/Keap1 signaling pathway and increasing the expressions of SOD, 
NQO1, and HO-1 in POI mice [90,92,93](Fig. 4)(Table 1). 

3.2. Male infertility disorders 

3.2.1. Varicocele 
Varicocele, as the most common modifiable cause of male infertility, is a vascular disease that is defined by abnormally dilated and 

twisted veins in the pampiniform plexus of the spermatic cord and leads to negative effects on sperm function, semen quality, and 

Table 1 
Summary of female infertility disorders, Nrf2 and its downstream genes.  

Female infertility 
disorders 

Type of study Models of disorder Outcomes References 

PCOS In Vivo (most 
of them) 
In Vitro 

Animal (rat and mice) 
and Human models 

The use of different antioxidant compounds can modulate the decrease in the 
expression of Nrf2 and its downstream genes, including HO-1 and NQO1, which 
is caused by oxidative stress in PCOS. 

[65–73] 

Endometriosis In Vitro 
In vivo 

Animal (Rat and Mice) 
and human model 

Endometriotic ectopic lesions show a decrease in Nrf2, GCL (an enzyme 
involved in glutathione synthesis) and its downstream molecules (NQO1, HO-1) 
compared to eutopic endometria 

[74,75, 
76] 

POF (POI) In Vivo Animal (Rat and Mice) 
models 

Oxidative stress is manifested by the decrease of ovarian oxidation markers such 
as SOD- and GSH- and the increase of MDA in the ovarian tissue of POI models, 
consequently, the expression level of Keap-1 in the ovarian tissue is increased, 
while the expression level of Nrf2/HO-1 and other downstream genes including 
GCLC and NQO1 decreases. In this regard, the use of different antioxidant 
compounds by activating Nrf2/ARE signaling pathway leads to the 
improvement of antioxidant activity and the enhancement of ovarian reserve in 
POI. 

[77]  

Fig. 5. Nrf2 and male fertility disorders. Schematic representation of male infertility disorders and Nrf2.  
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reproductive hormones [94,95] Although the exact mechanism of infertility following varicocele is still unclear, oxidative stress is 
considered to be one of its primary etiological causes [96]. An increase in oxidative stress occurs as a result of an increase in ROS (as a 
result of testicular heat stress) and a decrease in TAC [97]. In varicocele, due to the high temperature of the testis and as a result of an 
increase in the level of oxidative stress, antioxidant genes such as Nrf2 are activated to deal with the increase in oxidative stress and 
lipid peroxidation in sperm. Since Nrf2, as a transcription factor, can only exert its function upon entering the nucleus, examining the 
nuclear expression of Nrf2 shows the higher expression of Nrf2 and its downstream gene HO-1 in the interstitial cells of patients with 
varicocele. However, with the progress of the disease, persistent oxidative stress leads to a decrease in the expression of Nrf2 and its 
downstream genes [98,99]. Meanwhile, the use of antioxidants such as grape seed proanthocyanidin extract (GSPE) and alpha-lipoic 
acid (ALA) can reduce the oxidative stress and apoptosis triggered by varicocele by imposing a sustained effect on the Nrf2 expression 
[99–101]. On the other hand, ROS can trigger ferroptosis cell death pathways [102]. In varicocele, due to the decreased blood flow and 
increased testicular temperature, excessive deposition of iron in the testicles can activate ferroptosis [103]. However, an increase in the 
Nrf2 expression stimulates the transcription of antioxidants such as Slc7a11 and Gpx-4 (glutathione peroxidase 4) and thus acts as an 
anti-ferroptosis factor [101](Fig. 5)(Table 2). 

3.2.2. Cryptorchidism 
Cryptorchidism (undescended testis, testis maldescendus), as a congenital anomaly, is a condition where one or both testicles do 

not descend properly into the scrotum and is known as one of the most common causes of non-obstructive azoospermia in men [104, 
105]. In cryptorchidism, the oxidative stress that occurs in response to testicular hyperthermia ultimately leads to the induction of 
germ cell apoptosis, increasing sperm damage and reducing male fertility [106,107]. The results of studies on the genes involved in 
cryptorchidism show that the Nrf2/Keap1 antioxidant pathway is not induced in the testis tissue, while in the epididymis, the 
expression of Nrf2 signaling decreases over time [108]. Also, the expressions of HO1 and NQO1 (2 mechanisms of heat tolerance to 
protect germ cells against oxidative stress), which are controlled by Nrf2, decrease gradually in the epididymis of cryptorchid mice 
[109]. On the other hand, Nrf2-knockout in the epididymis of male mice can lead to an increase in lipid peroxidation and a decrease in 
the expression of GST, SOD2; moreover, it can decrease the enzyme activities of glutathione reductase and glutathione peroxidase, 
leading to spermatogenesis disorders [14]. These results indicate the prominent role of the epididymis against oxidative stress in the 
male reproductive system. Researchers show that the use of Nrf2 inducers, e.g., curcumin, ethanol extract of Cuscuta chinensis seeds, 
and decursin extracted from Angelica gigas in animal experimental models of cryptorchidism, can improve the expression of 
Nrf2/HO-1 signaling pathway in the testis and epididymis and reduce the complications of cryptorchidism [13,110,111](Fig. 5) 
(Table 2. 

