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Adiponectin is a pleiotropic cytokine predominantly derived from adipose tissue. In addition to its role in regulating energy metabolism, adiponectin may also be related to estrogen-dependent diseases, and many studies have confirmed its involvement in mediating diverse biological processes, including apoptosis, autophagy, inflammation, angiogenesis, and fibrosis, all of which are related to the pathogenesis of endometriosis. Although many researchers have reported low levels of adiponectin in patients with endometriosis and suggested that it may serve as a protective factor against the development of the disease. Therefore, the purpose of this review was to provide an up-to-date summary of the roles of adiponectin and its downstream cytokines and signaling pathways in the aforementioned biological processes. Further systematic studies on the molecular and cellular mechanisms of action of adiponectin may provide novel insights into the pathophysiology of endometriosis as well as potential therapeutic targets.
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1 INTRODUCTION
Endometriosis (EMs), which is considered to be a benign form of gynecological cancer, is a common gynecological disease caused by the invasive growth and development of active endometrial tissue at sites outside of the uterus (Taylor et al., 2021). EMs is often accompanied by chronic pelvic or sexual pain, dysuria, infertility, dysmenorrhea, constipation, anxiety, and depression, among other symptoms, all of which can seriously affect the quality of life and the physical and mental health of patients (Bulun et al., 2019; Zondervan et al., 2020; Lamceva et al., 2023). In recent years, the incidence of EMs has markedly increased, affecting approximately 10%–15% of women of childbearing age globally, with a prevalence of up to 50% of women with infertility and 50%–80% of women with pelvic pain (Mehedintu et al., 2014; Zondervan et al., 2018; Taylor et al., 2021). The “retrograde menstruation theory,” which was first proposed by Sampson in 1927, is the classical doctrine describing the etiology of EMs (Sampson, 1927). While the incidence of retrograde menstruation is estimated to be approximately 90% in women of childbearing age, the much lower proportion of women affected by EMs suggests that other factors may be involved in its pathogenesis (Czyzyk et al., 2017). Inflammatory factors, immune dysregulation, angiogenesis, fluctuating hormone levels, genetic and epigenetic factors, environmental factors and other mechanisms, may contribute to the onset of the disease. In recent years, the study of EMs has become a hot spot of gynecological research, but its specific pathogenetic mechanisms are not yet fully understood.
Adiponectin is a pleiotropic cytokine that is predominantly secreted by adipose tissue and was initially considered to be an important insulin sensitizer and regulator of energy homeostasis (Wang and Scherer, 2016; Straub and Scherer, 2019). In recent years, an increasing number of studies have investigated the role of adiponectin in many diseases processes, and there is growing evidence of its involvement in the regulation of apoptosis, inflammation, angiogenesis, and fibrosis (Bråkenhielm et al., 2004; Fang and Judd, 2018), and adiponectin may be associated with estrogen-related diseases (Rizzo et al., 2020; Tsankof and Tziomalos, 2022), all of which contribute to the pathogenesis of EMs. Many studies have reported the presence of low adiponectin levels in those with EMs. The purpose of this review was to provide a detailed and up-to-date overview of the role of adiponectin in apoptosis, autophagy, inflammatory responses, angiogenesis, fibrosis, energy metabolism, and estrogen-related processes, and its potential correlation with the pathogenesis of EMs.
2 OBESITY, ADIPOSE TISSUE, AND EMS
The overall degree of obesity or the distribution of adipose tissue has been shown to be correlated with the development of EMs (Shah et al., 2013b; Backonja et al., 2016). For example, Goetz et al. demonstrated that the expression levels of four genes known to be associated with weight loss [cytochrome P450 2R1 (CYP2R1), fatty acid binding protein 4 (FABP4), mannose receptor C-Type I (MRC1), and Rho-associated coiled-coil containing protein kinase 2 (ROCK2)] were upregulated in the livers of mice in an animal model of EMS, whereas the expression levels of two genes associated with obesity [insulin-like growth factor binding protein 1 (IGFBP1) and monocyte to macrophage differentiation associated 2 (MMD2)] were downregulated; in addition, the presence of EMs was associated with a reduction in both the level of body fat and the degree of weight gain (Goetz et al., 2016). Another study reported a decrease in the proliferative ability of abdominal subcutaneous adipocytes in patients with EMs (Zolbin et al., 2019). The inflammatory response has also been shown to be intensified in the retroperitoneal adipose tissue adjacent to lesions in patients with pelvic EMs, and these changes were accompanied by a significant upregulation of the expression levels of angiogenic factors and inflammatory cytokines (Kubo et al., 2021). In addition, a reduction in the number of adipose stem cells and lipid dysfunction have been reported in a mouse model of EMs, which can affect the body mass index (BMI) by modulating adipocytes and lipid metabolism (Zolbin et al., 2019). There is a large body of evidence that suggests the risk of EMs is negatively correlated with the BMI (Vitonis et al., 2010; Backonja et al., 2016; Farland et al., 2017; Holdsworth-Carson and Rogers, 2018; Pantelis et al., 2021), with this negative correlation being intensified in women with infertility (Shah et al., 2013a).
It is important to acknowledge, however, that some studies have reported that the BMI had no effect on endometrial gene expression in patients with EMs (Holdsworth-Carson et al., 2020), and the negative correlation between EMs and BMI remains unexplained, as both have been shown to be associated with hyperestrogenemia and systemic inflammation, and obesity does not prevent the occurrence of EMs (Holdsworth-Carson and Rogers, 2018; Pantelis et al., 2021). Some studies have suggested that in addition to being a risk factor for the disease (Tang et al., 2020), obesity may also exacerbate the condition in clinical populations (Holdsworth-Carson et al., 2018). Collectively, these findings suggest that multiple factors affect the correlations between EMs, obesity, and the presence of adipose tissue (Figure 1).
[image: Figure 1]FIGURE 1 | The correlation between EMs, obesity, and adipose tissue. There is a negative correlation between the risk of EMs and BMI. Adiponectin is produced by adipocytes, and its level is negatively corelated with BMl and fat accumulation. Evidence shows that adiponectin is underexpressed in endometriosis, and the two variables may exhibit a certain degree of correlation. Created with BioRender.com.
3 ADIPONECTIN
3.1 Overview, structure, and oligomers
Adipose tissue is a highly active endocrine organ that produces and expresses various factors such as leptin, adiponectin, and resistin, all of which participate in and coordinate a wide range of pathophysiological processes, including immune responses, inflammation, and energy metabolism (Kershaw and Flier, 2004). Adiponectin is an adipocytokine found in high abundance in peripheral blood, with a plasma concentration of 4–37 μg/mL, accounting for 0.01%–0.05% of total serum proteins, a concentration that is approximately a thousand times higher than that of other hormones, including insulin and leptin (Fang and Judd, 2018; Ye et al., 2020). Adiponectin has had many monikers over the years, including AdipoQ (Hu et al., 1996), apM1 (Maeda et al., 1996), Acrp30 (Scherer et al., 1995), and gelatin-binding protein 28 (GBP-28) (Díez and Iglesias, 2003). In humans, full-length adiponectin contains 244 amino acid residues and consists of an amino-terminal signaling peptide (amino acids 1–18), a variable region (amino acids 19–41), a collagen domain (amino acids 42–107), and a carboxy-terminal globular C1q head region (amino acids 108–244) (Achari and Jain, 2017). The isolated spherical C1q domain produced by protein hydrolysis, dubbed globular adiponectin, exhibits confirmed biological activity (Fruebis et al., 2001). As a monomer, adiponectin is difficult to detect in the blood (Waki et al., 2003), and three kinds of polymers can be found in the general circulation, including low-molecular weight (LMW) polymers (trimers of ∼90 kDa in size), medium-molecular weight (MMW) polymers (hexamers of ∼180 kDa), and high-molecular weight (HMW) polymers (chains of 12–18 monomers, with a size of ∼360–540 kDa) (Fang and Judd, 2018) (Figure 2). The LMW form can cross the filtration barrier within the kidneys; therefore, adiponectin can be detected in the urine of healthy individuals with normal renal function (Kim and Park, 2019). However, in the general circulation, HMW and MMW adiponectin are predominant, whereas concentrations of LMW adiponectin tend to be much lower (Parker-Duffen et al., 2013). Among them, HMW adiponectin is considered to be the main bioactive complex of the various isoforms (Achari and Jain, 2017). Globular adiponectin can also be detected in the plasma at low levels in the general circulation (Fruebis et al., 2001). Three adiponectin monomers combine via the C-terminal globular and collagen-like structural domains to form a highly ordered LMW trimer, which can further polymerize to form MMW hexamers and HMW compounds (Magkos and Sidossis, 2007). Circulating adiponectin levels are not constant, and serum concentrations have been shown to be higher during the daytime than at night (Gavrila et al., 2003; Scheer et al., 2010). In addition to these diurnal fluctuations, sex differences also influence adiponectin levels, with concentrations being higher in women than in men (Ohman-Hanson et al., 2016; Christen et al., 2018; Vučić Lovrenčić et al., 2020); this is particularly true in the case of HMW and MMW adiponectin, the levels of which are more than twice as high as in women (Peake et al., 2005). Higher circulating testosterone levels in males may explain the sex-specific difference in adiponectin concentrations after puberty (Handelsman et al., 2018), as testosterone lowers total adiponectin concentrations in serum (Nishizawa et al., 2002; Frederiksen et al., 2012; Yarrow et al., 2012). Although adiponectin is produced by adipocytes, significantly downregulated expression levels has been detected in the adipose tissue of fatty mice and overweight humans (Hu et al., 1996), with serum levels being negatively correlated with the BMI and fat accumulation (Brooks et al., 2007).
[image: Figure 2]FIGURE 2 | Protein Structure of APN. Adiponectin consists of an N-terminal signal peptide, variable region, collagen domain, and C-terminal globular c1q head region, with a total of 244 amino acids. Globular adiponectin is produced by proteolysis of full-length adiponectin. Three adiponectin monomers combine to form a trimer (LMW), two trimers combine to form a single hexamer (MMW), and four to six trimers combine to form a multimer (HMW). Created with BioRender.com.
3.2 Adiponectin receptors and functions
Adiponectin was initially identified as an insulin-sensitive adipose factor related to the pathogenesis of metabolic syndrome; over time, however, many studies have confirmed its anti-inflammatory, anti-apoptotic, anti-fibrotic, and anti-angiogenic effects (Bråkenhielm et al., 2004; Fang and Judd, 2018). Adiponectin signal transduction mainly depends on receptor–ligand interactions, whereby adiponectin binds to its homologous receptor and initiates the activation of intracellular signaling cascades through the adenosine monophosphate-activated protein kinase (AMPK), peroxisome proliferator-activated receptor alpha (PPAR-α), phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt), mammalian target or rapamycin (mTOR), mitogen-activated protein kinase (MAPK), signal transducer and nuclear factor kappa B (NF-κB) pathways and other pathways (Choi et al., 2020).
To date, three adiponectin receptors have been identified, including adiponectin receptor 1 (AdipoR1), adiponectin receptor 2 (AdipoR2), and T-cadherin (T-cad) (Yamauchi et al., 2003; Achari and Jain, 2017). AdipoR1 is predominantly expressed in skeletal muscle cells and acts as a high-affinity receptor for globular adiponectin and a low-affinity receptor for full-length adiponectin, whereas AdipoR2 is mainly expressed in hepatocytes and serves as a medium-affinity receptor for both full-length and globular adiponectin (Yamauchi et al., 2014). T-cad is mainly expressed in endothelial and smooth muscle cells, acting predominantly as a biologically active receptor that binds to adiponectin in diverse tissues and organs, such as in muscle, blood vessels, and the heart (Parker-Duffen et al., 2013; Clark et al., 2017). Adiponectin and its receptors are widely expressed in the hypothalamus, pituitary gland, and ovaries of humans, rats and pigs, as well as in the placenta and uterus of humans, mice and pigs, where they have been shown to functionally modulate the female reproductive system (Caminos et al., 2005; Kos et al., 2007; Rodriguez-Pacheco et al., 2007; Kim et al., 2011; Angelidis et al., 2013; Kiezun et al., 2013; Maleszka et al., 2014; Smolinska et al., 2014). As the characteristics of metabolic syndrome are associated with a number of reproductive disorders such as polycystic ovary syndrome (PCOS), gestational diabetes mellitus, preeclampsia, EMs, fetal growth restriction, and ovarian and endometrial cancers, their pathogenesis may be influenced by adiponectin (Barbe et al., 2019). AdipoR1 and AdipoR2 have been shown to be highly expressed in the normal human endometrium during the mid-secretory phase (i.e., during implantation), and adiponectin can induce the phosphorylation of AMPK, inhibit the expression of interleukin 1 beta (IL-1β), and promote the secretion of interleukin 6 (IL-6), interleukin 8 (IL-8), and monocyte chemoattractant protein 1 (MCP-1) in cultivated endometrial cells, suggesting that it may play both physiological and pathological roles within the endometrium (Takemura et al., 2006). In female mice, adiponectin may induce preimplantation embryo development and endometrial decidualization in an autocrine-, paracrine-, or endocrine-dependent manner (Kim et al., 2011). Furthermore, hypoadiponectinemia has been shown to be associated with an increased risk of hormone-dependent cancers, such as endometrial, ovarian, cervical, and breast cancers, as well as a poor prognosis (Zeng et al., 2015; Tsankof and Tziomalos, 2022).
4 EVIDENCE FOR THE ASSOCIATION OF ADIPONECTIN WITH EMS
Clinical studies, in vitro cell experiments, and animal experimental studies have provided evidence for the association between adiponectin and EMs. Clinical analysis has shown differences in adiponectin levels in patients with EMs. Moreover, studies have shown a decreased expression of adiponectin in patients with EMs; however, the findings are still controversial (Table 1). For example, Takemura et al. discovered a reduction in adiponectin levels in both the serum and peritoneal fluid (PF) of patients with EMs, with a particularly pronounced decrease in serum levels in those in the advanced stages of the disease (stage III/IV) (Takemura et al., 2005a,b). Similarly, another study reported lower serum levels of adiponectin in patients with EMs compared with that in healthy controls (Meng and Hao, 2020). However other researchers have observed no significant differences in the serum and PF levels of adiponectin between patients with infertility with and without concomitant pelvic EMs (Pandey et al., 2010). Others have reported no significant differential expression of adiponectin and AdipoRs in ectopic endometrial tissues of patients with ovarian EMs and patients with normal endometrial tissues who had undergone hysterectomy to treat cervical fibroids or carcinoma in situ (Choi et al., 2013). A meta-analysis published in 2021 that evaluated the results of 25 studies confirmed that although there was no significant association between the levels of adiponectin and disease severity, the patients with EMs did exhibit significantly lower levels of adiponectin and significantly higher levels of leptin compared to the concentrations in the control groups (Zhao Z. et al., 2021). Furthermore, a recent study that assessed adiponectin concentrations in the plasma, PF, and endometrioma fluids of 56 women with ovarian EMs reported that adiponectin levels were significantly lower in endometrioma fluids and PF than in serum, with a positive correlation between the concentrations in endometrioma fluids and PF (Wójtowicz et al., 2023). In addition, another group discovered that two polymorphisms in the adiponectin gene, rs2241766 and rs1501299, were associated with EMs susceptibility among women of childbearing age in Henan Province, China, and that the G mutation in the rs2241766 locus may affect splicing and modification of gene expression, resulting in the promotion of adiponectin secretion, which, in turn, induces AMPK phosphorylation and regulates its downstream pathway, thereby protecting against the development of EMs (Zhang et al., 2021). Both AdipoR1 and AdipoR2 are expressed in the endometrium, and their mRNA levels become significantly elevated in the mid-secretory phase (Takemura et al., 2006).
TABLE 1 | Clinical studies on adiponectin levels in endometriosis.
[image: Table 1]In addition, the relationship between adiponectin and EMs has been explored using animal models and in vitro experiments. In studies on animal models, the number of stem cells in adipose tissue in mouse models of EMs decreased, and EMs changed the expression of multiple adipocyte metabolic genes, including adiponectin and leptin (Zolbin et al., 2019). In vitro cell experiments, Adiponectin has been shown to inhibit the proliferation of ectopic endometrial cells in a dose- and time-dependent manner while simultaneously increasing the expression of both AdipoR1 and AdipoR2 to inhibit EMs development; these findings suggest that adiponectin may serve as a beneficial factor that limits the pathogenesis of EMs (Bohlouli et al., 2016). Despite the plethora of studies conducted to date, the detailed regulatory role of adiponectin in the pathogenesis of EMs has yet to be elucidated, and further research is needed to deepen the understanding of the complex biological mechanisms through which adiponectin protects against EMs pathogenesis.
5 POSSIBLE ASSOCIATIONS OF ADIPONECTIN WITH THE PATHOGENESIS OF EMS
The formation of ectopic endometriotic lesions involves a series of complex events, including the adhesion, invasion, and angiogenesis of Endometrial cells to “take root, grow, and become sick.” First, due to an imbalance in immune function, ectopic endometrial cells are able to evade immune clearance (Symons et al., 2018). In addition, there is an imbalance between the proliferation and apoptosis of ectopic endometrial cells, which contributes to their survival in ectopic sites (Reis et al., 2013; Azam et al., 2022). After the adhesion of ectopic endometrial cells to ectopic sites, an inflammatory response is initiated, leading to increased secretion of pro-inflammatory mediators, and more inflammatory mediators are recruited to invade surrounding tissues (Wei et al., 2020; Artemova et al., 2021; Kapoor et al., 2021). Periodic bleeding of ectopic lesions and chronic inflammation activate the deposition and adhesion of fibrin and scar formation, leading to fibrogenesis of the lesion (Eming et al., 2014; Garcia et al., 2023). Simultaneously, the production of angiogenesis-related factors increases, promoting neoangiogenesis, providing nutrients for the survival and growth of ectopic lesions (Wei et al., 2020). In addition, ectopic endometrial cells also have changes in mitochondrial morphology and function, which helps to increase the energy supply to ectopic lesions and meet the growth needs of lesions (Ye et al., 2023). EMs is an estrogen-dependent disease in which estrogen and estrogen receptor (ER) levels are elevated in ectopic lesions (Burney and Giudice, 2012; Chantalat et al., 2020). Dysregulation of estrogen signal transduction causes ectopic endometrial cells to appear abnormal in cell proliferation and apoptosis, migration, invasion, angiogenesis and immune function, accompanied by increased inflammation and enhanced mitochondrial biosynthesis, which further promote lesion progression (Monsivais et al., 2016; Wu L. et al., 2019; Xu Z. et al., 2019; Marquardt et al., 2019; Qi et al., 2020; Kobayashi et al., 2021a). Therefore, EMs is a complex disease that is simultaneously affected by multiple factors. In addition to estrogen dependence, its pathogenesis mainly involves apoptosis, autophagy, inflammation, angiogenesis, fibrogenesis, and energy metabolism. Current research on the pathogenesis of EMs and the function of adiponectin have shown that adiponectin may play a special regulatory role in multiple biological processes related to the pathogenesis of EMs, such as apoptosis, autophagy, inflammatory response, angiogenesis, fibrogenesis, energy metabolism, and estrogen regulation. This aspect is noteworthy; hence, we have summarized the following important biological processes to reveal the mysterious relationship between EMs and adiponectin.
5.1 Apoptosis and autophagy
EMs is characterized by the invasive growth of active endometrial tissue at sites other than the uterus, and these events may be related to a disequilibrium between proliferation and apoptosis in ectopic endometrial cells. During these processes, these cells are less sensitive to apoptotic signals (Reis et al., 2013; Azam et al., 2022), therefore, ectopic endometrial cells can easily escape clearance and invade the peritoneum. Moreover, their proliferative activity is markedly increased (Jiang and Wu, 2012), leading to neovascularization and the establishment of endometrial implants, which leads to the development of the disease and further malignant progression. Compared to that of healthy controls, the expression level of the anti-apoptotic gene B-cell lymphoma 2 (Bcl-2) is significantly elevated in the ectopic endometrium of patients with EMs (Agic et al., 2009; Jiang R. et al., 2020), whereas that of the pro-apoptotic genes p53 and caspase-3 is decreased (Sang et al., 2019; Duan R. et al., 2020; Zhang and Zhao, 2023). Cyclin D1 and cyclin E2 are key regulatory proteins that control the transition from the G1 phase into the S phase during the cell cycle (Zabihi et al., 2023), and the expression of cyclin D1 mRNA has been shown to be significantly elevated in ectopic endothelial tissues compared to that in normal and eutopic endothelium (Pellegrini et al., 2012). Knockdown of cyclin D1 in human ectopic endometrial cells has been shown to significantly reduce their rate of proliferation while significantly increasing the number of cells in the G1/G0 phase (Hirakawa et al., 2017). Akt is a major protein kinase that exists downstream of PI3K and regulates the expression of various proteins associated with both cellular proliferation and apoptosis (Cinar et al., 2009; Revathidevi and Munirajan, 2019), and a recent study demonstrated that PI3K expression increases and Akt phosphorylation levels become elevated in the eutopic and ectopic endometrium of patients with EMs compared to the levels in healthy controls, indicating that the PI3K/Akt signaling pathway may play an active role in facilitating the establishment of ectopic endometrial tissue (Madanes et al., 2020).
