
1 

 

Dysfunctional Signaling Underlying Endometriosis: Current State of Knowledge 1 

 2 

Yeon Jean Cho
1,2
, Seung Hyun Lee

1
, Jung Woo Park

1
, Myoungseok Han

1
, 3 

Mi Jin Park
2
, Sang Jun Han

2,3,4,5
 4 

 5 

1 
Department of Obstetrics and Gynecology, Dong-A University, College of Medicine, Busan, 6 

Republic of Korea, 
2 

Department of Molecular and Cellular Biology, 
3
Center for 7 

Reproductive Medicine, 
4
 Dan L Duncan Comprehensive Cancer Center and 

5
Center for Drug 8 

Discovery, Baylor College of Medicine, Houston, TX 77030, USA.  9 

Corresponding Author: Sang Jun Han, e-mail: sjhan@bcm.edu 10 

Short Title: Cellular Signal Dysfunction in Endometriosis 11 

Keywords: Endometriosis, inflammation, apoptosis, oxidative stress, estrogen receptor 12 

  13 

Page 1 of 45  Accepted Preprint first posted on 12 January 2018 as Manuscript JME-17-0227

 Copyright © 2018 by the Society for Endocrinology.



2 

 

Abstract 14 

Endometriosis is defined as the presence of endometrial tissue outside the uterine cavity. It 15 

affects approximately 5-10% of women of reproductive age. Endometriosis is associated with 16 

dysmenorrhea, dyspareunia and, often, severe pelvic pain. In addition to pain, women with 17 

endometriosis often experience infertility. Defining the molecular etiology of endometriosis 18 

is a significant challenge for improving the quality of women’s lives. Unfortunately, the 19 

pathophysiology of endometriosis is not well understood. Here, we summarize the potential 20 

causative factors of endometriosis in the following three categories: 1) dysregulation of 21 

immune cells in the peritoneal fluid and endometriotic lesions; 2) alteration of apoptotic 22 

signaling in retrograde menstrual tissue and cytotoxic T cells involved in endometriosis 23 

progression; and 3) dysregulation of oxidative stress. Determining the molecular etiology of 24 

these dysregulated cellular signaling pathways should provide crucial clues for understanding 25 

initiation and progression of endometriosis. Moreover, improved understanding should 26 

suggest new molecular therapeutic targets that could improve the specificity of endometriosis 27 

treatments and reduce the side effects associated with current approaches. 28 

 29 

 30 

  31 
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Introduction 32 

Endometriosis, defined as the presence of endometrial tissue outside the uterine cavity, 33 

results in severe pelvic pain and infertility in up to 5–10% of women of reproductive age 34 

(Eskenazi and Warner 1997; Giudice 2010). Understanding the molecular etiology of 35 

endometriosis is essential to providing better treatment for this disease. There are many 36 

unresolved side effects of treatment, including adverse consequences for normal reproductive 37 

function, because current systemic estrogen deficiency therapy using gonadotropin-releasing 38 

hormone agonists (Descamps and Lansac 1998), oral contraceptives, synthetic progestins 39 

and/or aromatase inhibitors prevents pregnancy (Attar and Bulun 2006). To minimize these 40 

side effects, new and essential pathological pathways involved in endometriosis and 41 

endometriosis-associated dysfunction need to be evaluated. 42 

There are several hypotheses regarding how endometriosis is initiated and progresses (Bulun 43 

2009). The most widely accepted hypothesis involves retrograde menstruation (Sampson’s 44 

hypothesis), wherein viable endometrial tissue fragments move into the pelvic cavity through 45 

the fallopian tubes during menstruation (Sampson 1927). These refluxed endometrial cells 46 

subsequently adhere to various tissues (such as the ovary, peritoneum, intestine, and uterus), 47 

invade them, and then proliferate until they become endometriotic lesions. Abnormalities of 48 

the genital tract, genetic predispositions, hormonal imbalances, altered immune surveillance, 49 

inflammatory responses, and abnormal regulation of endometrial cells are potential causative 50 

drivers of endometriosis progression (Sourial, et al. 2014). Although numerous studies have 51 

sought to determine the causative factors underlying the initiation and progression of 52 

endometriosis, the precise pathogenesis of endometriosis remains unknown. To help address 53 

this crucial question, we have summarized how the dysregulation of inflammation, apoptosis, 54 
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and oxidative stress signaling in immune cells, endometriotic lesions, and peritoneal fluid 55 

drives the initiation and progression of endometriosis (Barrier 2010; Gupta, et al. 2006; 56 