3.2.3. Spermatic cord torsion 
Testicular torsion, as a common urological emergency, occurs when the spermatic cord is twisted, which is followed by a blood flow 

obstruction and testicular ischemia, and ultimately leads to male infertility or subfertility by disrupting the process of spermatogenesis 
[112,113] Ischemia and reperfusion (I/R) are among the main pathophysiological consequences of spermatic cord torsion, leading to 
excessive production of reactive oxygen species that disrupt the seminiferous epithelium [114]. Studies show that the Nrf2 expression 
and NQO-1 and HO-1 levels decrease in animal models of I/R [114]. Previous studies show the undeniable therapeutic role of HO-1 
overexpression (e.g., following the use of Hemin as the strongest inducer of heme oxygenase-1) in I/R injury following the activation of 
the Nrf2 pathway [115,116]. Research findings show that activation of the PI3K/AKT signaling pathway can activate the Nrf2 anti-
oxidant pathway by the phosphorylation of glycogen synthase kinase 3β (GSK-3β) [117]. In this regard, it has been stated that 
treatment with low-energy shock wave (LESW) can improve testicular IR injury in rats by activating the PI3K/AKT/Nrf2 pathway 
[118]. The octamer-binding transcription factor 4 (Oct4)-cancerous inhibitors of protein phosphatase 2A (CIP2A) axis are considered 
to be another pathway that increases the antioxidant defense system in spermatic cord torsion/detorsion by activating the 

Table 2 
Summary of male infertility disorders, Nrf2 and its downstream genes.  

Male infertility 
disorders 

Type of study Models of disorder Outcomes References 

Varicocele In Vivo Animal (Rat) The use of antioxidant compounds by activating the Nrf2 pathway can lead to the 
reduction of abnormal spermatogenesis and testicular injury in varicocele models 
by increasing the expression of Nrf2, NQO1and HO-1. 

[95–99] 

Cryptorchidism In vivo (most 
of them) 
In Vitro 

Animal (Rat and 
Mice) model 

The expression of genes involved in Nrf2/Keap1 pathway such as Nrf2, HO-1 and 
NQO1 declines in the epididymis of cryptorchid models more than testis. So, 
treatment with Nrf2 inducer could improve cryptorchidism-induced infertility. 

(13,14, 
104–107) 

spermatic cord 
torsion 

In vivo (the 
most) 
In vitro 

Animal (Rat) 
model 

Excessive oxidative stress attenuates Nrf2 signaling pathway in testicular T/D 
injury. Using compounds which benefits detoxification and antioxidant defense 
through activation of Keap1-Nrf2 pathway by increasing the expression of Nrf2 
and its target genes HO-1 and NQO1 protected testes from torsion-detorsion 
injury 

(110–121) 

Orchitis In Vivo 
In vitro 

Animal (Mice and 
sheep) model 

The increase in oxidative stress in the orchitis models inhibits the Nrf2 signaling 
pathway and thus plays a role in the occurrence of infertility. An activated Keap1- 
Nrf2 axis, reduces ROS production and upregulated expression of HO-1 and 
antioxidant genes 

(112, 
121,122)  
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Nrf2-HO-1-NQO1 pathway [119]. Overexpression of the transcription factor Oct4 increases the expression of its downstream gene 
CIP2A in Leydig, Sertoli, and germ cells, leading to the activation Nrf2 [120]. Examining microRNAs expression in the testicular tissue 
of rats with testicular I/R injury shows the upregulated level of miR-101-3p, leading to the downregulation of Nrf2, GST, NQO1, and 
HO-1 levels. Therefore, miR-101-3p directly targets Nrf2 and is known as a negative factor in testicular I/R injury [121]. The use of an 
antioxidant, e.g., Zinc, can lead to the activation of the Nrf2 pathway in rats with testicular I/R damage by reducing the expression of 
miR-101-3p [122]. The findings show that the use of antioxidants such as Idebenone (IDE), selenium (Se), and MitoQ, in spermatic 
cord torsion/detorsion models can improve Nrf2/Keap1 signaling translocation from the cytoplasm to the nucleus and regulate the 
Nrf2 levels to counteract with oxidative stress [123–125](Fig. 5)(Table 2). 

3.2.4. Orchitis 
Orchitis is defined as an acute unilateral or bilateral inflammatory reaction of the testicle following a bacterial or viral infection. 

Inflammation causes an over-expression of ROS, thereby increasing cellular oxidation, which damages cellular components [126]. In 
the induced infertility following orchitis, not only the number of macrophages with strong phagocytic activity in the testicular 
interstitial tissue decreases, but also the number of macrophages that secrete abundant inflammatory cytokines increases [126]. The 
increased activity of HO-1 in the p38MAPK/Nrf2/HO-1 signaling pathway, as an important anti-inflammatory pathway in macro-
phages, reduces oxidative damage in testicular inflammation [127]. The cell-based experiments on the lipopolysaccharide (LPS)-in-
duced orchitis mouse model show the inhibition of OCT4-CIP2A pathway expression in Leydig, Sertoli, and germ cells, leading to the 
suppression of the Keap1-Nrf2 pathway activation, the increased ROS production, and the inhibition of the antioxidant activity. These 
findings support the importance of the OCT4-CIP2A axis as two potential therapeutic targets of orchitis following the mediation of the 
Keap1-Nrf2-HO-1 signaling pathway [119](Fig. 5)(Table 2). 