Another important factor downstream of the PI3K/Akt pathway is mTOR, an evolutionarily conserved serine/threonine protein kinase (Driva et al., 2023). Researchers have reported an upregulation in mTOR signaling in endometriotic foci (Choi et al., 2014), and the protein is involved in the modulation of key pathophysiological processes such as proliferation, differentiation, apoptosis, autophagy, and decidualization of endometrial cells (Guo and Yu, 2019; Driva et al., 2022). Administration of the mTOR inhibitor everolimus was shown to promote apoptosis and inhibit the formation of endometriotic foci, making it a potential therapeutic option for the treatment of EMs (Kacan et al., 2017). In addition, it has been demonstrated that the MAPK signaling pathway is involved in the survival and proliferation of ectopic endometrial cells as well as various other processes including but not limited to invasion and metastasis, inflammation, and angiogenesis (Bora and Yaba, 2021; Zhang et al., 2023). In the late proliferative and early secretory stages, the phosphorylation level of p38-MAPK becomes significantly elevated in both eutopic and ectopic endometriotic tissues in patients with EMs compared to that in the normal endometrium (Cakmak et al., 2018), and aberrant activation of the MAPK signaling pathway can aggravate the severity of EMs (Jiang Y. et al., 2020; Bora and Yaba, 2021). Extracellular signal-regulated kinase (ERK), a member of the classical MAPK family (Samson et al., 2022), transmits extracellular signals following its activation, thereby promoting MAPK phosphorylation and regulating the expression of downstream effectors; thus, it plays a significant role in cell proliferation, differentiation, and apoptosis (Zhu et al., 2019; Bora and Yaba, 2021).
In humans, adiponectin has been reported to inhibit the proliferation of both normal and ectopic endometrial cells in a dose- and time-dependent manner (Bohlouli et al., 2013,2016), thereby playing a potentially important role in the pathological processes that lead to EMs. Additionally, other studies have shown that adiponectin can inhibit the proliferation of focal cells and exert pro-apoptotic effects in various diseases, including uterine fibroids as well as endometrial, ovarian, and breast cancers. The presence of both AdipoR1 and AdipoR2 has been confirmed in uterine leiomyoma cells, and adiponectin exerts a significant inhibitory effect on the proliferation of uterine Eker leiomyoma tumor 3(ELT-3) cells in rats (Wakabayashi et al., 2011; Strzałkowska et al., 2021). Adiponectin has been shown to decrease the expression of both cyclin D1 in the human endometrial adenocarcinoma cell lines HEC-1-A and KLE and cyclin E2 in the RL95-2 cell line by activating the AMPK signaling pathway, which led to the blockage of the cell cycle to inhibit the proliferation of cancer cells (Cong et al., 2007; Moon et al., 2011). In addition, adiponectin can mediate anti-proliferative and pro-apoptotic responses in endometrial cancer by inhibiting the activation of the Akt and ERK signaling pathways (Zhang et al., 2015). Administration of the AdipoR agonist AdipoRon has been shown to exert anti-tumor effects by inducing G1-phase cell cycle arrest and upregulating the expression of the pro-apoptotic gene caspase-3 via the activation of the AMPK and inhibition of mTOR signaling pathways, in human ovarian cancer cells (Ramzan et al., 2019). In the human breast cancer cell line MDA-MB-231, adiponectin was shown to inhibit cell growth by significantly reducing the expression of both cyclin D1 protein and the anti-apoptotic gene Bcl2, while simultaneously upregulating the expression of the pro-apoptotic genes p53 and Bax (Dos Santos et al., 2008; Delort et al., 2012). Furthermore, in MCF7 human breast cancer cells, adiponectin has been shown to induce anti-proliferative and pro-apoptotic responses by activating the AMPK signaling pathway and inhibiting the MAPK signaling pathways (Dieudonne et al., 2006).
While the pro-apoptotic effects of adiponectin can protect against the development of various diseases, some studies have also demonstrated its anti-apoptotic activity. For example, in a mouse model of sepsis, adiponectin has been shown to inhibit lipopolysaccharide (LPS)-induced cardiomyocyte apoptosis by downregulating connexin 43 (Cx43) expression and activating the PI3K/AKT signaling pathway to protect myocardial function (Liu et al., 2021). AdipoRon administration reduces high glucose-induced oxidative stress and apoptosis and ameliorates endothelial dysfunction via the activation of the AMPK/PPAR-α pathway, thereby exerting a nephroprotective effect in diabetic nephropathy (Kim Y. et al., 2018). In rheumatoid arthritis (RA), adiponectin has been shown to promote the proliferation and differentiation of B cells by inducing the activation of the PI3K/Akt and activator of transcription 3 (STAT3) signaling pathways, exacerbating RA development (Che et al., 2021). Additionally, in early pregnancy in pigs, adiponectin was shown to induce porcine uterine luminal epithelial cell proliferation while inhibiting apoptosis through the activation of the PI3K/Akt and MAPK signaling pathways, enhancing uterine tolerance to embryonic implantation (Lim et al., 2017). It is important to note, however, that some studies have also demonstrated no effect of adiponectin on apoptosis (Arditi et al., 2007; Pfeiler et al., 2008); thus, its role in such processes remains controversial, and its effects may be related to the disease, the source of adiponectin, as well as differences in conformations, concentrations, and treatment durations between studies (Sun and Chen, 2010).
Apoptosis is not the sole mechanism of endometrial cell death (Choi et al., 2015). Autophagy, another form of programmed cell death, involves a series of catabolic processes that depend on the lysosomal degradation of proteins and cytoplasmic organelles, which are closely related to cellular proliferation and apoptosis (Popli et al., 2022). The expression levels of autophagy-related genes such as microtubule-associated protein light chain 3 (LC3) and Beclin-1 have been shown to be reduced in the serum, PF, and eutopic endometrial tissue of patients with EMs compared with the levels in healthy controls (Sui et al., 2018), and the level of expression of autophagy-related genes (LC3B-II) was significantly reduced in ectopic endometrium compared with that in the eutopic endometrial tissues of patients with EMs (Li et al., 2018). Inhibition of autophagy can promote the expression of inflammatory cytokines, trigger inflammation and immune responses leading to autoimmune damage, enable endometrial cells to evade immune surveillance, and ultimately promote ectopic growth and implantation of ectopic endometrial cells in the peritoneal cavity (Ji et al., 2022). Autophagy and apoptosis are not two independent processes but two crosstalk mechanisms. Autophagy promotes the phagocytosis of apoptotic bodies and degradation of lysosomes (Mariño et al., 2014); therefore, decreased autophagic activity in ectopic and eutopic endometrial cells would lead to a decrease in apoptosis (Choi et al., 2014; Yu et al., 2016). As mTOR is a major negative regulator of autophagy, several studies have reported that cellular autophagy can be induced by inhibiting the mTOR signaling pathway in ectopic endometrial cells (Choi et al., 2015; Xu H. et al., 2019; Huang et al., 2023). In addition, in mouse models of EMs, in addition to inhibiting autophagy, the upregulation of mTOR in EMs tissues promoted the survival of ectopic endometrial cells (Yang et al., 2017). In terms of other signaling pathways, AMPK activation results in the downregulation of PI3K/Akt/mTOR signaling, leading to decreased phosphorylation of the protein autophagy-related 13 (ATG13) (Yang et al., 2017; Assaf et al., 2022; Ge et al., 2022) and an increase in the level of the unc-51-like autophagy activating kinase 1 (ULK1) complex formed by the interaction of ATG13 with ULK1, FAK family kinase-interacting protein of 200 kDa (FIP200), and autophagy-related 101 (ATG101); this complex is an important factor in the initiation of autophagy (Yang et al., 2017). Administration of AdipoRon can activate AMPK/mTOR signaling to promote autophagy (Duan Z. X. et al., 2020) and reduce the dysregulated expression of proteins involved in the autophagy-lysosomal pathway (He et al., 2021). Moreover, researchers have shown that adiponectin can induce autophagy in breast cancer cells by activating the AMPK-ULK1 axis mediated by serine/threonine kinase 11 (STK11)/liver kinase B1 (LKB1), which, in turn, promotes breast cancer cell apoptosis (Chung et al., 2017).
It must be acknowledged that the regulatory effect of adiponectin on autophagy is not unilateral, as others have shown that adiponectin inhibits autophagy and reduces angiogenesis in the choroidal retinal endothelial cell line RF/6A in monkeys through activation of the PI3K/AKT/mTOR pathway (Li et al., 2019). Adiponectin can protect against hypoxia/reperfusion injury-induced cardiomyocyte damage by inhibiting autophagy as well, an effect that may be related to the inhibition of the AMPK/mTOR/UKL1/Beclin-1 pathway (Guo et al., 2022).
Although the role of adiponectin in the regulation of apoptosis and autophagy may be bidirectional, many studies have provided ample evidence that it plays a role in protecting against the development of various diseases and may serve as a potentially therapeutic strategy. Although relevant studies have confirmed the role of adiponectin in the inhibition of endometrial cells proliferation in EMs, whether the mechanism of action is related to the regulation of apoptotic genes and signal pathways such as AMPK, MAPK, PI3K/Akt/mTOR and so on, more research is needed to explain.
5.2 Angiogenesis
The shed endometrial cells undergo migration, adhesion, invasion and implantation with retrograde menstruation to form ectopic lesions, during which massive neovascularization occurs and a new blood supply is established to provide nourishment for the survival and growth of the lesions (Wei et al., 2020). Therefore, angiogenesis is considered a critical step in the establishment and persistence of endometriotic lesions. The results of studies involving animal models have suggested that anti-angiogenic therapies substantially reduce the size of ectopic lesions (Liu et al., 2016); in EMs, angiogenesis is regulated by a multitude of factors and pathways involved in those processes. For example, vascular growth factors may play an essential role in promoting the growth and differentiation of ectopic endometrial tissue, with vascular endothelial growth factor (VEGF) being the most critical. Members of the VEGF family, which includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, and VEGF-E, as well as placental growth factors, have been shown to increase vascular permeability, accelerate vascular endothelial cell migration and proliferation, and promote angiogenesis (Ferrara and Adamis, 2016), and VEGF and its signaling pathway are considered the optimal targets for anti-angiogenic and anti-tumor therapies for a variety of cancers (Potente et al., 2011; Gao et al., 2020). VEGF expression was elevated in healthy controls, in the eutopic endometrium of patients with Ems, and in ectopic lesions sequentially (Di Carlo et al., 2009), and elevated VEGF expression in the serum and PF of patients with EMs may serve as a secondary diagnostic indicator of the disease (Bourlev et al., 2010; Li et al., 2020). VEGF expression in EMs is regulated by multiple factors and associated pathways, and it plays a pivotal regulatory role in neovascularization.
Adiponectin is an important regulator of angiogenesis, exerting its effect through the regulation of VEGF. In prostate cancer cells, adiponectin can prevent neovascularization by suppressing VEGF-A secretion (Gao et al., 2015), and adiponectin treatment has been shown to downregulate VEGF-B and VEGF-D mRNA expression while increasing the serum concentration of the anti-angiogenic factor IL-12 in mouse colon cancer cells (Moon et al., 2013). Other important factors to consider are the matrix metalloproteinases (MMPs), which are involved in the degradation of the extracellular matrix and the induction of vascular endothelial cell proliferation and angiogenesis (D’Amico et al., 2020). MMP-2 expression has been shown to be significantly elevated in the ectopic foci, PF, and serum of patients with EMs (Sui et al., 2018). And adiponectin inhibits angiogenesis by downregulating MMP expression. For example, in liver cancer tissues in mice, adiponectin has been shown to downregulate the mRNA expression of VEGF and MMP-9, thereby inhibiting tumor angiogenesis (Man et al., 2010). Furthermore, in human renal carcinoma cells, adiponectin can activate AMPK via binding to AdipoR1, inhibiting the mTOR signaling pathway and suppressing the production of VEGF, MMP-2, and MMP-9 (Kleinmann et al., 2014). There have also been reports that adiponectin can inhibit the proliferation and migration and angiogenesis of endothelial cells (Dubois et al., 2013; Li et al., 2019; Palanisamy et al., 2019). Such an inhibitory effect may indirectly hinder angiogenesis of ectopic lesions. Additionally, adiponectin can induce endothelial apoptosis, which occurs during angiogenesis (Watson et al., 2016), by activating caspase-8, thereby leading to the activation of caspase-3 or caspase-9 (Bråkenhielm et al., 2004).
The inhibitory role of adiponectin in angiogenesis has been demonstrated in multiple types of cancer, including fibrosarcoma (Bråkenhielm et al., 2004), hepatocellular carcinoma (Man et al., 2010), renal cell carcinoma (Kleinmann et al., 2014), basal cell breast cancer (Dubois et al., 2013), and prostate cancer (Gao et al., 2015). However, several other studies have shown that adiponectin can enhance angiogenesis by upregulating the expression of pro-angiogenic factors in human umbilical vein endothelial cells (HUVECs) and human microvascular endothelial cells (HMECs) (Adya et al., 2012; Nigro et al., 2021), and it has been shown to promote angiogenesis in chondrosarcoma (Lee et al., 2015), invasive colon cancer (Cai et al., 2016), and ovarian cancer (Ouh et al., 2019), possibly via the regulation of CXC motif chemokine ligand 1 (CXCL1), VEGF, and AMPK. Adiponectin enhances CXCL1 secretion, which, in turn, promotes VEGF secretion and angiogenesis (Kiefer and Siekmann, 2011) in various cancers, including colon (Cai et al., 2016) and ovarian cancer (Ouh et al., 2019). AMPK is a key molecule involved in the regulation of biological energy metabolism, and inhibition of its activity significantly attenuates VEGF secretion (Fisslthaler and Fleming, 2009). In HUVECs and HMEC-1 cells, adiponectin has been shown to induce angiogenesis by activating the AMPK/Akt pathway and phosphorylating endothelial nitric oxide synthase (eNOS) (Ouchi et al., 2004; Adya et al., 2012), which is various with the findings of another study that showed angiogenesis was inhibited by adiponectin (Dubois et al., 2013). In addition, adiponectin may play a pro-angiogenic protective role in ischemic tissue injury. For example, the overexpression of adiponectin was shown to induce the upregulation of VEGF mRNA expression within ischemic regions of the brains of mice, enhancing focal angiogenesis (Shen et al., 2013). Another study showed that recovery following ischemic reperfusion injury of a limb in mice was accelerated by giving adenovirus-mediated adiponectin and exogenous adiponectin administration stimulated angiogenesis in response to ischemic stress by activating the AMPK pathway (Shibata et al., 2004).
Collectively, angiogenesis in EMs has similar features to pathological angiogenesis in tumor growth and metastasis, being co-regulated by multiple factors. Existing studies have shown that adiponectin plays a role in the inhibition of angiogenesis in many oncological diseases; however, it is not clear whether adiponectin has a beneficial role in EMs by regulating signaling pathways such as AMPK and cytokines such as VEGF and MMPs to promote endothelial cell apoptosis, inhibit endothelial cell migration and thus inhibit angiogenesis. However, for this conjecture, we are currently inconclusive, because the regulation of adiponectin-mediated angiogenesis is bidirectional, especially in oncological diseases, with different modes of action. This paradoxical phenomenon could be due to variability between studies in terms of the differences in cell types, in vivo and in vitro experimental methodologies, and the physiological and pathological conditions in which angiogenesis is observed.
5.3 Inflammatory processes
Chronic inflammation and immune dysregulation are essential microenvironment and pathophysiological features of EMs (Zhang et al., 2018; Encalada Soto et al., 2022). Due to the dysregulation of immune mechanisms, ectopic endometrial cells evade immune clearance to survive, adhere, and invade ectopic sites (Symons et al., 2018). Subsequently, during the formation of endometriotic lesions, the secretion of a large number of pro-inflammatory cytokines is increased. Inflammatory cells are recruited to the lesion site, which secrete a variety of inflammatory mediators to form an inflammatory microenvironment. These mediators counteract inflammatory cells and factors, leading to the recruitment of more inflammatory cells to the lesion site, forming a vicious circle in which these immune molecules not only promote cell proliferation and adhesion but also contribute to the cell evasion of immunosurveillance, further exacerbating the invasion of ectopic endometrial cells and promoting lesion formation and progression (Wei et al., 2020; Artemova et al., 2021; Kapoor et al., 2021). Numerous studies have shown that the lymphocytes present within the peritoneal cavity in EMs are predominantly macrophages (Bacci et al., 2009; Shao et al., 2016; Ramírez-Pavez et al., 2021), which are broadly classified into two main phenotypes, including the pro-inflammatory M1-type and the anti-inflammatory M2-type (Laskin et al., 2011). M1 macrophages predominantly secrete pro-inflammatory factors such as tumor necrosis factor alpha (TNF-α), IL-6, and IL-1β (Gordon, 2003,2007), all of which have been shown to be expressed at elevated levels in the PF, serum, and ectopic lesions of patients with EMs (Bergqvist et al., 2001; Richter et al., 2005; Cho et al., 2007; Wang F. et al., 2018; Wang X. M. et al., 2018; Jaeger-Lansky et al., 2018; Volpato et al., 2018). M2 macrophages mainly secrete transforming growth factor beta (TGF-β), interleukin-10 (IL-10), and other anti-inflammatory cytokines, while inhibiting the production of pro-inflammatory cytokines (Wang et al., 2019; Yao et al., 2019; Gao et al., 2022). In endometriotic lesions, M2-type macrophages are predominant (Bacci et al., 2009; Hogg et al., 2020); however, their numbers become significantly reduced throughout the menstrual cycle in patients with EMs compared with the changes observed in healthy controls in the same time period (Takebayashi et al., 2015). There have been reports suggesting that anti-inflammatory factors may play a dual role in the later stage of EMs, as they can promote the immune escape of ectopic endometrial cells and induce inflammation, while also inhibiting inflammatory responses and reducing disease activity; however, further studies are required to establish a better understanding of their roles in EMs (Zhou et al., 2019). What is known is that NF-κB, a major regulator of inflammation and immune responses, can stimulate LPS-induced pro-inflammatory cytokine expression in macrophages (Monaco and Paleolog, 2004). NF-κB is overactive in endometriotic lesions, enhancing the proliferation, adhesion, migration, and invasive ability of ectopic endometrial cells (Liu et al., 2022).
Reduced serum levels of adiponectin have been reported to be associated with chronic inflammation in various metabolic diseases, including type 2 diabetes, obesity, atherosclerosis, and non-alcoholic fatty liver disease, where the anti-inflammatory effects of adiponectin have been demonstrated (Fantuzzi, 2008; Achari and Jain, 2017; Choi et al., 2020). The anti-inflammatory effects of adiponectin are mainly mediated via the targeting of macrophages (Tsatsanis et al., 2005; Ohashi et al., 2014; Fang and Judd, 2018), which can suppress the growth of myelomonocytic progenitor cell as well as the function of mature macrophages, hindering their phagocytotic ability and lowering TNF-α production, as well as reducing the expression levels of class A scavenger receptors, as well as reducing the expression levels of class A scavenger receptors (Yokota et al., 2000; Ouchi et al., 2001). Adiponectin inhibits the progression of various metabolic and cardiovascular diseases by promoting the transition of macrophages from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype (Ohashi et al., 2010). In humans, the adiponectin-induced differentiation of monocytes into anti-inflammatory M2-type macrophages is mediated via PPAR-α, and these M2 macrophages inhibit the secretion of pro-inflammatory molecules from M1 macrophages, which may contribute to the stability of atherosclerotic plaques (Lovren et al., 2010). Although adiponectin can affect macrophage function through multiple other signaling pathways as well, the main targets are the AdipoR1/Toll/NF-κB and AdipoR2/IL-4/STAT6 signaling pathways, which inhibit effects on macrophage activation to the M1 phenotype and promote macrophage polarization toward the M2 phenotype, respectively (Yamaguchi et al., 2005; Mandal et al., 2011; Wang N. et al., 2014). Other researchers have discovered that adiponectin can attenuate LPS-induced TNF-α and IL-6 production by macrophages while upregulating the expression of anti-inflammatory IL-10 (Wulster-Radcliffe et al., 2004). Several studies have demonstrated that adiponectin expression is also negatively regulated by pro-inflammatory TNF-α and IL-6, which may contribute to the presence of hypoadiponectinemia in inflammatory diseases (Tilg and Wolf, 2005; Brezovec et al., 2021). Furthermore, adiponectin effectively inhibits the activation of the NF-κB pathway by suppressing the expression of the NF-κB nuclear protein p65, which, in turn, reduces the expression of NF-κB-regulated pro-inflammatory factors and potently attenuates the inflammatory response to atherosclerosis (Wang et al., 2016). Within the endometrium, adiponectin plays a similar anti-inflammatory role by stimulating the phosphorylation of AMPK in Endometrial cells and inhibiting the IL-1β-induced secretion of the pro-inflammatory factors IL-6, IL-8, and MCP-1 (Takemura et al., 2006). These anti-inflammatory effects of adiponectin in Endometrial cells may be associated with endometrium-related events, such as endometrial implantation and the pathogenesis of EMs.
Although adiponectin is generally considered an anti-inflammatory adipokine, at high expression levels, it is positively correlated with the clinical progression of systemic autoimmune rheumatic diseases (SARDs), which are typically accompanied by high levels of inflammation; paradoxically, some studies have reported low expression levels of adiponectin in SARDs, with low levels of inflammation and a negative correlation with disease progression (Brezovec et al., 2021). Some recent studies have also shown that adiponectin can act as an inducer of pro-inflammatory factors and that elevated levels of adiponectin may exacerbate the inflammatory response associated with various autoimmune diseases such as RA, osteoarthritis (OA), systemic lupus erythematosus, and inflammatory bowel diseases (Choi et al., 2020; Brezovec et al., 2021). Others have also found that HMW adiponectin promotes the secretion of TNF-α and IL-6 by fibroblasts from fibroblastic synoviocytes in patients with RA, aggravating the severity of inflammation (Kontny et al., 2015; Li et al., 2015; Liu et al., 2020). In OA, adiponectin has been shown to promote IL-8 secretion in osteoblasts, thereby affecting osteophyte development (Junker et al., 2017). In addition, others have reported than adiponectin can enhance the mRNA expression and protein secretion of IL-8 in human colonic epithelial and macrophage cell lines (Peng et al., 2018). Furthermore, globular adiponectin was shown to be capable of activating the NF-κB pathway and upregulating the expression of pro-inflammatory cytokines in human placenta and adipose tissue (Lappas et al., 2005), HUVECs (Hattori et al., 2006), and RAW264.7 murine macrophages (Lee et al., 2018).