4. Conclusion and recommendation 

Nrf2 acts as a main key in the pathogenesis of female and male reproductive disorders. Numerous pieces of evidences indicate that 
Nrf2 activation can be a safe and productive factor in treating reproductive disorders. However, Conflicting studies propose that if may 
act as disease inducer. Therefore, Nrf2 holds promise as a target for future research on the progression and treatment of female and 
male infertility, potentially influencing the development of new therapies. Additionally, the use of Nrf2 activator compounds could 
play a crucial role in preserving fertility in patients experiencing reproductive disorders. These findings should be further assessed 
through original studies involving both females and males facing infertility in various related diseases. Particular focus on Nrf2/ 
Keap1/ARE pathway is recommendable, to specify accurate mechanism of Nrf2 in females and males reproductive disorders. 

5. Limitation 

Fertility is a complex process influenced by various factors such as genetics, lifestyle, and the environment. On the other hand, 
several diseases contribute to infertility in both men and women, and the undeniable role of oxidative stress in the occurrence of these 
diseases is evident. Since the activation of the Nrf2 pathway can significantly reduce the effects of oxidative stress and reactive oxygen 
species, it may lead to improved fertility outcomes. However, only a limited number of in vitro and in vivo studies have addressed the 
role of Nrf2 in infertility. This study attempts to compile these existing studies, highlighting the need for further research in this field. 
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[18] T.W. Kensler, D. Ng, S.G. Carmella, M. Chen, L.P. Jacobson, A. Muñoz, P.A. Egner, J.G. Chen, G.S. Qian, T.Y. Chen, J.W. Fahey, P. Talalay, J.D. Groopman, J.- 
M. Yuan, S.S. Hecht, Modulation of the metabolism of airborne pollutants by glucoraphanin-rich and sulforaphane-rich broccoli sprout beverages in Qidong, 
China, Carcinogenesis 33 (2012) 101–107, https://doi.org/10.1093/carcin/bgr229. 

[19] jamal valipour, maryam shabani Nashtaei, Z. Khosravizadeh, F. Mahdavinezhad, S. Nekoonam, S. Esfandyari, F. Amidi, Effect of sulforaphane on apoptosis, 
reactive oxygen species and lipids peroxidation of human sperm during cryopreservation, Cryobiology 99 (2021) 122–130, https://doi.org/10.1016/j. 
cryobiol.2020.11.012. 

[20] I. Shureiqi, J.A. Baron, Curcumin chemoprevention: the long road to clinical translation, Cancer Prev. Res. 4 (2011) 296–298, https://doi.org/10.1158/1940- 
6207.CAPR-11-0060. 

[21] R.A. Linker, D.-H. Lee, S. Ryan, A.M. van Dam, R. Conrad, P. Bista, W. Zeng, X. Hronowsky, A. Buko, S. Chollate, G. Ellrichmann, W. Brück, K. Dawson, 
S. Goelz, S. Wiese, R.H. Scannevin, M. Lukashev, R. Gold, Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation of the Nrf2 
antioxidant pathway, Brain 134 (2011) 678–692, https://doi.org/10.1093/brain/awq386. 

[22] R.H. Scannevin, S. Chollate, M. Jung, M. Shackett, H. Patel, P. Bista, W. Zeng, S. Ryan, M. Yamamoto, M. Lukashev, K.J. Rhodes, Fumarates promote 
cytoprotection of central nervous system cells against oxidative stress via the nuclear factor (Erythroid-Derived 2)-like 2 pathway, J. Pharmacol. Exp. 
Therapeut. 341 (2012) 274–284, https://doi.org/10.1124/jpet.111.190132. 

[23] P.E. Pergola, P. Raskin, R.D. Toto, C.J. Meyer, J.W. Huff, E.B. Grossman, M. Krauth, S. Ruiz, P. Audhya, H. Christ-Schmidt, J. Wittes, D.G. Warnock, 
Bardoxolone methyl and kidney function in CKD with type 2 diabetes, N. Engl. J. Med. 365 (2011) 327–336, https://doi.org/10.1056/NEJMoa1105351. 

[24] P. Palsamy, S. Subramanian, Resveratrol protects diabetic kidney by attenuating hyperglycemia-mediated oxidative stress and renal inflammatory cytokines 
via Nrf2–Keap1 signaling, Biochim. Biophys. Acta, Mol. Basis Dis. 1812 (2011) 719–731, https://doi.org/10.1016/j.bbadis.2011.03.008. 

[25] P. Han, X. Wang, T. Zhou, J. Cheng, C. Wang, F. Sun, X. Zhao, Inhibition of ferroptosis attenuates oligospermia in male Nrf2 knockout mice, Free Radic. Biol. 
Med. 193 (2022) 421–429, https://doi.org/10.1016/j.freeradbiomed.2022.10.314. 

[26] A. Otsuki, M. Suzuki, F. Katsuoka, K. Tsuchida, H. Suda, M. Morita, R. Shimizu, M. Yamamoto, Unique cistrome defined as CsMBE is strictly required for Nrf2- 
sMaf heterodimer function in cytoprotection, Free Radic. Biol. Med. 91 (2016) 45–57, https://doi.org/10.1016/j.freeradbiomed.2015.12.005. 

[27] Y. Hirotsu, F. Katsuoka, R. Funayama, T. Nagashima, Y. Nishida, K. Nakayama, J. Douglas Engel, M. Yamamoto, Nrf2–MafG heterodimers contribute globally 
to antioxidant and metabolic networks, Nucleic Acids Res. 40 (2012) 10228–10239, https://doi.org/10.1093/nar/gks827. 

[28] A.H. Berger, A.N. Brooks, X. Wu, Y. Shrestha, C. Chouinard, F. Piccioni, M. Bagul, A. Kamburov, M. Imielinski, L. Hogstrom, C. Zhu, X. Yang, S. Pantel, 
R. Sakai, J. Watson, N. Kaplan, J.D. Campbell, S. Singh, D.E. Root, R. Narayan, T. Natoli, D.L. Lahr, I. Tirosh, P. Tamayo, G. Getz, B. Wong, J. Doench, 
A. Subramanian, T.R. Golub, M. Meyerson, J.S. Boehm, High-throughput phenotyping of lung cancer somatic mutations, Cancer Cell 30 (2016) 214–228, 
https://doi.org/10.1016/j.ccell.2016.06.022. 

[29] P. Canning, F.J. Sorrell, A.N. Bullock, Structural basis of Keap1 interactions with Nrf2, Free Radic. Biol. Med. 88 (2015) 101–107, https://doi.org/10.1016/j. 
freeradbiomed.2015.05.034. 

[30] M. McMahon, N. Thomas, K. Itoh, M. Yamamoto, J.D. Hayes, Redox-regulated turnover of Nrf2 is determined by at least two separate protein domains, the 
redox-sensitive Neh2 degron and the redox-insensitive Neh6 degron, J. Biol. Chem. 279 (2004) 31556–31567, https://doi.org/10.1074/jbc.M403061200. 

[31] A. Kuga, K. Tsuchida, H. Panda, M. Horiuchi, A. Otsuki, K. Taguchi, F. Katsuoka, M. Suzuki, M. Yamamoto, The β -TrCP-Mediated pathway cooperates with the 
keap1-mediated pathway in Nrf2 degradation in vivo, Mol. Cell Biol. 42 (2022), https://doi.org/10.1128/mcb.00563-21. 

[32] H. Wang, K. Liu, M. Geng, P. Gao, X. Wu, Y. Hai, Y. Li, Y. Li, L. Luo, J.D. Hayes, X.J. Wang, X. Tang, RXRα inhibits the NRF2-ARE signaling pathway through a 
direct interaction with the Neh7 domain of NRF2, Cancer Res. 73 (2013) 3097–3108, https://doi.org/10.1158/0008-5472.CAN-12-3386. 

[33] X. Li, D. Zhang, M. Hannink, L.J. Beamer, Crystal structure of the kelch domain of human Keap1, J. Biol. Chem. 279 (2004) 54750–54758, https://doi.org/ 
10.1074/jbc.M410073200. 

[34] K. Itoh, N. Wakabayashi, Y. Katoh, T. Ishii, T. O’Connor, M. Yamamoto, Keap1 regulates both cytoplasmic-nuclear shuttling and degradation of Nrf2 in 
response to electrophiles, Gene Cell. 8 (2003) 379–391, https://doi.org/10.1046/j.1365-2443.2003.00640.x. 

[35] K.R. Sekhar, X.X. Yan, M.L. Freeman, Nrf2 degradation by the ubiquitin proteasome pathway is inhibited by KIAA0132, the human homolog to INrf2, 
Oncogene 21 (2002) 6829–6834, https://doi.org/10.1038/sj.onc.1205905. 

J. Valipour et al.                                                                                                                                                                                                       

https://doi.org/10.1085/jgp.200609612
https://doi.org/10.1042/bj1340707
https://doi.org/10.1016/0167-4781(91)90156-G
https://doi.org/10.1038/nm.3212
https://doi.org/10.1038/nature13909
https://doi.org/10.1080/15216540152845957
https://doi.org/10.1093/humrep/dei407
https://doi.org/10.1016/j.freeradbiomed.2009.07.022
https://doi.org/10.1016/j.freeradbiomed.2009.07.022
https://doi.org/10.1021/bi960916b
https://doi.org/10.1007/s00018-002-8520-9
https://doi.org/10.1007/s00018-002-8520-9
https://doi.org/10.1016/j.freeradbiomed.2015.06.006
https://doi.org/10.1016/j.freeradbiomed.2015.06.006
https://doi.org/10.1155/2016/5901098
https://doi.org/10.1016/j.freeradbiomed.2010.07.019
https://doi.org/10.1155/2013/763257
https://doi.org/10.1155/2013/763257
https://doi.org/10.1080/19396368.2021.1972359
https://doi.org/10.1155/2017/8165458
https://doi.org/10.1093/carcin/bgr229
https://doi.org/10.1016/j.cryobiol.2020.11.012
https://doi.org/10.1016/j.cryobiol.2020.11.012
https://doi.org/10.1158/1940-6207.CAPR-11-0060
https://doi.org/10.1158/1940-6207.CAPR-11-0060
https://doi.org/10.1093/brain/awq386
https://doi.org/10.1124/jpet.111.190132
https://doi.org/10.1056/NEJMoa1105351
https://doi.org/10.1016/j.bbadis.2011.03.008
https://doi.org/10.1016/j.freeradbiomed.2022.10.314
https://doi.org/10.1016/j.freeradbiomed.2015.12.005
https://doi.org/10.1093/nar/gks827
https://doi.org/10.1016/j.ccell.2016.06.022
https://doi.org/10.1016/j.freeradbiomed.2015.05.034
https://doi.org/10.1016/j.freeradbiomed.2015.05.034
https://doi.org/10.1074/jbc.M403061200
https://doi.org/10.1128/mcb.00563-21
https://doi.org/10.1158/0008-5472.CAN-12-3386
https://doi.org/10.1074/jbc.M410073200
https://doi.org/10.1074/jbc.M410073200
https://doi.org/10.1046/j.1365-2443.2003.00640.x
https://doi.org/10.1038/sj.onc.1205905