Adiponectin can participate in the inflammatory response of many diseases by regulating macrophage polarization and proliferation and signaling pathways, such as NF-κB and AMPK, as well as the expression of related inflammatory mediators. However, depending on its isoforms and effector tissues, adiponectin may exert differential effects in various physiological processes (Choi et al., 2020), and its bidirectional regulatory function in inflammatory diseases may be related to the severity and stage of disease progression. Further studies is requires to determine whether adiponectin could inhibit the inflammatory response in EMs by regulating signaling pathways, such as NF-κB and AMPK, as well as the expression of related inflammatory mediators and macrophage polarization and proliferation. Moreover, whether adiponectin plays different roles, such as inhibiting or promoting inflammation depending on the severity and progression of EMs, needs to be established.
5.4 Fibrogenesis
Over time, ectopic endometrial cells gradually form ectopic lesions through migration, invasion, proliferation, and growth. The lesions undergo repeated bleeding and injury, triggering a recurrent cycle of inflammatory responses and tissue repair (Garcia et al., 2023). Dysregulated repair mechanisms result in excessive accumulation of extracellular matrix, leading to the formation of adhesions, permanent scarring, and the disruption of tissue structure, causing organ dysfunction and ultimately resulting in fibrosis of the endometriotic tissue. Immune cells migrate to the fibrotic region, releasing inflammatory factors, increasing local inflammatory response, and exacerbating the growth and invasion of endometrial cells (Izumi et al., 2018). Fibrosis is inherent in all forms of EMs, and it is associated with painful symptoms, altered tissue function, and impaired fertility in patients with EMs (Eming et al., 2014; Garcia et al., 2023). Fibrosis of ectopic lesions in EMs is an abnormally proliferative disorder that occurs with repeated rupture of the ectopic cyst wall and outflow of the cyst contents, which irritate the adjacent tissues, followed by a localized inflammatory response and fibrosis formation. The histopathological features of ectopic endometriotic lesions are dominated by a large amount of fibrotic tissue, in addition to the endothelial glands and mesenchymal stromal cells (Liu et al., 2018). Fibrogenesis is an important process in the development of EMs; therefore, probing the mechanism underlying fibrogenesis in EMs and finding specific and effective therapeutic targets to inhibit fibrogenesis may be a potential methodology for the treatment of EMs (Vigano et al., 2018). The process of fibrosis in EMs requires the involvement of a variety of cytokines and cells, including macrophages, myofibroblasts, platelets (Kendall and Feghali-Bostwick, 2014; Weiskirchen et al., 2019; Yang and Plotnikov, 2021). Of particular importance is TGF-β, a multipotent cytokine that regulates cell growth, development, differentiation, proliferation, immunomodulation, the maintenance of homeostasis, and fibrosis via its downstream signal transduction pathway (Morikawa et al., 2016). TGF-β1 is a major regulator of tissue repair as well as fibrosis, initiating the collagen accumulation program and mediating the fibrotic process through multiple signaling pathways (Kim K. K. et al., 2018; Hu et al., 2018; Lodyga and Hinz, 2020; Ye and Hu, 2021). Significantly elevated levels of TGF-β1 have been reported in the serum, PF, and ectopic endometrial tissue of patients with EMs (Chang et al., 2017; Gueuvoghlanian-Silva et al., 2018; Sikora et al., 2018). In ovarian EMs, these ectopic endometrial cells secrete TGF-β1 and activate the Smad signaling pathway to disrupt the extracellular matrix and promote fibrosis in the tissue surrounding the ectopic lesions (Shi et al., 2017). The degree of fibrosis in human ovarian EMs (Ding et al., 2020) and superficial peritoneal EMs (Ibrahim et al., 2019) was positively correlated with the expression levels of alpha-smooth muscle actin (α-SMA). Elevated α-SMA expression is a signifier of the transformation of fibroblasts into myofibroblasts, which is a key process of fibrosis (Malmström et al., 2004; Duan et al., 2018).
In recent years, many studies have demonstrated that adiponectin plays a role in preventing fibrosis in a wide range of organs and tissues and that it may represent a potential therapeutic target for the treatment of fibrosis. The anti-fibrotic effects are mediated through the altered signaling of various pathways such as AMPK, PPAR, and TGF-β1/Smad, inhibiting the differentiation of fibroblasts to myofibroblasts and reducing the production as well as the deposition of extracellular matrix. Numerous studies have investigated its mechanism of action in fibrotic diseases of the kidneys (Jing et al., 2020; Zhao D. et al., 2021), liver (Dong et al., 2015; Udomsinprasert et al., 2018), heart (Fujita et al., 2008; Qi et al., 2014), lungs (Kökény et al., 2021; Wang et al., 2022), and skin (Wang et al., 2023), among other organs and systems, confirming its protective effects. Adiponectin was found to be capable of ameliorating tubulointerstitial fibrosis and suppressing angiotensin II-induced secretion of TGF-β1 and fibronectin in human renal mesangial cells, thereby reducing extracellular matrix synthesis (Tan et al., 2015). Additionally, α-SMA expression was shown to be downregulated by adiponectin in the renal cortex of mice with progressive renal injury induced by the administration of deoxycorticosterone acetate and angiotensin II, as well as in the lung tissues of mice with bleomycin-induced idiopathic pulmonary fibrosis (Tian et al., 2018; Wang et al., 2022). Another showed that the administration of the AdipoR agonists JT002, JT003, and JT004 significantly reduced the protein expression level of α-SMA in hepatic stellate cells and slowed the progression of hepatic fibrosis in mice (Xu et al., 2020).
While most studies to date have reported a protective effect of adiponectin, a few have shown the opposite effect, with adiponectin driving the pathogenesis of fibrosis. For example, one group showed that in mouse bone marrow-derived macrophages, adiponectin activated the AMPK signaling pathway in a time- and dose-dependent manner, induced α-SMA expression, enhanced the production and deposition of extracellular matrix, and promoted the cells’ transformation into fibroblasts, which accelerated renal interstitial fibrosis (Yang et al., 2013). Several other researches have suggested an association between high serum levels of adiponectin and renal functional decline (Panduru et al., 2015; Zha et al., 2017).
Low levels of adiponectin are associated with fibrosis. Serum adiponectin levels in patients with non-alcoholic fatty liver disease are an independent predictor of advanced fibrosis and are negatively correlated with the stage of liver fibrosis (Savvidou et al., 2009). A study showed that serum adiponectin levels in patients with hypertension significantly correlated negatively with biomarkers of myocardial fibrosis (Balmaceda et al., 2020). However, some controversial views have been reported (Arvaniti et al., 2008; Korah et al., 2013; Yan et al., 2013). Adiponectin can inhibit fibrogenesis by regulating signaling pathways, such as TGF-β1/Smad, inhibiting α-SMA expression, and reducing the production and deposition of the extracellular matrix. Adiponectin acts as an important protective factor in fibrotic diseases of the liver, kidneys, heart, lungs, and skin, and low serum adiponectin levels may be an indicator of the progression of fibrogenesis. TGF-β1 is highly expressed in EMs, and activation of the Smad signaling pathway by TGF-β1 can promote fibrosis in tissues surrounding ectopic endometriotic lesions. EMs-associated fibrosis is a relatively new area of research, it is necessary to determine whether the low adiponectin levels in patients with EMs are related to the severity of fibrosis in EMs or whether adiponectin plays a protective role in fibrosis of EMs by modulating signaling pathways, such as TGF-β1/Smad.
5.5 Energy metabolism
The peritoneal microenvironment undergoes significant alterations in patients with EMs; these changes are characterized by imbalances in inflammation, hypoxic conditions, and increased oxidative stress (McKinnon et al., 2016; Ito et al., 2017; Lin et al., 2018; Wu M. H. et al., 2019), which can adversely affect mitochondrial respiration and dysfunctional activity in ectopic endometrial cells, leading to metabolic abnormalities (Atkins et al., 2019; Kobayashi et al., 2021b). In order to adapt to the complex environment and meet the energetic needs of proliferating lesions, ectopic endometrial cells regulate the morphology and function of mitochondria by transforming metabolic processes and activating various signaling pathways, such as that of AMPK, promoting mitochondrial energy production and increasing the supply of available energy to meet the growing requirements of diseased tissues; ultimately, these changes promote the migration, invasion and proliferation of ectopic endometrial cells and create an environment that is conducive to the progression of the lesions (Kasvandik et al., 2016; Kobayashi et al., 2021b; Assaf et al., 2022).
Mitochondria are the organelles that produce the energy required to sustain cellular activity by constantly undergoing repeated cycles of fusion and division (Ye et al., 2023). Mitochondrial dysfunction and reduced energy metabolism have been reported in granulosa and ectopic endometrial cells of patients with EMs (Hsu et al., 2015; Kobayashi et al., 2023), and the altered mitochondrial dynamics and morphology increase the survivability of ectopic endometrial cells in hypoxic and oxidative-stress-related environments, thereby facilitating EMS progression (Ye et al., 2023). Oxidative stress is defined as an imbalance between oxidants, such as reactive oxygen species (ROS), and antioxidants, such as the enzyme superoxide dismutase (SOD). ROS are chemically reactive substances that mediate redox signaling and regulate cellular functions; in patients with EMs, they are involved in maintaining the uterine proliferative phenotype of endometrial cells, increasing the likelihood of ectopic tissue invasion and implantation (Cacciottola et al., 2021). It has been shown that the production of endogenous ROS is increased above normal levels in ectopic endometrial cells of patients with EMs (Ngô et al., 2009); this is accompanied by elevated concentrations of oxidative stress markers in the PF, such as advanced oxidation protein products (Santulli et al., 2015). As a consequence of long-term exposure to oxidative stress, the mitochondria of ectopic endometrial cells promote ROS secretion through an elongation mechanism, further exacerbating oxidative stress and forming a vicious circle that promotes the progression of lesions in EMs (Assaf et al., 2022). Plasma SOD activity has been shown to be reduced in patients with EMs, which is an indicator that the antioxidant capacity has been compromised (Prieto et al., 2012).
Maintaining systemic energy homeostasis is an essential function of most adipocyte-derived hormones. Adiponectin is an adipocyte-derived hormone that improves insulin sensitivity in the liver and skeletal muscle. Studies have shown that in addition to insulin sensitization, adiponectin plays an important role in maintaining systemic energy homeostasis (Wang and Scherer, 2016; Fang and Judd, 2018); it can also promote mitochondrial biogenesis and oxidative metabolism in skeletal muscles of both animals and humans (Lee and Shao, 2014), protect the morphology and function of mitochondria, facilitate the restoration of mitochondrial antioxidant capacity, and protect against oxidative damage following traumatic brain injury (Zhang et al., 2022). Another study demonstrated that adiponectin can also prevent neuroinflammation associated with mitochondrial damage, thereby regulating senescence in the brain (He et al., 2023). Furthermore, adiponectin can inhibit oxidative stress by regulating the balance between ROS and SOD, counteracting obesity-related metabolic changes and cardiovascular diseases and protecting the vascular endothelium and myocardium from tissue damage (Matsuda and Shimomura, 2014). Mechanistically, adiponectin was shown to alleviate LPS-induced oxidative stress during the pre-differentiation of adipocytes through modulation of the peroxisome proliferator-activated receptor gamma (PPAR-γ)/Nnat/NF-κB axis, significantly reducing the concentration of ROS and increasing the level of SOD in cells (Yang et al., 2019). It was also shown to inhibit oxidative stress by enhancing SOD activity in the serum of homozygous apolipoprotein E-deficient (ApoE −/−) mice, thereby reducing the formation of atherosclerotic plaques (Wang X. et al., 2014). In mouse hepatocytes and podocytes, adiponectin was shown to inhibit palmitic acid-induced ROS secretion and protect against liver and kidney injury (Dong et al., 2020; Xu et al., 2021).
However, a small number of studies have reported contradictory findings; for example, one group showed that adiponectin inhibits SOD activity and promotes ROS secretion in rat RINm insulinoma cells, but without reaching pathological concentrations (Chetboun et al., 2012), and others have reported that full-length adiponectin inhibits ROS production in human phagocytes, whereas globular adiponectin exerts the opposite effect (Chedid et al., 2012). The discrepant results of these studies suggest that adiponectin can modulate oxidate stress in a differential manner depending on the isoform.
Studies have shown that adiponectin can protect the morphology and function of the mitochondria, regulate the balance of ROS and SOD, and inhibit oxidative stress. Increased oxidative stress, mitochondrial dysfunction, and other abnormalities in energy metabolism in EMs increase the survival of ectopic endometrial cells; therefore, adiponectin may regulate energy metabolism in Endometrial cells in the microenvironment of the ectopic lesions to affect the ability of Endometrial cells to proliferate, migrate, and invade ectopic sites, and thus play a role in the pathogenesis of EMs; however, the specific mechanism requires further research.
5.6 Synthesis, metabolism, and effects of estrogen
EMs is an estrogen-dependent disease (Soares et al., 2012) and is characterized by estrogen-dependent growth of the ectopic endometrium and increased local estrogen secretion (Mori et al., 2019). Estrogen is mainly secreted by the ovarian granulosa and endothelial cells and includes three main types: estrone, estradiol (E2), and estriol, of which E2 has the highest expression and plays the greatest role (Mahboobifard et al., 2022). Aromatase P450, an important enzyme in the synthesis of estrogen, catalyzes the conversion of androstenedione and testosterone produced in ovarian follicular cells to estrone and E2 in ovarian granulosa cells, and its expression is increased in endometriotic lesions (Peitsidis et al., 2023). Aromatase inhibitors, such as anastrozole, letrozole, and exemestane, may be effective agents for the treatment of EMs, as they have the potential to control the symptoms associated with EMs in cases where no therapeutic response was achieved with an initial pharmacological intervention (Soares et al., 2012; Peitsidis et al., 2023). Estrogen plays a biological role by binding to ER. ERα expression is downregulated, and ERβ expression is abnormally high in ectopic endometrial cells compared with normal Endometrial cells. Moreover, ERβ can directly inhibit ERα expression (Monsivais et al., 2014; Yilmaz and Bulun, 2019). Localized high estrogenic environment and abnormally high ERβ levels promote ectopic endometrial cells proliferation, adhesion, and angiogenesis, as well as upregulated expression and release of pro-inflammatory factors, leading to immune dysfunction and enhancement of mitochondrial biosynthesis, which provides favorable conditions for lesion progression (Monsivais et al., 2016; Wu L. et al., 2019; Xu Z. et al., 2019; Marquardt et al., 2019; Qi et al., 2020; Kobayashi et al., 2021a).
Serum HMW adiponectin is negatively correlated with E2 concentrations in healthy premenopausal women (Merki-Feld et al., 2011), and this negative correlation may be related to the strong association between adiponectin and sex hormone-binding globulin (SHBG) (Tworoger et al., 2007). There is a significant positive correlation between serum adiponectin levels and SHBG levels (Tworoger et al., 2007; Wildman et al., 2013). SHBG can bind to estrogen in the plasma and directly regulate the bioavailability of estrogen and its access to target cells (Fortunati et al., 2010), whereas increased insulin resistance leads to inhibition of SHBG expression, which in turn leads to an increase in the concentration of biologically active estrogen (Hammond et al., 2008; Caselli, 2014; Winters et al., 2014). Adiponectin may counteract the inhibitory effect of SHBG by ameliorating insulin resistance. In addition, AdipoRon can activate the AMPK and PPAR-α pathways in human luteinized granulosa cells, down-regulating cyclic adenosine monophosphate production and aromatase protein expression, thereby reducing E2 production (Grandhaye et al., 2021). Similarly, Tao et al. found that in polycystic ovary syndrome disease, adiponectin downregulates P450 aromatase expression in human luteal granulosa cells and human chorionic gonadotropin-induced E2 synthesis, at least in part, through the activation of PPAR-α (Tao et al., 2019). A large number of studies have now demonstrated the correlation between low adiponectin levels and an increased risk of developing estrogen-dependent diseases (including cervical, endometrial, and breast cancers, as well as uterine fibroids) (Gelsomino et al., 2019; Strzałkowska et al., 2021). For example, Vivian et al. found that adiponectin inhibits the effects of estrogen on breast cancer cell proliferation by decreasing aromatase activity and ER mRNA levels (Morad et al., 2014). Low adiponectin levels are present in female patients with uterine fibroids, and adiponectin may inhibit smooth muscle tumor growth by lowering estrogen levels through the inhibition of the E2/ERα and insulin-like growth factor 1/insulin-like growth factor 1 receptor pathways (Strzałkowska et al., 2021).
The above studies revealed that adiponectin influences the synthesis, metabolism, and effects of estrogen by inhibiting aromatase expression and estrogen production through the regulation of AMPK and PPAR-α signaling pathways. Adiponectin may play a role in estrogen-dependent diseases by influencing insulin- and estrogen-dependent pathways. Studies have shown that there are high estrogen and low level of adiponectin expression in ectopic endometriotic lesions, and the regulatory effects of adiponectin on estrogen and estrogen receptor may be related to a series of pathogenetic processes, such as proliferation, adhesion, and invasion of ectopic endothelial cells.
6 DISCUSSION
Most studies that have investigated the function of adiponectin have primarily been based on rodents and cellular modeling. Many of the effects of adiponectin appear to be paradoxicales with adiponectin, such as its proven ability to increase systemic insulin sensitivity, however, insulin resistance can also occur at high adiponectin levels (Kalkman, 2021). In some highly inflammatory diseases, serum adiponectin levels are high and are positively correlated with disease progression, while low adiponectin levels have been observed in some diseases in the absence of pronounced inflammation, with the expression levels being negatively correlated with disease severity (Brezovec et al., 2021). Furthermore, low levels of adiponectin have been shown to be associated with an increased prevalence of diseases such as cardiovascular disease and type 2 diabetes (Fantuzzi, 2008; Achari and Jain, 2017; Choi et al., 2020). However, in some cases, high levels of adiponectin may not be associated with any beneficial effects and may even be harmful (Francischetti et al., 2020). The paradoxes and controversies surrounding the actions of adiponectin must be further investigated.
There is evidence suggesting that low levels of adiponectin may be present in EMs and that they are associated with disease severity, a possibility that is supported by the findings of a recent meta-analysis. Therefore, adiponectin may be a beneficial factor that protects against EMs. However, there are many questions still to answer, including whether there is a clear, specific reduction in the expression level of adiponectin in EMs, whether its expression levels differ at various sites such as in ectopic lesions, PF, and serum, and whether there these levels correlate with disease severity. In addition, EMs tends to be accompanied by a low BMI, which has been reported to be negatively correlated with adiponectin levels. However, this does not explain the low BMI and smaller than expected concentrations of adiponectin in many patients with EMs, as suggested by the current research evidence. These paradoxical observations could be related to the fact that the release of adiponectin depends on the quality rather than the quantity of adipose tissue, although this must be investigated further. Additionally, it will be necessary to determine whether there is an optimal window in which the adiponectin concentration protects against EMs, and it is currently unclear whether adiponectin could serve as a clinical and/or biochemical marker of EMs.
Relatively few studies have investigated the role of adiponectin in the pathogenesis of EMs at the clinical and cellular levels, although most have confirmed that adiponectin is an important participant in many biological processes, including apoptosis, autophagy, angiogenesis, inflammatory responses, fibrosis, energy metabolism, and estrogen-mediated effects, and an important correlation has been shown between many factors and their related pathways and the pathogenesis of EMs (Figure 3). However, many unexpected and interesting dual biological functions of adiponectin have been identified, including the bidirectional regulation of apoptosis, inflammation, and angiogenesis, in which there are still many questions that need to be answered. There is currently insufficient data to definitively conclude whether adiponectin plays a protective role against EMs. The relationship between adiponectin and EMs has many mysteries to be explored, and elucidating its role in the pathogenesis of EMs may provide important insights into the pathogenesis and treatment of EMs.
[image: Figure 3]FIGURE 3 | Adiponectin Signaling. Adiponectin signal transduction mainly depends on receptor ligand interaction, in which adiponectin binds to AdipoR1 and AdipoR2, and through AMPK,PPAR, PI3K/AKT, MTOR, MAPK, NF-κB, and other pathways initiate the activation of intracellular signal cascades and play a role in apoptosis, autophagy, inflammation, angiogenesis, fibrosis, energy metabolism, estrogen and other aspects, which may be related to the pathogenesis of endometriosis. Created with BioRender.com.
AUTHOR CONTRIBUTIONS
Y-QZ: Writing–original draft, Writing–review and editing. Y-FR: Writing–original draft, Writing–review and editing. B-BL: Funding acquisition, Supervision, Writing–review and editing. CW: Funding acquisition, Writing–review and editing. BY: Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Supported by the National Natural Science Foundation of China (No. 82104920), the Natural Science Foundation of Shandong Province (No. ZR2021QH129), the Shandong Provincial Key Laboratory of Traditional Chinese Medicine [No. (2022)4].
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Achari, A. E., and Jain, S. K. (2017). Adiponectin, a therapeutic target for obesity, diabetes, and endothelial dysfunction. Int. J. Mol. Sci. 18 (6), 1321. doi:10.3390/ijms18061321
 Adya, R., Tan, B. K., Chen, J., and Randeva, H. S. (2012). Protective actions of globular and full-length adiponectin on human endothelial cells: novel insights into adiponectin-induced angiogenesis. J. Vasc. Res. 49 (6), 534–543. doi:10.1159/000338279
 Agic, A., Djalali, S., Diedrich, K., and Hornung, D. (2009). Apoptosis in endometriosis. Gynecol. Obstet. Invest. 68 (4), 217–223. doi:10.1159/000235871
 Angelidis, G., Dafopoulos, K., Messini, C. I., Valotassiou, V., Tsikouras, P., Vrachnis, N., et al. (2013). The emerging roles of adiponectin in female reproductive system-associated disorders and pregnancy. Reprod. Sci. 20 (8), 872–881. doi:10.1177/1933719112468954
 Arditi, J. D., Venihaki, M., Karalis, K. P., and Chrousos, G. P. (2007). Antiproliferative effect of adiponectin on MCF7 breast cancer cells: a potential hormonal link between obesity and cancer. Horm. Metab. Res. 39 (1), 9–13. doi:10.1055/s-2007-956518
 Artemova, D., Vishnyakova, P., Khashchenko, E., Elchaninov, A., Sukhikh, G., and Fatkhudinov, T. (2021). Endometriosis and cancer: exploring the role of macrophages. Int. J. Mol. Sci. 22 (10), 5196. doi:10.3390/ijms22105196
 Arvaniti, V. A., Thomopoulos, K. C., Tsamandas, A., Makri, M., Psyrogiannis, A., Vafiadis, G., et al. (2008). Serum adiponectin levels in different types of non alcoholic liver disease. Correlation with steatosis, necroinflammation and fibrosis. Acta Gastroenterol. Belg 71 (4), 355–360.
 Assaf, L., Eid, A. A., and Nassif, J. (2022). Role of AMPK/mTOR, mitochondria, and ROS in the pathogenesis of endometriosis. Life Sci. 306, 120805. doi:10.1016/j.lfs.2022.120805
 Atkins, H. M., Bharadwaj, M. S., O'Brien Cox, A., Furdui, C. M., Appt, S. E., and Caudell, D. L. (2019). Endometrium and endometriosis tissue mitochondrial energy metabolism in a nonhuman primate model. Reprod. Biol. Endocrinol. 17 (1), 70. doi:10.1186/s12958-019-0513-8
 Azam, I. N. A., Wahab, N. A., Mokhtar, M. H., Shafiee, M. N., and Mokhtar, N. M. (2022). Roles of microRNAs in regulating apoptosis in the pathogenesis of endometriosis. Life (Basel) 12 (9), 1321. doi:10.3390/life12091321
 Bacci, M., Capobianco, A., Monno, A., Cottone, L., Di Puppo, F., Camisa, B., et al. (2009). Macrophages are alternatively activated in patients with endometriosis and required for growth and vascularization of lesions in a mouse model of disease. Am. J. Pathol. 175 (2), 547–556. doi:10.2353/ajpath.2009.081011
 Backonja, U., Buck Louis, G. M., and Lauver, D. R. (2016). Overall adiposity, adipose tissue distribution, and endometriosis: a systematic review. Nurs. Res. 65 (2), 151–166. doi:10.1097/nnr.0000000000000146
 Balmaceda, J. B., Abd-Elmoniem, K. Z., Liu, C. Y., Purdy, J. B., Ouwerkerk, R., Matta, J. R., et al. (2020). Brief report: adiponectin levels linked to subclinical myocardial fibrosis in HIV. J. Acquir Immune Defic. Syndr. 85 (3), 316–319. doi:10.1097/qai.0000000000002440
 Barbe, A., Bongrani, A., Mellouk, N., Estienne, A., Kurowska, P., Grandhaye, J., et al. (2019). Mechanisms of adiponectin action in fertility: an overview from gametogenesis to gestation in humans and animal models in normal and pathological conditions. Int. J. Mol. Sci. 20 (7), 1526. doi:10.3390/ijms20071526
 Bergqvist, A., Bruse, C., Carlberg, M., and Carlström, K. (2001). Interleukin 1beta, interleukin-6, and tumor necrosis factor-alpha in endometriotic tissue and in endometrium. Fertil. Steril. 75 (3), 489–495. doi:10.1016/s0015-0282(00)01752-0
 Bohlouli, S., Khazaei, M., Teshfam, M., and Hassanpour, H. (2013). Adiponectin effect on the viability of human endometrial stromal cells and mRNA expression of adiponectin receptors. Int. J. Fertil. Steril. 7 (1), 43–48.
 Bohlouli, S., Rabzia, A., Sadeghi, E., Chobsaz, F., and Khazaei, M. (2016). In vitro anti-proliferative effect of adiponectin on human endometriotic stromal cells through AdipoR1 and AdipoR2 gene receptor expression. Iran. Biomed. J. 20 (1), 12–17. doi:10.7508/ibj.2016.01.002
 Bora, G., and Yaba, A. (2021). The role of mitogen-activated protein kinase signaling pathway in endometriosis. J. Obstet. Gynaecol. Res. 47 (5), 1610–1623. doi:10.1111/jog.14710
 Bourlev, V., Iljasova, N., Adamyan, L., Larsson, A., and Olovsson, M. (2010). Signs of reduced angiogenic activity after surgical removal of deeply infiltrating endometriosis. Fertil. Steril. 94 (1), 52–57. doi:10.1016/j.fertnstert.2009.02.019
 Bråkenhielm, E., Veitonmäki, N., Cao, R., Kihara, S., Matsuzawa, Y., Zhivotovsky, B., et al. (2004). Adiponectin-induced antiangiogenesis and antitumor activity involve caspase-mediated endothelial cell apoptosis. Proc. Natl. Acad. Sci. U. S. A. 101 (8), 2476–2481. doi:10.1073/pnas.0308671100
 Brezovec, N., Perdan-Pirkmajer, K., Čučnik, S., Sodin-Šemrl, S., Varga, J., and Lakota, K. (2021). Adiponectin deregulation in systemic autoimmune rheumatic diseases. Int. J. Mol. Sci. 22 (8), 4095. doi:10.3390/ijms22084095
 Brooks, N. L., Moore, K. S., Clark, R. D., Perfetti, M. T., Trent, C. M., and Combs, T. P. (2007). Do low levels of circulating adiponectin represent a biomarker or just another risk factor for the metabolic syndrome?Diabetes Obes. Metab. 9 (3), 246–258. doi:10.1111/j.1463-1326.2006.00596.x
 Bulun, S. E., Yilmaz, B. D., Sison, C., Miyazaki, K., Bernardi, L., Liu, S., et al. (2019). Endometriosis. Endocr. Rev. 40 (4), 1048–1079. doi:10.1210/er.2018-00242
 Burney, R. O., and Giudice, L. C. (2012). Pathogenesis and pathophysiology of endometriosis. Fertil. Steril. 98 (3), 511–519. doi:10.1016/j.fertnstert.2012.06.029
 Cacciottola, L., Donnez, J., and Dolmans, M. M. (2021). Can endometriosis-related oxidative stress pave the way for new treatment targets?Int. J. Mol. Sci. 22 (13), 7138. doi:10.3390/ijms22137138
 Cai, L., Xu, S., Piao, C., Qiu, S., Li, H., and Du, J. (2016). Adiponectin induces CXCL1 secretion from cancer cells and promotes tumor angiogenesis by inducing stromal fibroblast senescence. Mol. Carcinog. 55 (11), 1796–1806. doi:10.1002/mc.22428
 Cakmak, H., Seval-Celik, Y., Arlier, S., Guzeloglu-Kayisli, O., Schatz, F., Arici, A., et al. (2018). p38 mitogen-activated protein kinase is involved in the pathogenesis of endometriosis by modulating inflammation, but not cell survival. Reprod. Sci. 25 (4), 587–597. doi:10.1177/1933719117725828
 Caminos, J. E., Nogueiras, R., Gallego, R., Bravo, S., Tovar, S., García-Caballero, T., et al. (2005). Expression and regulation of adiponectin and receptor in human and rat placenta. J. Clin. Endocrinol. Metab. 90 (7), 4276–4286. doi:10.1210/jc.2004-0930
 Caselli, C. (2014). Role of adiponectin system in insulin resistance. Mol. Genet. Metab. 113 (3), 155–160. doi:10.1016/j.ymgme.2014.09.003
 Chang, K. K., Liu, L. B., Jin, L. P., Zhang, B., Mei, J., Li, H., et al. (2017). IL-27 triggers IL-10 production in Th17 cells via a c-Maf/RORγt/Blimp-1 signal to promote the progression of endometriosis. Cell Death Dis. 8 (3), e2666. doi:10.1038/cddis.2017.95
 Chantalat, E., Valera, M. C., Vaysse, C., Noirrit, E., Rusidze, M., Weyl, A., et al. (2020). Estrogen receptors and endometriosis. Int. J. Mol. Sci. 21 (8), 2815. doi:10.3390/ijms21082815
 Che, N., Sun, X., Gu, L., Wang, X., Shi, J., Sun, Y., et al. (2021). Adiponectin enhances B-cell proliferation and differentiation via activation of akt1/STAT3 and exacerbates collagen-induced arthritis. Front. Immunol. 12, 626310. doi:10.3389/fimmu.2021.626310
 Chedid, P., Hurtado-Nedelec, M., Marion-Gaber, B., Bournier, O., Hayem, G., Gougerot-Pocidalo, M. A., et al. (2012). Adiponectin and its globular fragment differentially modulate the oxidative burst of primary human phagocytes. Am. J. Pathol. 180 (2), 682–692. doi:10.1016/j.ajpath.2011.10.013
 Chetboun, M., Abitbol, G., Rozenberg, K., Rozenfeld, H., Deutsch, A., Sampson, S. R., et al. (2012). Maintenance of redox state and pancreatic beta-cell function: role of leptin and adiponectin. J. Cell Biochem. 113 (6), 1966–1976. doi:10.1002/jcb.24065
 Cho, S. H., Oh, Y. J., Nam, A., Kim, H. Y., Park, J. H., Kim, J. H., et al. (2007). Evaluation of serum and urinary angiogenic factors in patients with endometriosis. Am. J. Reprod. Immunol. 58 (6), 497–504. doi:10.1111/j.1600-0897.2007.00535.x
 Choi, H. M., Doss, H. M., and Kim, K. S. (2020). Multifaceted physiological roles of adiponectin in inflammation and diseases. Int. J. Mol. Sci. 21 (4), 1219. doi:10.3390/ijms21041219
 Choi, J., Jo, M., Lee, E., Kim, H. J., and Choi, D. (2014). Differential induction of autophagy by mTOR is associated with abnormal apoptosis in ovarian endometriotic cysts. Mol. Hum. Reprod. 20 (4), 309–317. doi:10.1093/molehr/gat091
 Choi, J., Jo, M., Lee, E., Lee, D. Y., and Choi, D. (2015). Dienogest enhances autophagy induction in endometriotic cells by impairing activation of AKT, ERK1/2, and mTOR. Fertil. Steril. 104 (3), 655–664. doi:10.1016/j.fertnstert.2015.05.020
 Choi, Y. S., Oh, H. K., and Choi, J. H. (2013). Expression of adiponectin, leptin, and their receptors in ovarian endometrioma. Fertil. Steril. 100 (1), 135–141. e1-2. doi:10.1016/j.fertnstert.2013.03.019
 Christen, T., Trompet, S., Noordam, R., van Klinken, J. B., van Dijk, K. W., Lamb, H. J., et al. (2018). Sex differences in body fat distribution are related to sex differences in serum leptin and adiponectin. Peptides 107, 25–31. doi:10.1016/j.peptides.2018.07.008
 Chung, S. J., Nagaraju, G. P., Nagalingam, A., Muniraj, N., Kuppusamy, P., Walker, A., et al. (2017). ADIPOQ/adiponectin induces cytotoxic autophagy in breast cancer cells through STK11/LKB1-mediated activation of the AMPK-ULK1 axis. Autophagy 13 (8), 1386–1403. doi:10.1080/15548627.2017.1332565
 Cinar, O., Seval, Y., Uz, Y. H., Cakmak, H., Ulukus, M., Kayisli, U. A., et al. (2009). Differential regulation of Akt phosphorylation in endometriosis. Reprod. Biomed. Online 19 (6), 864–871. doi:10.1016/j.rbmo.2009.10.001
 Clark, J. L., Taylor, C. G., and Zahradka, P. (2017). Exploring the cardio-metabolic relevance of T-cadherin: a pleiotropic adiponectin receptor. Endocr. Metab. Immune Disord. Drug Targets 17 (3), 200–206. doi:10.2174/1871530317666170818120224
 Cong, L., Gasser, J., Zhao, J., Yang, B., Li, F., and Zhao, A. Z. (2007). Human adiponectin inhibits cell growth and induces apoptosis in human endometrial carcinoma cells, HEC-1-A and RL95 2. Endocr. Relat. Cancer 14 (3), 713–720. doi:10.1677/erc-07-0065
 Czyzyk, A., Podfigurna, A., Szeliga, A., and Meczekalski, B. (2017). Update on endometriosis pathogenesis. Minerva Ginecol. 69 (5), 447–461. doi:10.23736/s0026-4784.17.04048-5
 D’Amico, G., Muñoz-Félix, J. M., Pedrosa, A. R., and Hodivala-Dilke, K. M. (2020). Splitting the matrix": intussusceptive angiogenesis meets MT1-MMP. EMBO Mol. Med. 12 (2), e11663. doi:10.15252/emmm.201911663
 Delort, L., Jardé, T., Dubois, V., Vasson, M. P., and Caldefie-Chézet, F. (2012). New insights into anticarcinogenic properties of adiponectin: a potential therapeutic approach in breast cancer?Vitam. Horm. 90, 397–417. doi:10.1016/b978-0-12-398313-8.00015-4
 Di Carlo, C., Bonifacio, M., Tommaselli, G. A., Bifulco, G., Guerra, G., and Nappi, C. (2009). Metalloproteinases, vascular endothelial growth factor, and angiopoietin 1 and 2 in eutopic and ectopic endometrium. Fertil. Steril. 91 (6), 2315–2323. doi:10.1016/j.fertnstert.2008.03.079
 Dieudonne, M. N., Bussiere, M., Dos Santos, E., Leneveu, M. C., Giudicelli, Y., and Pecquery, R. (2006). Adiponectin mediates antiproliferative and apoptotic responses in human MCF7 breast cancer cells. Biochem. Biophys. Res. Commun. 345 (1), 271–279. doi:10.1016/j.bbrc.2006.04.076
 Díez, J. J., and Iglesias, P. (2003). The role of the novel adipocyte-derived hormone adiponectin in human disease. Eur. J. Endocrinol. 148 (3), 293–300. doi:10.1530/eje.0.1480293
 Ding, D., Wang, X., Chen, Y., Benagiano, G., Liu, X., and Guo, S. W. (2020). Evidence in support for the progressive nature of ovarian endometriomas. J. Clin. Endocrinol. Metab. 105 (7), dgaa189. doi:10.1210/clinem/dgaa189
 Dong, Z., Su, L., Esmaili, S., Iseli, T. J., Ramezani-Moghadam, M., Hu, L., et al. (2015). Adiponectin attenuates liver fibrosis by inducing nitric oxide production of hepatic stellate cells. J. Mol. Med. Berl. 93 (12), 1327–1339. doi:10.1007/s00109-015-1313-z
 Dong, Z., Zhuang, Q., Ye, X., Ning, M., Wu, S., Lu, L., et al. (2020). Adiponectin inhibits NLRP3 inflammasome activation in nonalcoholic steatohepatitis via AMPK-JNK/ErK1/2-nfκb/ROS signaling pathways. Front. Med. (Lausanne) 7, 546445. doi:10.3389/fmed.2020.546445
 Dos Santos, E., Benaitreau, D., Dieudonne, M. N., Leneveu, M. C., Serazin, V., Giudicelli, Y., et al. (2008). Adiponectin mediates an antiproliferative response in human MDA-MB 231 breast cancer cells. Oncol. Rep. 20 (4), 971–977. doi:10.3892/or_00000098
 Driva, T. S., Schatz, C., and Haybaeck, J. (2023). Endometriosis-associated ovarian carcinomas: how PI3K/AKT/mTOR pathway affects their pathogenesis. Biomolecules 13 (8), 1253. doi:10.3390/biom13081253
 Driva, T. S., Schatz, C., Sobočan, M., and Haybaeck, J. (2022). The role of mTOR and eIF signaling in benign endometrial diseases. Int. J. Mol. Sci. 23 (7), 3416. doi:10.3390/ijms23073416
 Duan, J., Liu, X., Wang, H., and Guo, S. W. (2018). The M2a macrophage subset may be critically involved in the fibrogenesis of endometriosis in mice. Reprod. Biomed. Online 37 (3), 254–268. doi:10.1016/j.rbmo.2018.05.017
 Duan, R., Wang, Y., Lin, A., Lian, L., Cao, H., Gu, W., et al. (2020a). Expression of nm23-H1, p53, and integrin β1 in endometriosis and their clinical significance. Int. J. Clin. Exp. Pathol. 13 (5), 1024–1029.
 Duan, Z. X., Tu, C., Liu, Q., Li, S. Q., Li, Y. H., Xie, P., et al. (2020b). Adiponectin receptor agonist AdipoRon attenuates calcification of osteoarthritis chondrocytes by promoting autophagy. J. Cell Biochem. 121 (5-6), 3333–3344. doi:10.1002/jcb.29605
 Dubois, V., Delort, L., Billard, H., Vasson, M. P., and Caldefie-Chezet, F. (2013). Breast cancer and obesity: in vitro interferences between adipokines and proangiogenic features and/or antitumor therapies?PLoS One 8 (3), e58541. doi:10.1371/journal.pone.0058541
 Eming, S. A., Martin, P., and Tomic-Canic, M. (2014). Wound repair and regeneration: mechanisms, signaling, and translation. Sci. Transl. Med. 6 (265), 265sr6. doi:10.1126/scitranslmed.3009337
 Encalada Soto, D., Rassier, S., Green, I. C., Burnett, T., Khan, Z., and Cope, A. (2022). Endometriosis biomarkers of the disease: an update. Curr. Opin. Obstet. Gynecol. 34 (4), 210–219. doi:10.1097/gco.0000000000000798
 Fang, H., and Judd, R. L. (2018). Adiponectin regulation and function. Compr. Physiol. 8 (3), 1031–1063. doi:10.1002/cphy.c170046
 Fantuzzi, G. (2008). Adiponectin and inflammation: consensus and controversy. J. Allergy Clin. Immunol. 121 (2), 326–330. doi:10.1016/j.jaci.2007.10.018
 Farland, L. V., Missmer, S. A., Bijon, A., Gusto, G., Gelot, A., Clavel-Chapelon, F., et al. (2017). Associations among body size across the life course, adult height and endometriosis. Hum. Reprod. 32 (8), 1732–1742. doi:10.1093/humrep/dex207
 Ferrara, N., and Adamis, A. P. (2016). Ten years of anti-vascular endothelial growth factor therapy. Nat. Rev. Drug Discov. 15 (6), 385–403. doi:10.1038/nrd.2015.17
 Fisslthaler, B., and Fleming, I. (2009). Activation and signaling by the AMP-activated protein kinase in endothelial cells. Circ. Res. 105 (2), 114–127. doi:10.1161/circresaha.109.201590
 Fortunati, N., Catalano, M. G., Boccuzzi, G., and Frairia, R. (2010). Sex Hormone-Binding Globulin (SHBG), estradiol and breast cancer. Mol. Cell Endocrinol. 316 (1), 86–92. doi:10.1016/j.mce.2009.09.012
 Francischetti, E. A., Dezonne, R. S., Pereira, C. M., de Moraes Martins, C. J., Celoria, B. M. J., de Oliveira, P. A. C., et al. (2020). Insights into the controversial aspects of adiponectin in cardiometabolic disorders. Horm. Metab. Res. 52 (10), 695–707. doi:10.1055/a-1239-4349
 Frederiksen, L., Højlund, K., Hougaard, D. M., Mosbech, T. H., Larsen, R., Flyvbjerg, A., et al. (2012). Testosterone therapy decreases subcutaneous fat and adiponectin in aging men. Eur. J. Endocrinol. 166 (3), 469–476. doi:10.1530/eje-11-0565
 Fruebis, J., Tsao, T. S., Javorschi, S., Ebbets-Reed, D., Erickson, M. R., Yen, F. T., et al. (2001). Proteolytic cleavage product of 30-kDa adipocyte complement-related protein increases fatty acid oxidation in muscle and causes weight loss in mice. Proc. Natl. Acad. Sci. U. S. A. 98 (4), 2005–2010. doi:10.1073/pnas.041591798
 Fujita, K., Maeda, N., Sonoda, M., Ohashi, K., Hibuse, T., Nishizawa, H., et al. (2008). Adiponectin protects against angiotensin II-induced cardiac fibrosis through activation of PPAR-alpha. Arterioscler. Thromb. Vasc. Biol. 28 (5), 863–870. doi:10.1161/atvbaha.107.156687
 Gao, J., Liang, Y., and Wang, L. (2022). Shaping polarization of tumor-associated macrophages in cancer immunotherapy. Front. Immunol. 13, 888713. doi:10.3389/fimmu.2022.888713
 Gao, Q., Zheng, J., Yao, X., and Peng, B. (2015). Adiponectin inhibits VEGF-A in prostate cancer cells. Tumour Biol. 36 (6), 4287–4292. doi:10.1007/s13277-015-3067-1
 Gao, Y., Liu, P., and Shi, R. (2020). Anlotinib as a molecular targeted therapy for tumors. Oncol. Lett. 20 (2), 1001–1014. doi:10.3892/ol.2020.11685
 Garcia, J. M., Vannuzzi, V., Donati, C., Bernacchioni, C., Bruni, P., and Petraglia, F. (2023). Endometriosis: cellular and molecular mechanisms leading to fibrosis. Reprod. Sci. 30 (5), 1453–1461. doi:10.1007/s43032-022-01083-x
 Gavrila, A., Peng, C. K., Chan, J. L., Mietus, J. E., Goldberger, A. L., and Mantzoros, C. S. (2003). Diurnal and ultradian dynamics of serum adiponectin in healthy men: comparison with leptin, circulating soluble leptin receptor, and cortisol patterns. J. Clin. Endocrinol. Metab. 88 (6), 2838–2843. doi:10.1210/jc.2002-021721
 Ge, Y., Zhou, M., Chen, C., Wu, X., and Wang, X. (2022). Role of AMPK mediated pathways in autophagy and aging. Biochimie 195, 100–113. doi:10.1016/j.biochi.2021.11.008
 Gelsomino, L., Naimo, G. D., Catalano, S., Mauro, L., and Andò, S. (2019). The emerging role of adiponectin in female malignancies. Int. J. Mol. Sci. 20 (9), 2127. doi:10.3390/ijms20092127
 Goetz, T. G., Mamillapalli, R., and Taylor, H. S. (2016). Low body mass index in endometriosis is promoted by hepatic metabolic gene dysregulation in mice. Biol. Reprod. 95 (6), 115. doi:10.1095/biolreprod.116.142877
 Gordon, S. (2003). Alternative activation of macrophages. Nat. Rev. Immunol. 3 (1), 23–35. doi:10.1038/nri978
 Gordon, S. (2007). The macrophage: past, present and future. Eur. J. Immunol. 37 (Suppl. 1), S9–S17. doi:10.1002/eji.200737638
 Grandhaye, J., Hmadeh, S., Plotton, I., Levasseur, F., Estienne, A., LeGuevel, R., et al. (2021). The adiponectin agonist, AdipoRon, inhibits steroidogenesis and cell proliferation in human luteinized granulosa cells. Mol. Cell Endocrinol. 520, 111080. doi:10.1016/j.mce.2020.111080
 Gueuvoghlanian-Silva, B. Y., Bellelis, P., Barbeiro, D. F., Hernandes, C., and Podgaec, S. (2018). Treg and NK cells related cytokines are associated with deep rectosigmoid endometriosis and clinical symptoms related to the disease. J. Reprod. Immunol. 126, 32–38. doi:10.1016/j.jri.2018.02.003
 Guo, J., Zhu, K., Li, Z., and Xiao, C. (2022). Adiponectin protects hypoxia/reoxygenation-induced cardiomyocyte injury by suppressing autophagy. J. Immunol. Res. 2022, 8433464. doi:10.1155/2022/8433464
 Guo, Z., and Yu, Q. (2019). Role of mTOR signaling in female reproduction. Front. Endocrinol. (Lausanne) 10, 692. doi:10.3389/fendo.2019.00692
 Hammond, G. L., Hogeveen, K. N., Visser, M., and Coelingh Bennink, H. J. (2008). Estetrol does not bind sex hormone binding globulin or increase its production by human HepG2 cells. Climacteric 11 (Suppl. 1), 41–46. doi:10.1080/13697130701851814
 Handelsman, D. J., Hirschberg, A. L., and Bermon, S. (2018). Circulating testosterone as the hormonal basis of sex differences in athletic performance. Endocr. Rev. 39 (5), 803–829. doi:10.1210/er.2018-00020
 Hattori, Y., Hattori, S., and Kasai, K. (2006). Globular adiponectin activates nuclear factor-kappaB in vascular endothelial cells, which in turn induces expression of proinflammatory and adhesion molecule genes. Diabetes Care 29 (1), 139–141. doi:10.2337/diacare.29.1.139
 He, K., Nie, L., Ali, T., Liu, Z., Li, W., Gao, R., et al. (2023). Adiponectin deficiency accelerates brain aging via mitochondria-associated neuroinflammation. Immun. Ageing 20 (1), 15. doi:10.1186/s12979-023-00339-7
 He, K., Nie, L., Ali, T., Wang, S., Chen, X., Liu, Z., et al. (2021). Adiponectin alleviated Alzheimer-like pathologies via autophagy-lysosomal activation. Aging Cell 20 (12), e13514. doi:10.1111/acel.13514
 Hirakawa, T., Nasu, K., Aoyagi, Y., Takebayashi, K., and Narahara, H. (2017). Arcyriaflavin a, a cyclin D1-cyclin-dependent kinase4 inhibitor, induces apoptosis and inhibits proliferation of human endometriotic stromal cells: a potential therapeutic agent in endometriosis. Reprod. Biol. Endocrinol. 15 (1), 53. doi:10.1186/s12958-017-0272-3
 Hogg, C., Horne, A. W., and Greaves, E. (2020). Endometriosis-associated macrophages: origin, phenotype, and function. Front. Endocrinol. (Lausanne) 11, 7. doi:10.3389/fendo.2020.00007
 Holdsworth-Carson, S. J., Chung, J., Sloggett, C., Mortlock, S., Fung, J. N., Montgomery, G. W., et al. (2020). Obesity does not alter endometrial gene expression in women with endometriosis. Reprod. Biomed. Online 41 (1), 113–118. doi:10.1016/j.rbmo.2020.03.015
 Holdsworth-Carson, S. J., Dior, U. P., Colgrave, E. M., Healey, M., Montgomery, G. W., Rogers, P. A. W., et al. (2018). The association of body mass index with endometriosis and disease severity in women with pain. J. Endometr. Pelvic Pain Disord. 10 (2), 79–87. doi:10.1177/2284026518773939
 Holdsworth-Carson, S. J., and Rogers, P. A. W. (2018). The complex relationship between body mass index and endometriosis. J. Endometr. Pelvic Pain Disord. 10 (4), 187–189. doi:10.1177/2284026518810586
 Hsu, A. L., Townsend, P. M., Oehninger, S., and Castora, F. J. (2015). Endometriosis may be associated with mitochondrial dysfunction in cumulus cells from subjects undergoing in vitro fertilization-intracytoplasmic sperm injection, as reflected by decreased adenosine triphosphate production. Fertil. Steril. 103 (2), 347–352. doi:10.1016/j.fertnstert.2014.11.002
 Hu, E., Liang, P., and Spiegelman, B. M. (1996). AdipoQ is a novel adipose-specific gene dysregulated in obesity. J. Biol. Chem. 271 (18), 10697–10703. doi:10.1074/jbc.271.18.10697
 Hu, H. H., Chen, D. Q., Wang, Y. N., Feng, Y. L., Cao, G., Vaziri, N. D., et al. (2018). New insights into TGF-β/Smad signaling in tissue fibrosis. Chem. Biol. Interact. 292, 76–83. doi:10.1016/j.cbi.2018.07.008
 Huang, H. Y., Zhang, F. L., Zhang, T. Y., Yan, Z. H., and Huang, H. (2011). Expression and significance of resistin and adiponectin in peritoneal fluid of patients with endometriosis. Guangdong Med. J. 32, 2007–2009. doi:10.13820/j.cnki.gdyx.2011.15.047