Heliyon 10 (2024) e29752

10

[36] M. McMahon, K. Itoh, M. Yamamoto, J.D. Hayes, Keap1-dependent proteasomal degradation of transcription factor Nrf2 contributes to the negative regulation 
of antioxidant response element-driven gene expression, J. Biol. Chem. 278 (2003) 21592–21600, https://doi.org/10.1074/jbc.M300931200. 

[37] A. Kobayashi, M.-I. Kang, H. Okawa, M. Ohtsuji, Y. Zenke, T. Chiba, K. Igarashi, M. Yamamoto, Oxidative stress sensor Keap1 functions as an adaptor for cul3- 
based E3 ligase to regulate proteasomal degradation of Nrf2, Mol. Cell Biol. 24 (2004) 7130–7139, https://doi.org/10.1128/MCB.24.16.7130-7139.2004. 

[38] K. Taguchi, H. Motohashi, M. Yamamoto, Molecular mechanisms of the Keap1-Nrf2 pathway in stress response and cancer evolution, Gene Cell. 16 (2011) 
123–140, https://doi.org/10.1111/j.1365-2443.2010.01473.x. 

[39] C. Nathan, Specificity of a third kind: reactive oxygen and nitrogen intermediates in cell signaling, J. Clin. Invest. 111 (2003) 769–778, https://doi.org/ 
10.1172/JCI18174. 

[40] J.D. Hayes, M. McMahon, S. Chowdhry, A.T. Dinkova-Kostova, Cancer Chemoprevention mechanisms mediated through the Keap1–Nrf2 pathway, 
Antioxidants Redox Signal. 13 (2010) 1713–1748, https://doi.org/10.1089/ars.2010.3221. 

[41] T. Yamamoto, T. Suzuki, A. Kobayashi, J. Wakabayashi, J. Maher, H. Motohashi, M. Yamamoto, Physiological significance of reactive cysteine residues of 
Keap1 in determining Nrf2 activity, Mol. Cell Biol. 28 (2008) 2758–2770, https://doi.org/10.1128/MCB.01704-07. 

[42] M. Kobayashi, L. Li, N. Iwamoto, Y. Nakajima-Takagi, H. Kaneko, Y. Nakayama, M. Eguchi, Y. Wada, Y. Kumagai, M. Yamamoto, The antioxidant defense 
system Keap1-Nrf2 comprises a multiple sensing mechanism for responding to a wide range of chemical compounds, Mol. Cell Biol. 29 (2009) 493–502, 
https://doi.org/10.1128/MCB.01080-08. 

[43] M. Lindahl, A. Mata-Cabana, T. Kieselbach, The disulfide proteome and other reactive cysteine proteomes: analysis and functional significance, Antioxidants 
Redox Signal. 14 (2011) 2581–2642, https://doi.org/10.1089/ars.2010.3551. 

[44] A. Otsuki, M. Yamamoto, Cis-element architecture of Nrf2–sMaf heterodimer binding sites and its relation to diseases, Arch Pharm. Res. (Seoul) 43 (2020) 
275–285, https://doi.org/10.1007/s12272-019-01193-2. 

[45] Q. Ma, Role of Nrf2 in oxidative stress and toxicity, Annu. Rev. Pharmacol. Toxicol. 53 (2013) 401–426, https://doi.org/10.1146/annurev-pharmtox-011112- 
140320. 

[46] F. Katsuoka, H. Motohashi, J.D. Engel, M. Yamamoto, Nrf2 transcriptionally activates the mafG gene through an antioxidant response element, J. Biol. Chem. 
280 (2005) 4483–4490, https://doi.org/10.1074/jbc.M411451200. 

[47] F. Katsuoka, H. Motohashi, T. Ishii, H. Aburatani, J.D. Engel, M. Yamamoto, Genetic evidence that small Maf proteins are essential for the activation of 
antioxidant response element-dependent genes, Mol. Cell Biol. 25 (2005) 8044–8051, https://doi.org/10.1128/MCB.25.18.8044-8051.2005. 

[48] M. Kobayashi, M. Yamamoto, Molecular mechanisms activating the Nrf2-Keap1 pathway of antioxidant gene regulation, Antioxidants Redox Signal. 7 (2005) 
385–394, https://doi.org/10.1089/ars.2005.7.385. 