 Huang, Z. X., He, X. R., Ding, X. Y., Chen, J. H., Lei, Y. H., Bai, J. B., et al. (2023). Lipoxin A4 depresses inflammation and promotes autophagy via AhR/mTOR/AKT pathway to suppress endometriosis. Am. J. Reprod. Immunol. 89 (3), e13659. doi:10.1111/aji.13659
 Ibrahim, M. G., Sillem, M., Plendl, J., Taube, E. T., Schüring, A., Götte, M., et al. (2019). Arrangement of myofibroblastic and smooth muscle-like cells in superficial peritoneal endometriosis and a possible role of transforming growth factor beta 1 (TGFβ1) in myofibroblastic metaplasia. Arch. Gynecol. Obstet. 299 (2), 489–499. doi:10.1007/s00404-018-4995-y
 Ito, F., Yamada, Y., Shigemitsu, A., Akinishi, M., Kaniwa, H., Miyake, R., et al. (2017). Role of oxidative stress in epigenetic modification in endometriosis. Reprod. Sci. 24 (11), 1493–1502. doi:10.1177/1933719117704909
 Izumi, G., Koga, K., Takamura, M., Makabe, T., Satake, E., Takeuchi, A., et al. (2018). Involvement of immune cells in the pathogenesis of endometriosis. J. Obstet. Gynaecol. Res. 44 (2), 191–198. doi:10.1111/jog.13559
 Jaeger-Lansky, A., Schmidthaler, K., Kuessel, L., Gstöttner, M., Waidhofer-Söllner, P., Zlabinger, G. J., et al. (2018). Local and systemic levels of cytokines and danger signals in endometriosis-affected women. J. Reprod. Immunol. 130, 7–10. doi:10.1016/j.jri.2018.07.006
 Ji, X., Huang, C., Mao, H., Zhang, Z., Zhang, X., Yue, B., et al. (2022). Identification of immune- and autophagy-related genes and effective diagnostic biomarkers in endometriosis: a bioinformatics analysis. Ann. Transl. Med. 10 (24), 1397. doi:10.21037/atm-22-5979
 Jiang, Q. Y., and Wu, R. J. (2012). Growth mechanisms of endometriotic cells in implanted places: a review. Gynecol. Endocrinol. 28 (7), 562–567. doi:10.3109/09513590.2011.650662
 Jiang, R., Yang, Y., Huang, Q., Jin, Y., Feng, Y., Huang, X., et al. (2020a). Immunohistochemical expression of estrogen receptor α, Bcl-2 and NF-κB P65 in the polyps of patients with and without endometriosis. J. Obstet. Gynaecol. Res. 46 (9), 1819–1826. doi:10.1111/jog.14370
 Jiang, Y., Li, R., Zhao, Y., Liu, J., Zhu, X., and Jin, L. (2020b). Mechanism of MAPK/ERK1/2 signaling pathway and related proteins on receptor activity of rats with endometriosis. J. Biol. Regul. Homeost. Agents 34 (4), 1519–1522. doi:10.23812/20-249-l
 Jing, H., Tang, S., Lin, S., Liao, M., Chen, H., Fan, Y., et al. (2020). Adiponectin in renal fibrosis. Aging (Albany NY) 12 (5), 4660–4672. doi:10.18632/aging.102811
 Junker, S., Frommer, K. W., Krumbholz, G., Tsiklauri, L., Gerstberger, R., Rehart, S., et al. (2017). Expression of adipokines in osteoarthritis osteophytes and their effect on osteoblasts. Matrix Biol. 62, 75–91. doi:10.1016/j.matbio.2016.11.005
 Kacan, T., Yildiz, C., Baloglu Kacan, S., Seker, M., Ozer, H., and Cetin, A. (2017). Everolimus as an mTOR inhibitor suppresses endometriotic implants: an experimental rat study. Geburtshilfe Frauenheilkd 77 (1), 66–72. doi:10.1055/s-0042-115566
 Kalkman, H. O. (2021). An explanation for the adiponectin paradox. Pharm. (Basel) 14 (12), 1266. doi:10.3390/ph14121266
 Kapoor, R., Stratopoulou, C. A., and Dolmans, M. M. (2021). Pathogenesis of endometriosis: new insights into prospective therapies. Int. J. Mol. Sci. 22 (21), 11700. doi:10.3390/ijms222111700
 Kasvandik, S., Samuel, K., Peters, M., Eimre, M., Peet, N., Roost, A. M., et al. (2016). Deep quantitative proteomics reveals extensive metabolic reprogramming and cancer-like changes of ectopic endometriotic stromal cells. J. Proteome Res. 15 (2), 572–584. doi:10.1021/acs.jproteome.5b00965
 Kendall, R. T., and Feghali-Bostwick, C. A. (2014). Fibroblasts in fibrosis: novel roles and mediators. Front. Pharmacol. 5, 123. doi:10.3389/fphar.2014.00123
 Kershaw, E. E., and Flier, J. S. (2004). Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 89 (6), 2548–2556. doi:10.1210/jc.2004-0395
 Kiefer, F., and Siekmann, A. F. (2011). The role of chemokines and their receptors in angiogenesis. Cell Mol. Life Sci. 68 (17), 2811–2830. doi:10.1007/s00018-011-0677-7
 Kiezun, M., Maleszka, A., Smolinska, N., Nitkiewicz, A., and Kaminski, T. (2013). Expression of adiponectin receptors 1 (AdipoR1) and 2 (AdipoR2) in the porcine pituitary during the oestrous cycle. Reprod. Biol. Endocrinol. 11, 18. doi:10.1186/1477-7827-11-18
 Kim, K. K., Sheppard, D., and Chapman, H. A. (2018a). TGF-β1 signaling and tissue fibrosis. Cold Spring Harb. Perspect. Biol. 10 (4), a022293. doi:10.1101/cshperspect.a022293
 Kim, S. T., Marquard, K., Stephens, S., Louden, E., Allsworth, J., and Moley, K. H. (2011). Adiponectin and adiponectin receptors in the mouse preimplantation embryo and uterus. Hum. Reprod. 26 (1), 82–95. doi:10.1093/humrep/deq292
 Kim, Y., Lim, J. H., Kim, M. Y., Kim, E. N., Yoon, H. E., Shin, S. J., et al. (2018b). The adiponectin receptor agonist AdipoRon ameliorates diabetic nephropathy in a model of type 2 diabetes. J. Am. Soc. Nephrol. 29 (4), 1108–1127. doi:10.1681/asn.2017060627
 Kim, Y., and Park, C. W. (2019). Mechanisms of adiponectin action: implication of adiponectin receptor agonism in diabetic kidney disease. Int. J. Mol. Sci. 20 (7), 1782. doi:10.3390/ijms20071782
 Kleinmann, N., Duivenvoorden, W. C., Hopmans, S. N., Beatty, L. K., Qiao, S., Gallino, D., et al. (2014). Underactivation of the adiponectin-adiponectin receptor 1 axis in clear cell renal cell carcinoma: implications for progression. Clin. Exp. Metastasis 31 (2), 169–183. doi:10.1007/s10585-013-9618-1
 Kobayashi, H., Kimura, M., Maruyama, S., Nagayasu, M., and Imanaka, S. (2021a). Revisiting estrogen-dependent signaling pathways in endometriosis: potential targets for non-hormonal therapeutics. Eur. J. Obstet. Gynecol. Reprod. Biol. 258, 103–110. doi:10.1016/j.ejogrb.2020.12.044
 Kobayashi, H., Matsubara, S., Yoshimoto, C., Shigetomi, H., and Imanaka, S. (2023). The role of mitochondrial dynamics in the pathophysiology of endometriosis. J. Obstet. Gynaecol. Res. 49 (12), 2783–2791. doi:10.1111/jog.15791
 Kobayashi, H., Shigetomi, H., and Imanaka, S. (2021b). Nonhormonal therapy for endometriosis based on energy metabolism regulation. Reprod. Fertil. 2 (4), C42–c57. doi:10.1530/raf-21-0053
 Kökény, G., Calvier, L., and Hansmann, G. (2021). PPARγ and tgfβ-major regulators of metabolism, inflammation, and fibrosis in the lungs and kidneys. Int. J. Mol. Sci. 22 (19), 10431. doi:10.3390/ijms221910431
 Kontny, E., Janicka, I., Skalska, U., and Maśliński, W. (2015). The effect of multimeric adiponectin isoforms and leptin on the function of rheumatoid fibroblast-like synoviocytes. Scand. J. Rheumatol. 44 (5), 363–368. doi:10.3109/03009742.2015.1025833
 Korah, T. E., El-Sayed, S., Elshafie, M. K., Hammoda, G. E., and Safan, M. A. (2013). Significance of serum leptin and adiponectin levels in Egyptian patients with chronic hepatitis C virus associated hepatic steatosis and fibrosis. World J. Hepatol. 5 (2), 74–81. doi:10.4254/wjh.v5.i2.74
 Kos, K., Harte, A. L., da Silva, N. F., Tonchev, A., Chaldakov, G., James, S., et al. (2007). Adiponectin and resistin in human cerebrospinal fluid and expression of adiponectin receptors in the human hypothalamus. J. Clin. Endocrinol. Metab. 92 (3), 1129–1136. doi:10.1210/jc.2006-1841
 Kubo, K., Kamada, Y., Hasegawa, T., Sakamoto, A., Nakatsuka, M., Matsumoto, T., et al. (2021). Inflammation of the adipose tissue in the retroperitoneal cavity adjacent to pelvic endometriosis. J. Obstet. Gynaecol. Res. 47 (10), 3598–3606. doi:10.1111/jog.14958
 Lamceva, J., Uljanovs, R., and Strumfa, I. (2023). The main theories on the pathogenesis of endometriosis. Int. J. Mol. Sci. 24 (5), 4254. doi:10.3390/ijms24054254
 Lappas, M., Permezel, M., and Rice, G. E. (2005). Leptin and adiponectin stimulate the release of proinflammatory cytokines and prostaglandins from human placenta and maternal adipose tissue via nuclear factor-kappaB, peroxisomal proliferator-activated receptor-gamma and extracellularly regulated kinase 1/2. Endocrinology 146 (8), 3334–3342. doi:10.1210/en.2005-0406
 Laskin, D. L., Sunil, V. R., Gardner, C. R., and Laskin, J. D. (2011). Macrophages and tissue injury: agents of defense or destruction?Annu. Rev. Pharmacol. Toxicol. 51, 267–288. doi:10.1146/annurev.pharmtox.010909.105812
 Lee, B., and Shao, J. (2014). Adiponectin and energy homeostasis. Rev. Endocr. Metab. Disord. 15 (2), 149–156. doi:10.1007/s11154-013-9283-3
 Lee, H. P., Lin, C. Y., Shih, J. S., Fong, Y. C., Wang, S. W., Li, T. M., et al. (2015). Adiponectin promotes VEGF-A-dependent angiogenesis in human chondrosarcoma through PI3K, Akt, mTOR, and HIF-α pathway. Oncotarget 6 (34), 36746–36761. doi:10.18632/oncotarget.5479
 Lee, K. H., Jeong, J., Woo, J., Lee, C. H., and Yoo, C. G. (2018). Globular adiponectin exerts a pro-inflammatory effect via IκB/NF-κB pathway activation and anti-inflammatory effect by IRAK-1 downregulation. Mol. Cells 41 (8), 762–770. doi:10.14348/molcells.2018.0005
 Li, B. T., Zhang, F. Z., Xu, T. S., Ding, R., and Li, P. (2015). Increasing production of matrix metalloproteinases, tumor necrosis factor-α, vascular endothelial growth factor and prostaglandin E2 in rheumatoid arthritis synovial fibroblasts by different adiponectin isoforms in a concentration-dependent manner. Cell Mol. Biol. (Noisy-le-grand) 61 (7), 27–32.
 Li, M., Lu, M. S., Liu, M. L., Deng, S., Tang, X. H., Han, C., et al. (2018). An observation of the role of autophagy in patients with endometriosis of different stages during secretory phase and proliferative phase. Curr. Gene Ther. 18 (5), 286–295. doi:10.2174/1566523218666181008155039
 Li, R., Du, J., Yao, Y., Yao, G., and Wang, X. (2019). Adiponectin inhibits high glucose-induced angiogenesis via inhibiting autophagy in RF/6A cells. J. Cell Physiol. 234 (11), 20566–20576. doi:10.1002/jcp.28659
 Li, W. N., Hsiao, K. Y., Wang, C. A., Chang, N., Hsu, P. L., Sun, C. H., et al. (2020). Extracellular vesicle-associated VEGF-C promotes lymphangiogenesis and immune cells infiltration in endometriosis. Proc. Natl. Acad. Sci. U. S. A. 117 (41), 25859–25868. doi:10.1073/pnas.1920037117
 Lim, W., Choi, M. J., Bae, H., Bazer, F. W., and Song, G. (2017). A critical role for adiponectin-mediated development of endometrial luminal epithelial cells during the peri-implantation period of pregnancy. J. Cell Physiol. 232 (11), 3146–3157. doi:10.1002/jcp.25768
 Lin, X., Dai, Y., Xu, W., Shi, L., Jin, X., Li, C., et al. (2018). Hypoxia promotes ectopic adhesion ability of endometrial stromal cells via TGF-β1/smad signaling in endometriosis. Endocrinology 159 (4), 1630–1641. doi:10.1210/en.2017-03227
 Liu, L., Yan, M., Yang, R., Qin, X., Chen, L., Li, L., et al. (2021). Adiponectin attenuates lipopolysaccharide-induced apoptosis by regulating the Cx43/PI3K/AKT pathway. Front. Pharmacol. 12, 644225. doi:10.3389/fphar.2021.644225
 Liu, R., Zhao, P., Zhang, Q., Che, N., Xu, L., Qian, J., et al. (2020). Adiponectin promotes fibroblast-like synoviocytes producing IL-6 to enhance T follicular helper cells response in rheumatoid arthritis. Clin. Exp. Rheumatol. 38 (1), 11–18.
 Liu, S., Xin, X., Hua, T., Shi, R., Chi, S., Jin, Z., et al. (2016). Efficacy of anti-VEGF/VEGFR agents on animal models of endometriosis: a systematic review and meta-analysis. PLoS One 11 (11), e0166658. doi:10.1371/journal.pone.0166658
 Liu, X., Zhang, Q., and Guo, S. W. (2018). Histological and immunohistochemical characterization of the similarity and difference between ovarian endometriomas and deep infiltrating endometriosis. Reprod. Sci. 25 (3), 329–340. doi:10.1177/1933719117718275
 Liu, Y., Wang, J., and Zhang, X. (2022). An update on the multifaceted role of NF-kappaB in endometriosis. Int. J. Biol. Sci. 18 (11), 4400–4413. doi:10.7150/ijbs.72707
 Lodyga, M., and Hinz, B. (2020). TGF-β1 - a truly transforming growth factor in fibrosis and immunity. Semin. Cell Dev. Biol. 101, 123–139. doi:10.1016/j.semcdb.2019.12.010
 Lovren, F., Pan, Y., Quan, A., Szmitko, P. E., Singh, K. K., Shukla, P. C., et al. (2010). Adiponectin primes human monocytes into alternative anti-inflammatory M2 macrophages. Am. J. Physiol. Heart Circ. Physiol. 299 (3), H656–H663. doi:10.1152/ajpheart.00115.2010
 Madanes, D., Bilotas, M. A., Bastón, J. I., Singla, J. J., Meresman, G. F., Barañao, R. I., et al. (2020). PI3K/AKT pathway is altered in the endometriosis patient's endometrium and presents differences according to severity stage. Gynecol. Endocrinol. 36 (5), 436–440. doi:10.1080/09513590.2019.1680627
 Maeda, K., Okubo, K., Shimomura, I., Funahashi, T., Matsuzawa, Y., and Matsubara, K. (1996). cDNA cloning and expression of a novel adipose specific collagen-like factor, apM1 (AdiPose Most abundant Gene transcript 1). Biochem. Biophys. Res. Commun. 221 (2), 286–289. doi:10.1006/bbrc.1996.0587
 Magkos, F., and Sidossis, L. S. (2007). Recent advances in the measurement of adiponectin isoform distribution. Curr. Opin. Clin. Nutr. Metab. Care 10 (5), 571–575. doi:10.1097/MCO.0b013e3282bf6ea8
 Mahboobifard, F., Pourgholami, M. H., Jorjani, M., Dargahi, L., Amiri, M., Sadeghi, S., et al. (2022). Estrogen as a key regulator of energy homeostasis and metabolic health. Biomed. Pharmacother. 156, 113808. doi:10.1016/j.biopha.2022.113808
 Maleszka, A., Smolinska, N., Nitkiewicz, A., Kiezun, M., Dobrzyn, K., Czerwinska, J., et al. (2014). Expression of adiponectin receptors 1 and 2 in the ovary and concentration of plasma adiponectin during the oestrous cycle of the pig. Acta Vet. Hung 62 (3), 386–396. doi:10.1556/AVet.2014.007
 Malmström, J., Lindberg, H., Lindberg, C., Bratt, C., Wieslander, E., Delander, E. L., et al. (2004). Transforming growth factor-beta 1 specifically induce proteins involved in the myofibroblast contractile apparatus. Mol. Cell Proteomics 3 (5), 466–477. doi:10.1074/mcp.M300108-MCP200
 Man, K., Ng, K. T., Xu, A., Cheng, Q., Lo, C. M., Xiao, J. W., et al. (2010). Suppression of liver tumor growth and metastasis by adiponectin in nude mice through inhibition of tumor angiogenesis and downregulation of Rho kinase/IFN-inducible protein 10/matrix metalloproteinase 9 signaling. Clin. Cancer Res. 16 (3), 967–977. doi:10.1158/1078-0432.Ccr-09-1487
 Mandal, P., Pratt, B. T., Barnes, M., McMullen, M. R., and Nagy, L. E. (2011). Molecular mechanism for adiponectin-dependent M2 macrophage polarization: link between the metabolic and innate immune activity of full-length adiponectin. J. Biol. Chem. 286 (15), 13460–13469. doi:10.1074/jbc.M110.204644
 Mariño, G., Niso-Santano, M., Baehrecke, E. H., and Kroemer, G. (2014). Self-consumption: the interplay of autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 15 (2), 81–94. doi:10.1038/nrm3735
 Marquardt, R. M., Kim, T. H., Shin, J. H., and Jeong, J. W. (2019). Progesterone and estrogen signaling in the endometrium: what goes wrong in endometriosis?Int. J. Mol. Sci. 20 (15), 3822. doi:10.3390/ijms20153822
 Matsuda, M., and Shimomura, I. (2014). Roles of adiponectin and oxidative stress in obesity-associated metabolic and cardiovascular diseases. Rev. Endocr. Metab. Disord. 15 (1), 1–10. doi:10.1007/s11154-013-9271-7
 McKinnon, B. D., Kocbek, V., Nirgianakis, K., Bersinger, N. A., and Mueller, M. D. (2016). Kinase signalling pathways in endometriosis: potential targets for non-hormonal therapeutics. Hum. Reprod. Update 22 (3), 382–403. doi:10.1093/humupd/dmv060
 Mehedintu, C., Plotogea, M. N., Ionescu, S., and Antonovici, M. (2014). Endometriosis still a challenge. J. Med. Life 7 (3), 349–357.
 Meng, F. P., and Hao, P. (2020). Expression of adiponectin and inflammatory factors in estrogen - dependent uterine lesions. Guangdong Med. J. 41, 51–55. doi:10.13820/j.cnki.gdyx.20190636
 Merki-Feld, G. S., Imthurn, B., Rosselli, M., and Spanaus, K. (2011). Serum concentrations of high-molecular weight adiponectin and their association with sex steroids in premenopausal women. Metabolism 60 (2), 180–185. doi:10.1016/j.metabol.2009.12.010
 Monaco, C., and Paleolog, E (2004). Nuclear factor kappaB: a potential therapeutic target in atherosclerosis and thrombosis. Cardiovasc Res. 61 (4), 671–682. doi:10.1016/j.cardiores.2003.11.038
 Monsivais, D., Dyson, M. T., Yin, P., Coon, J. S., Navarro, A., Feng, G., et al. (2014). ERβ- and prostaglandin E2-regulated pathways integrate cell proliferation via Ras-like and estrogen-regulated growth inhibitor in endometriosis. Mol. Endocrinol. 28 (8), 1304–1315. doi:10.1210/me.2013-1421
 Monsivais, D., Dyson, M. T., Yin, P., Navarro, A., Coon, J. S. T., Pavone, M. E., et al. (2016). Estrogen receptor β regulates endometriotic cell survival through serum and glucocorticoid-regulated kinase activation. Fertil. Steril. 105 (5), 1266–1273. doi:10.1016/j.fertnstert.2016.01.012
 Moon, H. S., Chamberland, J. P., Aronis, K., Tseleni-Balafouta, S., and Mantzoros, C. S. (2011). Direct role of adiponectin and adiponectin receptors in endometrial cancer: in vitro and ex vivo studies in humans. Mol. Cancer Ther. 10 (12), 2234–2243. doi:10.1158/1535-7163.Mct-11-0545
 Moon, H. S., Liu, X., Nagel, J. M., Chamberland, J. P., Diakopoulos, K. N., Brinkoetter, M. T., et al. (2013). Salutary effects of adiponectin on colon cancer: in vivo and in vitro studies in mice. Gut 62 (4), 561–570. doi:10.1136/gutjnl-2012-302092
 Morad, V., Abrahamsson, A., and Dabrosin, C. (2014). Estradiol affects extracellular leptin:adiponectin ratio in human breast tissue in vivo. J. Clin. Endocrinol. Metab. 99 (9), 3460–3467. doi:10.1210/jc.2014-1129
 Mori, T., Ito, F., Koshiba, A., Kataoka, H., Takaoka, O., Okimura, H., et al. (2019). Local estrogen formation and its regulation in endometriosis. Reprod. Med. Biol. 18 (4), 305–311. doi:10.1002/rmb2.12285
 Morikawa, M., Derynck, R., and Miyazono, K. (2016). TGF-Β and the TGF-β family: context-dependent roles in cell and tissue physiology. Cold Spring Harb. Perspect. Biol. 8 (5), a021873. doi:10.1101/cshperspect.a021873
 Ngô, C., Chéreau, C., Nicco, C., Weill, B., Chapron, C., and Batteux, F. (2009). Reactive oxygen species controls endometriosis progression. Am. J. Pathol. 175 (1), 225–234. doi:10.2353/ajpath.2009.080804
 Nigro, E., Mallardo, M., Polito, R., Scialò, F., Bianco, A., and Daniele, A. (2021). Adiponectin and leptin exert antagonizing effects on HUVEC tube formation and migration modulating the expression of CXCL1, VEGF, MMP-2 and MMP-9. Int. J. Mol. Sci. 22 (14), 7516. doi:10.3390/ijms22147516
 Nishizawa, H., Shimomura, I., Kishida, K., Maeda, N., Kuriyama, H., Nagaretani, H., et al. (2002). Androgens decrease plasma adiponectin, an insulin-sensitizing adipocyte-derived protein. Diabetes 51 (9), 2734–2741. doi:10.2337/diabetes.51.9.2734
 Ohashi, K., Parker, J. L., Ouchi, N., Higuchi, A., Vita, J. A., Gokce, N., et al. (2010). Adiponectin promotes macrophage polarization toward an anti-inflammatory phenotype. J. Biol. Chem. 285 (9), 6153–6160. doi:10.1074/jbc.M109.088708
 Ohashi, K., Shibata, R., Murohara, T., and Ouchi, N. (2014). Role of anti-inflammatory adipokines in obesity-related diseases. Trends Endocrinol. Metab. 25 (7), 348–355. doi:10.1016/j.tem.2014.03.009
 Ohman-Hanson, R. A., Cree-Green, M., Kelsey, M. M., Bessesen, D. H., Sharp, T. A., Pyle, L., et al. (2016). Ethnic and sex differences in adiponectin: from childhood to adulthood. J. Clin. Endocrinol. Metab. 101 (12), 4808–4815. doi:10.1210/jc.2016-1137
 Ouchi, N., Kihara, S., Arita, Y., Nishida, M., Matsuyama, A., Okamoto, Y., et al. (2001). Adipocyte-derived plasma protein, adiponectin, suppresses lipid accumulation and class A scavenger receptor expression in human monocyte-derived macrophages. Circulation 103 (8), 1057–1063. doi:10.1161/01.cir.103.8.1057
 Ouchi, N., Kobayashi, H., Kihara, S., Kumada, M., Sato, K., Inoue, T., et al. (2004). Adiponectin stimulates angiogenesis by promoting cross-talk between AMP-activated protein kinase and Akt signaling in endothelial cells. J. Biol. Chem. 279 (2), 1304–1309. doi:10.1074/jbc.M310389200
 Ouh, Y. T., Cho, H. W., Lee, J. K., Choi, S. H., Choi, H. J., and Hong, J. H. (2019). CXC chemokine ligand 1 mediates adiponectin-induced angiogenesis in ovarian cancer. Tumour Biol. 42 (4), 1010428319842699. doi:10.1177/1010428319842699
 Palanisamy, K., Nareshkumar, R. N., Sivagurunathan, S., Raman, R., Sulochana, K. N., and Chidambaram, S. (2019). Anti-angiogenic effect of adiponectin in human primary microvascular and macrovascular endothelial cells. Microvasc. Res. 122, 136–145. doi:10.1016/j.mvr.2018.08.002
 Pandey, N., Kriplani, A., Yadav, R. K., Lyngdoh, B. T., and Mahapatra, S. C. (2010). Peritoneal fluid leptin levels are increased but adiponectin levels are not changed in infertile patients with pelvic endometriosis. Gynecol. Endocrinol. 26 (11), 843–849. doi:10.3109/09513590.2010.487585
 Panduru, N. M., Saraheimo, M., Forsblom, C., Thorn, L. M., Gordin, D., Wadén, J., et al. (2015). Urinary adiponectin is an independent predictor of progression to end-stage renal disease in patients with type 1 diabetes and diabetic nephropathy. Diabetes Care 38 (5), 883–890. doi:10.2337/dc14-2276
 Pantelis, A., Machairiotis, N., and Lapatsanis, D. P. (2021). The formidable yet unresolved interplay between endometriosis and obesity. ScientificWorldJournal 2021, 6653677. doi:10.1155/2021/6653677
 Parker-Duffen, J. L., Nakamura, K., Silver, M., Kikuchi, R., Tigges, U., Yoshida, S., et al. (2013). T-cadherin is essential for adiponectin-mediated revascularization. J. Biol. Chem. 288 (34), 24886–24897. doi:10.1074/jbc.M113.454835
 Peake, P. W., Kriketos, A. D., Campbell, L. V., Shen, Y., and Charlesworth, J. A. (2005). The metabolism of isoforms of human adiponectin: studies in human subjects and in experimental animals. Eur. J. Endocrinol. 153 (3), 409–417. doi:10.1530/eje.1.01978
 Peitsidis, P., Tsikouras, P., Laganà, A. S., Laios, A., Gkegkes, I. D., and Iavazzo, C. (2023). A systematic review of systematic reviews on the use of aromatase inhibitors for the treatment of endometriosis: the evidence to date. Drug Des. Devel Ther. 17, 1329–1346. doi:10.2147/dddt.S315726
 Pellegrini, C., Gori, I., Achtari, C., Hornung, D., Chardonnens, E., Wunder, D., et al. (2012). The expression of estrogen receptors as well as GREB1, c-MYC, and cyclin D1, estrogen-regulated genes implicated in proliferation, is increased in peritoneal endometriosis. Fertil. Steril. 98 (5), 1200–1208. doi:10.1016/j.fertnstert.2012.06.056
 Peng, Y. J., Shen, T. L., Chen, Y. S., Mersmann, H. J., Liu, B. H., and Ding, S. T. (2018). Adiponectin and adiponectin receptor 1 overexpression enhance inflammatory bowel disease. J. Biomed. Sci. 25 (1), 24. doi:10.1186/s12929-018-0419-3
 Pfeiler, G. H., Buechler, C., Neumeier, M., Schäffler, A., Schmitz, G., Ortmann, O., et al. (2008). Adiponectin effects on human breast cancer cells are dependent on 17-β estradiol. Oncol. Rep. 19 (3), 787–793. doi:10.3892/or.19.3.787
 Popli, P., Sun, A. J., and Kommagani, R. (2022). The multifaceted role of autophagy in endometrium homeostasis and disease. Reprod. Sci. 29 (4), 1054–1067. doi:10.1007/s43032-021-00587-2
 Potente, M., Gerhardt, H., and Carmeliet, P. (2011). Basic and therapeutic aspects of angiogenesis. Cell 146 (6), 873–887. doi:10.1016/j.cell.2011.08.039
 Prieto, L., Quesada, J. F., Cambero, O., Pacheco, A., Pellicer, A., Codoceo, R., et al. (2012). Analysis of follicular fluid and serum markers of oxidative stress in women with infertility related to endometriosis. Fertil. Steril. 98 (1), 126–130. doi:10.1016/j.fertnstert.2012.03.052
 Qi, G. M., Jia, L. X., Li, Y. L., Li, H. H., and Du, J. (2014). Adiponectin suppresses angiotensin II-induced inflammation and cardiac fibrosis through activation of macrophage autophagy. Endocrinology 155 (6), 2254–2265. doi:10.1210/en.2013-2011
 Qi, Q. R., Lechuga, T. J., Patel, B., Nguyen, N. A., Yang, Y. H., Li, Y., et al. (2020). Enhanced stromal cell CBS-H2S production promotes estrogen-stimulated human endometrial angiogenesis. Endocrinology 161 (11), bqaa176. doi:10.1210/endocr/bqaa176
 Qin, Q. Q., Jia, C. Y., and Dai, Y. F. (2014). Clinical significance of serum high sensitivity C-reactive protein and adiponectin in patients with endometriosis. J. Chin. Physician 4, 533–534. doi:10.3760/cma.j.issn.1008-1372.2014.04.035
 Ramírez-Pavez, T. N., Martínez-Esparza, M., Ruiz-Alcaraz, A. J., Marín-Sánchez, P., Machado-Linde, F., and García-Peñarrubia, P. (2021). The role of peritoneal macrophages in endometriosis. Int. J. Mol. Sci. 22 (19), 10792. doi:10.3390/ijms221910792
 Ramzan, A. A., Bitler, B. G., Hicks, D., Barner, K., Qamar, L., Behbakht, K., et al. (2019). Adiponectin receptor agonist AdipoRon induces apoptotic cell death and suppresses proliferation in human ovarian cancer cells. Mol. Cell Biochem. 461 (1-2), 37–46. doi:10.1007/s11010-019-03586-9
 Reis, F. M., Petraglia, F., and Taylor, R. N. (2013). Endometriosis: hormone regulation and clinical consequences of chemotaxis and apoptosis. Hum. Reprod. Update 19 (4), 406–418. doi:10.1093/humupd/dmt010
 Revathidevi, S., and Munirajan, A. K. (2019). Akt in cancer: mediator and more. Semin. Cancer Biol. 59, 80–91. doi:10.1016/j.semcancer.2019.06.002
 Richter, O. N., Dorn, C., Rösing, B., Flaskamp, C., and Ulrich, U. (2005). Tumor necrosis factor alpha secretion by peritoneal macrophages in patients with endometriosis. Arch. Gynecol. Obstet. 271 (2), 143–147. doi:10.1007/s00404-003-0591-9
 Rizzo, M. R., Fasano, R., and Paolisso, G. (2020). Adiponectin and cognitive decline. Int. J. Mol. Sci. 21 (6), 2010. doi:10.3390/ijms21062010
 Rodriguez-Pacheco, F., Martinez-Fuentes, A. J., Tovar, S., Pinilla, L., Tena-Sempere, M., Dieguez, C., et al. (2007). Regulation of pituitary cell function by adiponectin. Endocrinology 148 (1), 401–410. doi:10.1210/en.2006-1019
 Sampson, J. (1927). Peritoneal endometriosis due to the menstrual dissemination of endometrial tissue into the peritoneal cavity. Am. J. Obstet. Gynecol. 14, 422–469. doi:10.1016/s0002-9378(15)30003-x
 Samson, S. C., Khan, A. M., and Mendoza, M. C. (2022). ERK signaling for cell migration and invasion. Front. Mol. Biosci. 9, 998475. doi:10.3389/fmolb.2022.998475
 Sang, L., Fang, Q. J., and Zhao, X. B. (2019). A research on the protein expression of p53, p16, and MDM2 in endometriosis. Med. Baltim. 98 (14), e14776. doi:10.1097/md.0000000000014776
 Santulli, P., Chouzenoux, S., Fiorese, M., Marcellin, L., Lemarechal, H., Millischer, A. E., et al. (2015). Protein oxidative stress markers in peritoneal fluids of women with deep infiltrating endometriosis are increased. Hum. Reprod. 30 (1), 49–60. doi:10.1093/humrep/deu290
 Savvidou, S., Hytiroglou, P., Orfanou-Koumerkeridou, H., Panderis, A., Frantzoulis, P., and Goulis, J. (2009). Low serum adiponectin levels are predictive of advanced hepatic fibrosis in patients with NAFLD. J. Clin. Gastroenterol. 43 (8), 765–772. doi:10.1097/MCG.0b013e31819e9048
 Scheer, F. A., Chan, J. L., Fargnoli, J., Chamberland, J., Arampatzi, K., Shea, S. A., et al. (2010). Day/night variations of high-molecular-weight adiponectin and lipocalin-2 in healthy men studied under fed and fasted conditions. Diabetologia 53 (11), 2401–2405. doi:10.1007/s00125-010-1869-7
 Scherer, P. E., Williams, S., Fogliano, M., Baldini, G., and Lodish, H. F. (1995). A novel serum protein similar to C1q, produced exclusively in adipocytes. J. Biol. Chem. 270 (45), 26746–26749. doi:10.1074/jbc.270.45.26746
 Shah, D. K., Correia, K. F., Harris, H. R., and Missmer, S. A. (2013a). Plasma adipokines and endometriosis risk: a prospective nested case-control investigation from the Nurses' Health Study II. Hum. Reprod. 28 (2), 315–321. doi:10.1093/humrep/des411
 Shah, D. K., Correia, K. F., Vitonis, A. F., and Missmer, S. A. (2013b). Body size and endometriosis: results from 20 years of follow-up within the Nurses' Health Study II prospective cohort. Hum. Reprod. 28 (7), 1783–1792. doi:10.1093/humrep/det120
 Shao, J., Zhang, B., Yu, J. J., Wei, C. Y., Zhou, W. J., Chang, K. K., et al. (2016). Macrophages promote the growth and invasion of endometrial stromal cells by downregulating IL-24 in endometriosis. Reproduction 152 (6), 673–682. doi:10.1530/rep-16-0278
 Shen, L., Miao, J., Yuan, F., Zhao, Y., Tang, Y., Wang, Y., et al. (2013). Overexpression of adiponectin promotes focal angiogenesis in the mouse brain following middle cerebral artery occlusion. Gene Ther. 20 (1), 93–101. doi:10.1038/gt.2012.7
 Shi, L. B., Zhou, F., Zhu, H. Y., Huang, D., Jin, X. Y., Li, C., et al. (2017). Transforming growth factor beta1 from endometriomas promotes fibrosis in surrounding ovarian tissues via Smad2/3 signaling. Biol. Reprod. 97 (6), 873–882. doi:10.1093/biolre/iox140
 Shibata, R., Ouchi, N., Kihara, S., Sato, K., Funahashi, T., and Walsh, K. (2004). Adiponectin stimulates angiogenesis in response to tissue ischemia through stimulation of amp-activated protein kinase signaling. J. Biol. Chem. 279 (27), 28670–28674. doi:10.1074/jbc.M402558200
 Sikora, J., Smycz-Kubańska, M., Mielczarek-Palacz, A., Bednarek, I., and Kondera-Anasz, Z. (2018). The involvement of multifunctional TGF-β and related cytokines in pathogenesis of endometriosis. Immunol. Lett. 201, 31–37. doi:10.1016/j.imlet.2018.10.011
 Smolinska, N., Maleszka, A., Dobrzyn, K., Kiezun, M., Szeszko, K., and Kaminski, T. (2014). Expression of adiponectin and adiponectin receptors 1 and 2 in the porcine uterus, conceptus, and trophoblast during early pregnancy. Theriogenology 82 (7), 951–965. doi:10.1016/j.theriogenology.2014.07.018
 Soares, S. R., Martínez-Varea, A., Hidalgo-Mora, J. J., and Pellicer, A. (2012). Pharmacologic therapies in endometriosis: a systematic review. Fertil. Steril. 98 (3), 529–555. doi:10.1016/j.fertnstert.2012.07.1120
 Straub, L. G., and Scherer, P. E. (2019). Metabolic messengers: adiponectin. Nat. Metab. 1 (3), 334–339. doi:10.1038/s42255-019-0041-z
 Strzałkowska, B., Dawidowicz, M., Ochman, B., and Świętochowska, E. (2021). The role of adipokines in leiomyomas development. Exp. Mol. Pathol. 123, 104693. doi:10.1016/j.yexmp.2021.104693
 Sui, X., Li, Y., Sun, Y., Li, C., Li, X., and Zhang, G. (2018). Expression and significance of autophagy genes LC3, Beclin1 and MMP-2 in endometriosis. Exp. Ther. Med. 16 (3), 1958–1962. doi:10.3892/etm.2018.6362
 Sun, Y., and Chen, X. (2010). Effect of adiponectin on apoptosis: proapoptosis or antiapoptosis?Biofactors 36 (3), 179–186. doi:10.1002/biof.83
 Symons, L. K., Miller, J. E., Kay, V. R., Marks, R. M., Liblik, K., Koti, M., et al. (2018). The immunopathophysiology of endometriosis. Trends Mol. Med. 24 (9), 748–762. doi:10.1016/j.molmed.2018.07.004
 Takebayashi, A., Kimura, F., Kishi, Y., Ishida, M., Takahashi, A., Yamanaka, A., et al. (2015). Subpopulations of macrophages within eutopic endometrium of endometriosis patients. Am. J. Reprod. Immunol. 73 (3), 221–231. doi:10.1111/aji.12331
 Takemura, Y., Osuga, Y., Harada, M., Hirata, T., Koga, K., Morimoto, C., et al. (2005a). Serum adiponectin concentrations are decreased in women with endometriosis. Hum. Reprod. 20 (12), 3510–3513. doi:10.1093/humrep/dei233
 Takemura, Y., Osuga, Y., Harada, M., Hirata, T., Koga, K., Yoshino, O., et al. (2005b). Concentration of adiponectin in peritoneal fluid is decreased in women with endometriosis. Am. J. Reprod. Immunol. 54 (4), 217–221. doi:10.1111/j.1600-0897.2005.00300.x
 Takemura, Y., Osuga, Y., Yamauchi, T., Kobayashi, M., Harada, M., Hirata, T., et al. (2006). Expression of adiponectin receptors and its possible implication in the human endometrium. Endocrinology 147 (7), 3203–3210. doi:10.1210/en.2005-1510
 Tan, M., Tang, G., and Rui, H. (2015). Adiponectin attenuates Ang Ⅱ-induced TGFβ1 production in human mesangial cells via an AMPK-dependent pathway. Biotechnol. Appl. Biochem. 62 (6), 848–854. doi:10.1002/bab.1323
 Tang, Y., Zhao, M., Lin, L., Gao, Y., Chen, G. Q., Chen, S., et al. (2020). Is body mass index associated with the incidence of endometriosis and the severity of dysmenorrhoea: a case-control study in China?BMJ Open 10 (9), e037095. doi:10.1136/bmjopen-2020-037095
 Tao, T., Wang, Y., Xu, B., Mao, X., Sun, Y., and Liu, W. (2019). Role of adiponectin/peroxisome proliferator-activated receptor alpha signaling in human chorionic gonadotropin-induced estradiol synthesis in human luteinized granulosa cells. Mol. Cell Endocrinol. 493, 110450. doi:10.1016/j.mce.2019.110450
 Taylor, H. S., Kotlyar, A. M., and Flores, V. A. (2021). Endometriosis is a chronic systemic disease: clinical challenges and novel innovations. Lancet 397 (10276), 839–852. doi:10.1016/S0140-6736(21)00389-5
 Tian, M., Tang, L., Wu, Y., Beddhu, S., and Huang, Y. (2018). Adiponectin attenuates kidney injury and fibrosis in deoxycorticosterone acetate-salt and angiotensin II-induced CKD mice. Am. J. Physiol. Ren. Physiol. 315 (3), F558–F571. doi:10.1152/ajprenal.00137.2018
 Tilg, H., and Wolf, A. M. (2005). Adiponectin: a key fat-derived molecule regulating inflammation. Expert Opin. Ther. Targets 9 (2), 245–251. doi:10.1517/14728222.9.2.245
 Tsankof, A., and Tziomalos, K. (2022). Adiponectin: a player in the pathogenesis of hormone-dependent cancers. Front. Endocrinol. (Lausanne) 13, 1018515. doi:10.3389/fendo.2022.1018515
 Tsatsanis, C., Zacharioudaki, V., Androulidaki, A., Dermitzaki, E., Charalampopoulos, I., Minas, V., et al. (2005). Adiponectin induces TNF-alpha and IL-6 in macrophages and promotes tolerance to itself and other pro-inflammatory stimuli. Biochem. Biophys. Res. Commun. 335 (4), 1254–1263. doi:10.1016/j.bbrc.2005.07.197
 Tworoger, S. S., Mantzoros, C., and Hankinson, S. E. (2007). Relationship of plasma adiponectin with sex hormone and insulin-like growth factor levels. Obes. (Silver Spring) 15 (9), 2217–2224. doi:10.1038/oby.2007.263
 Udomsinprasert, W., Honsawek, S., and Poovorawan, Y. (2018). Adiponectin as a novel biomarker for liver fibrosis. World J. Hepatol. 10 (10), 708–718. doi:10.4254/wjh.v10.i10.708
 Vigano, P., Candiani, M., Monno, A., Giacomini, E., Vercellini, P., and Somigliana, E. (2018). Time to redefine endometriosis including its pro-fibrotic nature. Hum. Reprod. 33 (3), 347–352. doi:10.1093/humrep/dex354
 Vitonis, A. F., Baer, H. J., Hankinson, S. E., Laufer, M. R., and Missmer, S. A. (2010). A prospective study of body size during childhood and early adulthood and the incidence of endometriosis. Hum. Reprod. 25 (5), 1325–1334. doi:10.1093/humrep/deq039
 Volpato, L. K., Horewicz, V. V., Bobinski, F., Martins, D. F., and Piovezan, A. P. (2018). Annexin A1, FPR2/ALX, and inflammatory cytokine expression in peritoneal endometriosis. J. Reprod. Immunol. 129, 30–35. doi:10.1016/j.jri.2018.08.002
 Vučić Lovrenčić, M., Gerić, M., Košuta, I., Dragičević, M., Garaj-Vrhovac, V., and Gajski, G. (2020). Sex-specific effects of vegetarian diet on adiponectin levels and insulin sensitivity in healthy non-obese individuals. Nutrition 79-80, 110862. doi:10.1016/j.nut.2020.110862
 Wakabayashi, A., Takeda, T., Tsuiji, K., Li, B., Sakata, M., Morishige, K., et al. (2011). Antiproliferative effect of adiponectin on rat uterine leiomyoma ELT-3 cells. Gynecol. Endocrinol. 27 (1), 33–38. doi:10.3109/09513590.2010.487605
 Waki, H., Yamauchi, T., Kamon, J., Ito, Y., Uchida, S., Kita, S., et al. (2003). Impaired multimerization of human adiponectin mutants associated with diabetes. Molecular structure and multimer formation of adiponectin. J. Biol. Chem. 278 (41), 40352–40363. doi:10.1074/jbc.M300365200
 Wang, F., Wang, H., Jin, D., and Zhang, Y. (2018a). Serum miR-17, IL-4, and IL-6 levels for diagnosis of endometriosis. Med. Baltim. 97 (24), e10853. doi:10.1097/md.0000000000010853
 Wang, L. X., Zhang, S. X., Wu, H. J., Rong, X. L., and Guo, J. (2019). M2b macrophage polarization and its roles in diseases. J. Leukoc. Biol. 106 (2), 345–358. doi:10.1002/jlb.3ru1018-378rr
 Wang, N., Liang, H., and Zen, K. (2014a). Molecular mechanisms that influence the macrophage m1-m2 polarization balance. Front. Immunol. 5, 614. doi:10.3389/fimmu.2014.00614
 Wang, X., Chen, Q., Pu, H., Wei, Q., Duan, M., Zhang, C., et al. (2016). Adiponectin improves NF-κB-mediated inflammation and abates atherosclerosis progression in apolipoprotein E-deficient mice. Lipids Health Dis. 15, 33. doi:10.1186/s12944-016-0202-y
 Wang, X., Pu, H., Ma, C., Jiang, T., Wei, Q., Zhang, C., et al. (2014b). Adiponectin abates atherosclerosis by reducing oxidative stress. Med. Sci. Monit. 20, 1792–1800. doi:10.12659/msm.892299
 Wang, X., Yan, X., Huang, F., and Wu, L. (2023). Adiponectin inhibits TGF-β1-induced skin fibroblast proliferation and phenotype transformation via the p38 MAPK signaling pathway. Open Life Sci. 18 (1), 20220679. doi:10.1515/biol-2022-0679
 Wang, X., Yang, J., Wu, L., Tong, C., Zhu, Y., Cai, W., et al. (2022). Adiponectin inhibits the activation of lung fibroblasts and pulmonary fibrosis by regulating the nuclear factor kappa B (NF-κB) pathway. Bioengineered 13 (4), 10098–10110. doi:10.1080/21655979.2022.2063652
 Wang, X. M., Ma, Z. Y., and Song, N. (2018b). Inflammatory cytokines IL-6, IL-10, IL-13, TNF-α and peritoneal fluid flora were associated with infertility in patients with endometriosis. Eur. Rev. Med. Pharmacol. Sci. 22 (9), 2513–2518. doi:10.26355/eurrev_201805_14899
 Wang, Z. V., and Scherer, P. E. (2016). Adiponectin, the past two decades. J. Mol. Cell Biol. 8 (2), 93–100. doi:10.1093/jmcb/mjw011
 Watson, E. C., Koenig, M. N., Grant, Z. L., Whitehead, L., Trounson, E., Dewson, G., et al. (2016). Apoptosis regulates endothelial cell number and capillary vessel diameter but not vessel regression during retinal angiogenesis. Development 143 (16), 2973–2982. doi:10.1242/dev.137513
 Wei, Y., Liang, Y., Lin, H., Dai, Y., and Yao, S. (2020). Autonomic nervous system and inflammation interaction in endometriosis-associated pain. J. Neuroinflammation 17 (1), 80. doi:10.1186/s12974-020-01752-1
 Weiskirchen, R., Weiskirchen, S., and Tacke, F. (2019). Organ and tissue fibrosis: molecular signals, cellular mechanisms and translational implications. Mol. Asp. Med. 65, 2–15. doi:10.1016/j.mam.2018.06.003
 Wildman, R. P., Wang, D., Fernandez, I., Mancuso, P., Santoro, N., Scherer, P. E., et al. (2013). Associations of testosterone and sex hormone binding globulin with adipose tissue hormones in midlife women. Obes. (Silver Spring) 21 (3), 629–636. doi:10.1002/oby.20256
 Winters, S. J., Gogineni, J., Karegar, M., Scoggins, C., Wunderlich, C. A., Baumgartner, R., et al. (2014). Sex hormone-binding globulin gene expression and insulin resistance. J. Clin. Endocrinol. Metab. 99 (12), E2780–E2788. doi:10.1210/jc.2014-2640
 Wójtowicz, M., Zdun, D., Owczarek, A. J., Skrzypulec-Plinta, V., and Olszanecka-Glinianowicz, M. (2023). Evaluation of adipokines concentrations in plasma, peritoneal, and endometrioma fluids in women operated on for ovarian endometriosis. Front. Endocrinol. (Lausanne) 14, 1218980. doi:10.3389/fendo.2023.1218980
 Wu, L., Lv, C., Su, Y., Li, C., Zhang, H., Zhao, X., et al. (2019a). Expression of programmed death-1 (PD-1) and its ligand PD-L1 is upregulated in endometriosis and promoted by 17beta-estradiol. Gynecol. Endocrinol. 35 (3), 251–256. doi:10.1080/09513590.2018.1519787
 Wu, M. H., Hsiao, K. Y., and Tsai, S. J. (2019b). Hypoxia: the force of endometriosis. J. Obstet. Gynaecol. Res. 45 (3), 532–541. doi:10.1111/jog.13900
 Wulster-Radcliffe, M. C., Ajuwon, K. M., Wang, J., Christian, J. A., and Spurlock, M. E. (2004). Adiponectin differentially regulates cytokines in porcine macrophages. Biochem. Biophys. Res. Commun. 316 (3), 924–929. doi:10.1016/j.bbrc.2004.02.130
 Xu, H., Gao, Y., Shu, Y., Wang, Y., and Shi, Q. (2019a). EPHA3 enhances macrophage autophagy and apoptosis by disrupting the mTOR signaling pathway in mice with endometriosis. Biosci. Rep. 39 (7). doi:10.1042/bsr20182274
 Xu, H., Zhao, Q., Song, N., Yan, Z., Lin, R., Wu, S., et al. (2020). AdipoR1/AdipoR2 dual agonist recovers nonalcoholic steatohepatitis and related fibrosis via endoplasmic reticulum-mitochondria axis. Nat. Commun. 11 (1), 5807. doi:10.1038/s41467-020-19668-y
 Xu, X., Huang, X., Zhang, L., Huang, X., Qin, Z., and Hua, F. (2021). Adiponectin protects obesity-related glomerulopathy by inhibiting ROS/NF-κB/NLRP3 inflammation pathway. BMC Nephrol. 22 (1), 218. doi:10.1186/s12882-021-02391-1
 Xu, Z., Zhang, L., Yu, Q., Zhang, Y., Yan, L., and Chen, Z. J. (2019b). The estrogen-regulated lncRNA H19/miR-216a-5p axis alters stromal cell invasion and migration via ACTA2 in endometriosis. Mol. Hum. Reprod. 25 (9), 550–561. doi:10.1093/molehr/gaz040
 Yamaguchi, N., Argueta, J. G., Masuhiro, Y., Kagishita, M., Nonaka, K., Saito, T., et al. (2005). Adiponectin inhibits Toll-like receptor family-induced signaling. FEBS Lett. 579 (30), 6821–6826. doi:10.1016/j.febslet.2005.11.019
 Yamauchi, T., Iwabu, M., Okada-Iwabu, M., and Kadowaki, T. (2014). Adiponectin receptors: a review of their structure, function and how they work. Best. Pract. Res. Clin. Endocrinol. Metab. 28 (1), 15–23. doi:10.1016/j.beem.2013.09.003
 Yamauchi, T., Kamon, J., Ito, Y., Tsuchida, A., Yokomizo, T., Kita, S., et al. (2003). Cloning of adiponectin receptors that mediate antidiabetic metabolic effects. Nature 423 (6941), 762–769. doi:10.1038/nature01705
 Yan, C. J., Li, S. M., Xiao, Q., Liu, Y., Hou, J., Chen, A. F., et al. (2013). Influence of serum adiponectin level and SNP +45 polymorphism of adiponectin gene on myocardial fibrosis. J. Zhejiang Univ. Sci. B 14 (8), 721–728. doi:10.1631/jzus.BQICC707
 Yang, H. L., Mei, J., Chang, K. K., Zhou, W. J., Huang, L. Q., and Li, M. Q. (2017). Autophagy in endometriosis. Am. J. Transl. Res. 9 (11), 4707–4725.
 Yang, J., Lin, S. C., Chen, G., He, L., Hu, Z., Chan, L., et al. (2013). Adiponectin promotes monocyte-to-fibroblast transition in renal fibrosis. J. Am. Soc. Nephrol. 24 (10), 1644–1659. doi:10.1681/asn.2013030217
 Yang, S., and Plotnikov, S. V. (2021). Mechanosensitive regulation of fibrosis. Cells 10 (5), 994. doi:10.3390/cells10050994
 Yang, W., Yuan, W., Peng, X., Wang, M., Xiao, J., Wu, C., et al. (2019). PPAR γ/nnat/NF-κB Axis involved in promoting effects of adiponectin on preadipocyte differentiation. Mediat. Inflamm. 2019, 5618023. doi:10.1155/2019/5618023
 Yao, Y., Xu, X. H., and Jin, L. (2019). Macrophage polarization in physiological and pathological pregnancy. Front. Immunol. 10, 792. doi:10.3389/fimmu.2019.00792
 Yarrow, J. F., Beggs, L. A., Conover, C. F., McCoy, S. C., Beck, D. T., and Borst, S. E. (2012). Influence of androgens on circulating adiponectin in male and female rodents. PLoS One 7 (10), e47315. doi:10.1371/journal.pone.0047315
 Ye, C., Chen, P., Xu, B., Jin, Y., Pan, Y., Wu, T., et al. (2023). Abnormal expression of fission and fusion genes and the morphology of mitochondria in eutopic and ectopic endometrium. Eur. J. Med. Res. 28 (1), 209. doi:10.1186/s40001-023-01180-w
 Ye, J. J., Bian, X., Lim, J., and Medzhitov, R. (2020). Adiponectin and related C1q/TNF-related proteins bind selectively to anionic phospholipids and sphingolipids. Proc. Natl. Acad. Sci. U. S. A. 117 (29), 17381–17388. doi:10.1073/pnas.1922270117
 Ye, Z., and Hu, Y. (2021). TGF-β1: gentlemanly orchestrator in idiopathic pulmonary fibrosis (Review). Int. J. Mol. Med. 48 (1), 132. doi:10.3892/ijmm.2021.4965
 Yi, K. W., Shin, J. H., Park, H. T., Kim, T., Kim, S. H., and Hur, J. Y. (2010). Resistin concentration is increased in the peritoneal fluid of women with endometriosis. Am. J. Reprod. Immunol. 64 (5), 318–323. doi:10.1111/j.1600-0897.2010.00840.x
 Yilmaz, B. D., and Bulun, S. E. (2019). Endometriosis and nuclear receptors. Hum. Reprod. Update 25 (4), 473–485. doi:10.1093/humupd/dmz005
 Yokota, T., Oritani, K., Takahashi, I., Ishikawa, J., Matsuyama, A., Ouchi, N., et al. (2000). Adiponectin, a new member of the family of soluble defense collagens, negatively regulates the growth of myelomonocytic progenitors and the functions of macrophages. Blood 96 (5), 1723–1732. doi:10.1182/blood.v96.5.1723
 Yu, J. J., Sun, H. T., Zhang, Z. F., Shi, R. X., Liu, L. B., Shang, W. Q., et al. (2016). IL15 promotes growth and invasion of endometrial stromal cells and inhibits killing activity of NK cells in endometriosis. Reproduction 152 (2), 151–160. doi:10.1530/rep-16-0089
 Zabihi, M., Lotfi, R., Yousefi, A. M., and Bashash, D. (2023). Cyclins and cyclin-dependent kinases: from biology to tumorigenesis and therapeutic opportunities. J. Cancer Res. Clin. Oncol. 149 (4), 1585–1606. doi:10.1007/s00432-022-04135-6
 Zeng, F., Shi, J., Long, Y., Tian, H., Li, X., Zhao, A. Z., et al. (2015). Adiponectin and endometrial cancer: a systematic review and meta-analysis. Cell Physiol. Biochem. 36 (4), 1670–1678. doi:10.1159/000430327
 Zha, D., Wu, X., and Gao, P. (2017). Adiponectin and its receptors in diabetic kidney disease: molecular mechanisms and clinical potential. Endocrinology 158 (7), 2022–2034. doi:10.1210/en.2016-1765
 Zhang, H. W., Yang, L., Ren, C. C., Zhang, F., Li, F. Y., Lu, J., et al. (2021). Role of adiponectin gene polymorphisms in endometriosis. Dep. Obstetrics Gynecol. 30, 259–263. doi:10.13283/j.cnki.xdfckjz.2021.04.004
 Zhang, L., Wen, K., Han, X., Liu, R., and Qu, Q. (2015). Adiponectin mediates antiproliferative and apoptotic responses in endometrial carcinoma by the AdipoRs/AMPK pathway. Gynecol. Oncol. 137 (2), 311–320. doi:10.1016/j.ygyno.2015.02.012
 Zhang, M., Xu, T., Tong, D., Li, S., Yu, X., Liu, B., et al. (2023). Research advances in endometriosis-related signaling pathways: a review. Biomed. Pharmacother. 164, 114909. doi:10.1016/j.biopha.2023.114909
 Zhang, S., Wu, X., Wang, J., Shi, Y., Hu, Q., Cui, W., et al. (2022). Adiponectin/AdiopR1 signaling prevents mitochondrial dysfunction and oxidative injury after traumatic brain injury in a SIRT3 dependent manner. Redox Biol. 54, 102390. doi:10.1016/j.redox.2022.102390
 Zhang, T., De Carolis, C., Man, G. C. W., and Wang, C. C. (2018). The link between immunity, autoimmunity and endometriosis: a literature update. Autoimmun. Rev. 17 (10), 945–955. doi:10.1016/j.autrev.2018.03.017
 Zhang, X., and Zhao, W. (2023). Expression and clinical significance of Capase3 and C-IAP1/2 in ectopic endometrium of patients with endometriosis. Cell Mol. Biol. (Noisy-le-grand) 69 (7), 127–130. doi:10.14715/cmb/2023.69.7.20
 Zhao, D., Zhu, X., Jiang, L., Huang, X., Zhang, Y., Wei, X., et al. (2021a). Advances in understanding the role of adiponectin in renal fibrosis. Nephrol. Carlt. 26 (2), 197–203. doi:10.1111/nep.13808
 Zhao, Z., Wu, Y., Zhang, H., Wang, X., Tian, X., Wang, Y., et al. (2021b). Association of leptin and adiponectin levels with endometriosis: a systematic review and meta-analysis. Gynecol. Endocrinol. 37 (7), 591–599. doi:10.1080/09513590.2021.1878139
 Zhou, W. J., Yang, H. L., Shao, J., Mei, J., Chang, K. K., Zhu, R., et al. (2019). Anti-inflammatory cytokines in endometriosis. Cell Mol. Life Sci. 76 (11), 2111–2132. doi:10.1007/s00018-019-03056-x
 Zhu, M. B., Chen, L. P., Hu, M., Shi, Z., and Liu, Y. N. (2019). Effects of lncRNA BANCR on endometriosis through ERK/MAPK pathway. Eur. Rev. Med. Pharmacol. Sci. 23 (16), 6806–6812. doi:10.26355/eurrev_201908_18719
 Zolbin, M. M., Mamillapalli, R., Nematian, S. E., Goetz, T. G., and Taylor, H. S. (2019). Adipocyte alterations in endometriosis: reduced numbers of stem cells and microRNA induced alterations in adipocyte metabolic gene expression. Reprod. Biol. Endocrinol. 17 (1), 36. doi:10.1186/s12958-019-0480-0
 Zondervan, K. T., Becker, C. M., Koga, K., Missmer, S. A., Taylor, R. N., and Viganò, P. (2018). Endometriosis. Nat. Rev. Dis. Prim. 4 (1), 9. doi:10.1038/s41572-018-0008-5
 Zondervan, K. T., Becker, C. M., and Missmer, S. A. (2020). Endometriosis. N. Engl. J. Med. 382 (13), 1244–1256. doi:10.1056/NEJMra1810764
GLOSSARY
[image: ]Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Zhao, Ren, Li, Wei and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1396616-t001.jpg
References Experiment Sample size Location Change