[49] D. Malhotra, E. Portales-Casamar, A. Singh, S. Srivastava, D. Arenillas, C. Happel, C. Shyr, N. Wakabayashi, T.W. Kensler, W.W. Wasserman, S. Biswal, Global 
mapping of binding sites for Nrf2 identifies novel targets in cell survival response through ChIP-Seq profiling and network analysis, Nucleic Acids Res. 38 
(2010) 5718–5734, https://doi.org/10.1093/nar/gkq212. 

[50] I. Bellezza, I. Giambanco, A. Minelli, R. Donato, Nrf2-Keap1 signaling in oxidative and reductive stress, Biochim. Biophys. Acta Mol. Cell Res. 1865 (2018) 
721–733, https://doi.org/10.1016/j.bbamcr.2018.02.010. 

[51] C. Tonelli, I.I.C. Chio, D.A. Tuveson, Transcriptional regulation by Nrf2, antioxid, Redox Signal. 29 (2018) 1727–1745, https://doi.org/10.1089/ 
ars.2017.7342. 

[52] J.D. Hayes, A.T. Dinkova-Kostova, The Nrf2 regulatory network provides an interface between redox and intermediary metabolism, Trends Biochem. Sci. 39 
(2014) 199–218, https://doi.org/10.1016/j.tibs.2014.02.002. 

[53] R. Pillai, M. Hayashi, A.-M. Zavitsanou, T. Papagiannakopoulos, NRF2: KEAPing tumors protected, Cancer Discov. 12 (2022) 625–643, https://doi.org/ 
10.1158/2159-8290.CD-21-0922. 

[54] M. Jaganjac, L. Milkovic, S.B. Sunjic, N. Zarkovic, The NRF2, thioredoxin, and glutathione system in tumorigenesis and anticancer therapies, Antioxidants 9 
(2020) 1151, https://doi.org/10.3390/antiox9111151. 

[55] Q. Dou, A.A. Turanov, M. Mariotti, J.Y. Hwang, H. Wang, S.-G. Lee, J.A. Paulo, S.H. Yim, S.P. Gygi, J.-J. Chung, V.N. Gladyshev, Selenoprotein TXNRD3 
supports male fertility via the redox regulation of spermatogenesis, J. Biol. Chem. 298 (2022) 102183, https://doi.org/10.1016/j.jbc.2022.102183. 

[56] K.F. Malott, S. Reshel, L. Ortiz, U. Luderer, Glutathione deficiency decreases lipid droplet stores and increases reactive oxygen species in mouse oocytes, Biol. 
Reprod. 106 (2022) 1218–1231, https://doi.org/10.1093/biolre/ioac032. 

[57] A. Hayashi, H. Suzuki, K. Itoh, M. Yamamoto, Y. Sugiyama, Transcription factor Nrf2 is required for the constitutive and inducible expression of multidrug 
resistance-associated protein 1 in mouse embryo fibroblasts, Biochem. Biophys. Res. Commun. 310 (2003) 824–829, https://doi.org/10.1016/j. 
bbrc.2003.09.086. 

[58] A. Agarwal, A. Aponte-Mellado, B.J. Premkumar, A. Shaman, S. Gupta, The effects of oxidative stress on female reproduction: a review, Reprod. Biol. 
Endocrinol. 10 (2012) 49, https://doi.org/10.1186/1477-7827-10-49. 

[59] A. Loboda, M. Damulewicz, E. Pyza, A. Jozkowicz, J. Dulak, Role of Nrf2/HO-1 system in development, oxidative stress response and diseases: an 
evolutionarily conserved mechanism, Cell. Mol. Life Sci. 73 (2016) 3221–3247, https://doi.org/10.1007/s00018-016-2223-0. 

[60] T.W. Kensler, N. Wakabayashi, S. Biswal, Cell survival responses to environmental stresses via the Keap1-Nrf2-ARE pathway, Annu. Rev. Pharmacol. Toxicol. 
47 (2007) 89–116, https://doi.org/10.1146/annurev.pharmtox.46.120604.141046. 

[61] Y. Mitsuishi, H. Motohashi, M. Yamamoto, The Keap1–Nrf2 system in cancers: stress response and anabolic metabolism, Front. Oncol. 2 (2012), https://doi. 
org/10.3389/fonc.2012.00200. 

[62] R. Azziz, E. Carmina, D. Dewailly, E. Diamanti-Kandarakis, H.F. Escobar-Morreale, W. Futterweit, O.E. Janssen, R.S. Legro, R.J. Norman, A.E. Taylor, S. 
F. Witchel, Criteria for defining polycystic ovary syndrome as a predominantly hyperandrogenic syndrome: an androgen excess society guideline, J. Clin. 
Endocrinol. Metab. 91 (2006) 4237–4245, https://doi.org/10.1210/jc.2006-0178. 

[63] A. Aversa, S. La Vignera, R. Rago, A. Gambineri, R.E. Nappi, A.E. Calogero, A. Ferlin, Fundamental concepts and novel aspects of polycystic ovarian syndrome: 
expert consensus resolutions, Front. Endocrinol. 11 (2020), https://doi.org/10.3389/fendo.2020.00516. 

[64] H. Teede, A. Deeks, L. Moran, Polycystic ovary syndrome: a complex condition with psychological, reproductive and metabolic manifestations that impacts on 
health across the lifespan, BMC Med. 8 (2010) 41, https://doi.org/10.1186/1741-7015-8-41. 

[65] M. Mohammadi, Oxidative stress and polycystic ovary syndrome: a brief review, Int. J. Prev. Med. 10 (2019) 86, https://doi.org/10.4103/ijpvm.IJPVM_576_ 
17. 

[66] Y. Wang, N. Li, Z. Zeng, L. Tang, S. Zhao, F. Zhou, L. Zhou, W. Xia, C. Zhu, M. Rao, Humanin regulates oxidative stress in the ovaries of polycystic ovary 
syndrome patients via the Keap1/Nrf2 pathway, Mol. Hum. Reprod. 27 (2021), https://doi.org/10.1093/molehr/gaaa081. 

[67] M. Luo, L.-W. Zheng, Y.-S. Wang, J.-C. Huang, Z.-Q. Yang, Z.-P. Yue, B. Guo, Genistein exhibits therapeutic potential for PCOS mice via the ER-Nrf2-Foxo1-ROS 
pathway, Food Funct. 12 (2021) 8800–8811, https://doi.org/10.1039/D1FO00684C. 

[68] K. Shirvanian, R. Vali, T. Farkhondeh, A. Abderam, M. Aschner, S. Samarghandian, Genistein effects on various human disorders mediated via Nrf2 signaling, 
Curr. Mol. Med. 23 (2022), https://doi.org/10.2174/1566524023666221128162753. 

[69] M. Taheri, N. Hayati Roudbari, F. Amidi, K. Parivar, The protective effect of sulforaphane against oxidative stress in granulosa cells of patients with polycystic 
ovary syndrome (PCOS) through activation of AMPK/AKT/NRF2 signaling pathway, Reprod. Biol. 21 (2021) 100563, https://doi.org/10.1016/j. 
repbio.2021.100563. 

[70] R. Zheng, H. Shen, J. Li, J. Zhao, L. Lu, M. Hu, Z. Lin, H. Ma, H. Tan, M. Hu, J. Li, Qi Gong Wan ameliorates adipocyte hypertrophy and inflammation in 
adipose tissue in a PCOS mouse model through the Nrf2/HO-1/Cyp1b1 pathway: integrating network pharmacology and experimental validation in vivo, 
J. Ethnopharmacol. 301 (2023) 115824, https://doi.org/10.1016/j.jep.2022.115824. 

[71] M. Chełchowska, J. Jurczewska, J. Gajewska, J. Mazur, D. Szostak-Węgierek, E. Rudnicka, J. Ambroszkiewicz, Antioxidant defense expressed as glutathione 
status and Keap1-Nrf2 system action in relation to anthropometric parameters and body composition in young women with polycystic ovary syndrome, 
Antioxidants 12 (2023) 730, https://doi.org/10.3390/antiox12030730. 

J. Valipour et al.                                                                                                                                                                                                       

https://doi.org/10.1074/jbc.M300931200
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1111/j.1365-2443.2010.01473.x
https://doi.org/10.1172/JCI18174
https://doi.org/10.1172/JCI18174
https://doi.org/10.1089/ars.2010.3221
https://doi.org/10.1128/MCB.01704-07
https://doi.org/10.1128/MCB.01080-08
https://doi.org/10.1089/ars.2010.3551
https://doi.org/10.1007/s12272-019-01193-2
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1074/jbc.M411451200
https://doi.org/10.1128/MCB.25.18.8044-8051.2005
https://doi.org/10.1089/ars.2005.7.385
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1016/j.tibs.2014.02.002
https://doi.org/10.1158/2159-8290.CD-21-0922
https://doi.org/10.1158/2159-8290.CD-21-0922
https://doi.org/10.3390/antiox9111151
https://doi.org/10.1016/j.jbc.2022.102183
https://doi.org/10.1093/biolre/ioac032
https://doi.org/10.1016/j.bbrc.2003.09.086
https://doi.org/10.1016/j.bbrc.2003.09.086
https://doi.org/10.1186/1477-7827-10-49
https://doi.org/10.1007/s00018-016-2223-0
https://doi.org/10.1146/annurev.pharmtox.46.120604.141046
https://doi.org/10.3389/fonc.2012.00200
https://doi.org/10.3389/fonc.2012.00200
https://doi.org/10.1210/jc.2006-0178
https://doi.org/10.3389/fendo.2020.00516
https://doi.org/10.1186/1741-7015-8-41
https://doi.org/10.4103/ijpvm.IJPVM_576_17
https://doi.org/10.4103/ijpvm.IJPVM_576_17
https://doi.org/10.1093/molehr/gaaa081
https://doi.org/10.1039/D1FO00684C
https://doi.org/10.2174/1566524023666221128162753
https://doi.org/10.1016/j.repbio.2021.100563
https://doi.org/10.1016/j.repbio.2021.100563
https://doi.org/10.1016/j.jep.2022.115824
https://doi.org/10.3390/antiox12030730


Heliyon 10 (2024) e29752

11

[72] O.O. Akintoye, A.J. Ajibare, I.O. Omotuyi, Virgin coconut oil reverses behavioral phenotypes of letrozole-model of PCOS in Wistar rats via modulation of NRF2 
upregulation, J. Taibah Univ. Med. Sci. 18 (2023) 831–841, https://doi.org/10.1016/j.jtumed.2022.12.020. 