(experiment vs (experiment vs
control) control)
Takemura et al. Patients with Women of reproductive age without 54:26 PE 1
(2005b) endometriosis endometriosis
Takemura et al. Patients with Women of reproductive age without 48:30 Serum 1
(20052) endometriosis endometriosis
Pandey et al. (2010) | Infertile patients with Infertile patients without pelvic 1535 PE NS
pelvic endometriosis endometriosis
Serum NS
Yi et al. (2010) Patients with Patients without endometriosis who 48:36 PF NS
endometriosis underwent surgical procedures for pelvic
pain, infertility and / or other benign
diseases
Huang et al. (2011) Patients with Patients without endometriosis 57:30 PE !
endometriosis
Patients with Patients with endometriosis (I~1l) 3225 NS

endometriosis (111~V)

Choi et al. (2013) Patients with ovarian Age-matched patients who underwent 44:42 Ectopic lesion NS
endometriosis hysterectomy because of myoma or
carcinoma in situ of uterine cervix

Shah et al. (2013a) Patients with ‘Women of reproductive age without 350:694 Blood NS
endometriosis endometriosis
Qin et al. (2014) Patients with ovarian Healthy women 3842 Serum 1
endometriosis
Meng and Hao Patients with Healthy women 30:30 Serum !
(2020) endometriosis
Wéjtowicz etal. | Patients with ovarian Self-control 56 Plasma 9.8 pg/mL
(2023) endometriosis
(7.3-13.1)
PE 1.2 pg/mL
(0.1-2.4)
Endometrioma 0.1 pg/mL
fluids