[73] Y. Huang, X. Zhang, Luteolin alleviates polycystic ovary syndrome in rats by resolving insulin resistance and oxidative stress, Am. J. Physiol. Metab. 320 
(2021) E1085–E1092, https://doi.org/10.1152/ajpendo.00034.2021. 

[74] G. Didziokaite, G. Biliute, J. Gudaite, V. Kvedariene, Oxidative stress as a potential underlying cause of minimal and mild endometriosis-related infertility, Int. 
J. Mol. Sci. 24 (2023) 3809, https://doi.org/10.3390/ijms24043809. 

[75] L. Marcellin, P. Santulli, S. Chouzenoux, O. Cerles, C. Nicco, B. Dousset, M. Pallardy, S. Kerdine-Römer, P. Just, C. Chapron, F. Batteux, Alteration of Nrf2 and 
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[106] W. Rodprasert, H.E. Virtanen, J.-A. Mäkelä, J. Toppari, Hypogonadism and cryptorchidism, Front. Endocrinol. 10 (2020), https://doi.org/10.3389/ 
fendo.2019.00906. 

[107] D. Durairajanayagam, A. Agarwal, C. Ong, Causes, effects and molecular mechanisms of testicular heat stress, Reprod. Biomed. Online 30 (2015) 14–27, 
https://doi.org/10.1016/j.rbmo.2014.09.018. 

[108] H. Fallah Asl, F. Jalali Mashayekhi, M. Bayat, D. Habibi, A. Zendedel, M. Baazm, Role of epididymis and testis in nuclear factor erythroid 2-related factor 2 
signaling in mouse experimental cryptorchidism, Iran. Red Crescent Med. J. 21 (2019), https://doi.org/10.5812/ircmj.86806. 

J. Valipour et al.                                                                                                                                                                                                       

https://doi.org/10.1016/j.jtumed.2022.12.020
https://doi.org/10.1152/ajpendo.00034.2021
https://doi.org/10.3390/ijms24043809
https://doi.org/10.1016/j.freeradbiomed.2017.04.362
https://doi.org/10.1016/j.freeradbiomed.2017.04.362
https://doi.org/10.1016/j.jnutbio.2019.05.003
https://doi.org/10.3389/fcell.2021.672890
https://doi.org/10.3389/fcell.2021.672890
https://doi.org/10.1016/S0015-0282(01)01816-7
https://doi.org/10.3390/pr9122229
https://doi.org/10.3390/pr9122229
https://doi.org/10.1093/humrep/dei135
https://doi.org/10.3390/ijms22137138
https://doi.org/10.1111/aji.13593
https://doi.org/10.1111/aji.13593
https://doi.org/10.5114/pm.2018.78550
https://doi.org/10.1155/2022/6718592
https://doi.org/10.1155/2022/6718592
https://doi.org/10.4103/0971-5916.93430
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2018020286
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2018020286
https://doi.org/10.3389/fphar.2022.810524
https://doi.org/10.3389/fphar.2022.857932
https://doi.org/10.1016/j.biopha.2019.108963
https://doi.org/10.1016/j.biopha.2019.108963
https://doi.org/10.1016/j.jep.2021.113996
https://doi.org/10.1016/j.jep.2021.113996
https://doi.org/10.3389/fphar.2020.617843
https://doi.org/10.1042/BSR20203955
https://doi.org/10.1530/JME-17-0214
https://doi.org/10.3389/fimmu.2021.729539
https://doi.org/10.1016/j.eururo.2016.06.044
https://doi.org/10.1159/000332156
https://doi.org/10.1038/nrurol.2017.98
https://doi.org/10.1038/nrurol.2017.98
https://doi.org/10.1016/j.bcp.2012.11.016
https://doi.org/10.3892/mmr.2017.8020
https://doi.org/10.1016/j.rbmo.2020.08.013
https://doi.org/10.1186/s12610-021-00125-9
https://doi.org/10.1155/2019/5080843
https://doi.org/10.1111/and.12687
https://doi.org/10.1038/nrurol.2017.90
https://doi.org/10.1080/19396368.2022.2074325
https://doi.org/10.3389/fendo.2019.00906
https://doi.org/10.3389/fendo.2019.00906
https://doi.org/10.1016/j.rbmo.2014.09.018
https://doi.org/10.5812/ircmj.86806


Heliyon 10 (2024) e29752

12

[109] Y. Li, Y. Cao, F. Wang, C. Li, Scrotal heat induced the Nrf2-driven antioxidant response during oxidative stress and apoptosis in the mouse testis, Acta 
Histochem. 116 (2014) 883–890, https://doi.org/10.1016/j.acthis.2014.02.008. 

[110] U. Hemati, M. Moshajari, F. Jalali Mashayekhi, M. Bayat, A. Moslemi, M. Baazm, The effect of curcumin on <scp>NRF2</scp>/Keap1 signalling pathway in 
the epididymis of mouse experimental cryptorchidism, Andrologia 54 (2022), https://doi.org/10.1111/and.14532. 

[111] J. Shu, L. Li, H. Yu, D. Zhang, Fertility-enhancing potential of ethanol extract of Cuscuta chinensis seeds in a rat model of unilateral cryptorchidism, Trop. J. 
Pharmaceut. Res. 20 (2022) 995–1002, https://doi.org/10.4314/tjpr.v20i5.16. 
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