(0.0-1.3)





OPS/images/fphar-15-1396616-g002.gif
Adponcctin

_ /N
o v a7

e /
s

Adiponectin HMW, MD-

Region





OPS/images/fphar-15-1396616-g003.gif
s ¢ Adiponectin

i

Endosettiosis.

)

fCo

|

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		The mysterious association between adiponectin and endometriosis		1 Introduction

		2 Obesity, adipose tissue, and EMs

		3 Adiponectin		3.1 Overview, structure, and oligomers

		3.2 Adiponectin receptors and functions





		4 Evidence for the association of adiponectin with EMs

		5 Possible associations of adiponectin with the pathogenesis of EMs		5.1 Apoptosis and autophagy

		5.2 Angiogenesis

		5.3 Inflammatory processes

		5.4 Fibrogenesis

		5.5 Energy metabolism

		5.6 Synthesis, metabolism, and effects of estrogen





		6 Discussion

		Author contributions

		Funding

		Publisher’s note

		References

		Glossary









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-15-1396616-001.jpg
AdipoR1
AdipoR2
Akt
AMPK
a-SMA
ATGI13
Bcl-2
BMI
Cx43
CXCL1
CYP2R1
ELT3
EMs
eNOS
ERK

E2
FABP4
FIP200
GBP-28
HMEC-1
HMW
HUVECs
IGFBP1
IL-1p
IL-6
IL-8
IL-10
LC3
LKB1
LMW
LPS
MAPK
MCP-1
MMD2
MMPs
MMW
MRC-1
mTOR
NF-kB
OA
PCOS
PF
PI3K
PPAR-a

PPAR-y

ROCK2
ROS
SARDs
SHBG
SOD

STAT3

adiponectin receptor 1

adiponectin receptor 2

protein kinase B

adenosine monophosphate-activated protein kinase
alpha-smooth muscle actin

autophagy-related 13

B-cell lymphoma 2

body mass index

connexin 43

CXC motif chemokine ligand 1

cytochrome P450 2R1

Eker leiomyoma tumor-3

endometriosis

endothelial nitric oxide synthase

extracellular signal-regulated kinase

estradiol

fatty acid binding protein 4

FAK family kinase-interacting protein of 200 kDa
gelatin-binding protein 28

human microvascular endothelial cell 1
high-molecular weight

human umbilical vein endothelial cells
insulin-like growth factor binding protein 1
interleukin 1 beta

interleukin 6

interleukin 8

interleukin 10

microtubule-associated protein light chain 3
liver kinase B1

low-molecular weight

lipopolysaccharide

mitogen-activated protein kinase

monocyte chemoattractant protein 1

monocyte to macrophage differentiation associated 2
matrix metalloproteinases

medium-molecular weight

mannose receptor C-Type I

mammalian target or rapamycin

nuclear factor kappa B

osteoarthritis

polycystic ovary syndrome

peritoneal fluid

phosphoinositide 3-kinase

peroxisome proliferator-activated receptor alpha
peroxisome proliferator-activated receptor gamma
rheumatoid arthritis

Rho-associated coiled-coil containing protein kinase 2
reactive oxygen species

systemic autoimmune rheumatic diseases

sex hormone-binding globulin

superoxide dismutase

signal transducer and activator of transcription 3
serine/threonine kinase 11

T-cadherin

transforming growth factor beta

tumor necrosis factor alpha

unc-51-like autophagy activating kinase 1

vascular endothelial growth factor





OPS/images/fphar-15-1396616-g001.gif
Endometriosis









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