Taniguchi, et al. 2011). A review of the literature was conducted to identify the most relevant 57 

studies reported in the English language. We searched the PubMed MEDLINE electronic 58 

database (https://www.ncbi.nlm.nih.gov/pubmed) for articles published between 1996 and 59 

2017. The major keywords used were as follows: “endometriosis and inflammation”, 60 

“endometriosis and immune dysregulation”, “endometriosis and apoptosis”, and 61 

“endometriosis and oxidative stress”. Here, our goal was to present relevant research related 62 

to the pathophysiology of endometriosis, and we considered both in vitro studies using 63 

human samples and animal model studies. To specify our purpose, we have included 64 

additional keywords as follows: “T cell/B cell dysfunction”, “macrophage”, “natural killer 65 

cells”, “cytokine signal” and “inflammation and estrogen receptor” along with endometriosis. 66 

Moreover, references in each article were searched to identify studies potentially overlooked 67 

in our initial search.  68 

Dysregulation of immune signaling during endometriosis progression 69 

During each menstrual cycle, viable endometrial fragments are transported into the 70 

peritoneal area by retrograde menstruation. Several studies have indicated that endometriosis 71 

patients have dysregulated immune systems that allow retrograde menstrual tissue to survive. 72 

For example, endometriosis patients have elevated levels of activated macrophages, T and B 73 

cells, but reduced levels of cytotoxic natural killer (NK) cells compared to healthy women 74 

(Jeung, et al. 2016). They also show significant upregulation of stem cell growth factor b 75 

(SCGFB), interleukin (IL) 8, human growth factor (HGF), and monocyte chemoattractant 76 

protein 1 (MCP1), and downregulation of IL13 (Jorgensen, et al. 2017). These dysregulated 77 
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immune cells and their cytokine networks could stimulate the initiation and progression of 78 

endometriosis.  79 

A) Alterations of macrophages and their cytokine profiles in endometriosis.  80 

Macrophages, the internal components of the mononuclear phagocyte system, are derived 81 

from bone marrow progenitors and enter the bloodstream as monocytes. In peripheral tissues, 82 

macrophages mature and are activated in response to various external stimuli (such as 83 

lineage-determining growth factors, T helper (Th) cell cytokines, and microbial products) to 84 

modulate the immune system (Santanam, et al. 2002).  85 

Are macrophages required for the progression of endometriosis? Significantly increased 86 

numbers of macrophages are detected in eutopic endometria in women 87 

with endometriosis (Berbic, et al. 2009), raising questions regarding their role during 88 

endometriosis progression. A rat endometriosis model showed that macrophage depletion 89 

using liposomal alendronate (LA) effectively inhibited the initiation and growth of 90 

endometriotic lesions, as determined by reduced implantation rates, adhesion scoring, implant 91 

size and weight, and numbers of infiltrating macrophages in implants following LA treatment 92 

compared to vehicle treatment (Haber, et al. 2009). Another study revealed that endometrial 93 

fragments adhered to and implanted in the peritoneal wall, whereas endometriotic lesions 94 

failed to organize and develop in the absence of macrophages because blood vessels failed to 95 

reach the inner layers of endometriotic lesions, which subsequently stopped growing (Bacci, 96 

et al. 2009). These observations suggest an important role for macrophages in endometriosis 97 

progression.  98 

How do macrophages drive endometriosis progression? As macrophages secrete various 99 

cytokines to modulate normal cell functions, dysregulated macrophage-secreted cytokines 100 
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have been associated with several diseases (Arango Duque and Descoteaux 2014). An 101 

abundance of peritoneal neutrophils and macrophages in the peritoneal fluid of endometriosis 102 

patients increases the levels of vascular endothelial growth factor (VEGF), which stimulates 103 

endometriosis progression (Lin, et al. 2006). Higher levels of macrophages may play a role in 104 

endometriosis by increasing the levels of cytokines responsible for amplifying the angiogenic 105 

signal. Interleukin 24 (IL24) is a novel tumor suppressor gene active in a broad range of 106 

human cancer cells. In decidual stromal cells, IL24 also significantly restricts the stimulatory 107 

effects of estrogen (Shao, et al. 2013). Interestingly, macrophages markedly reduce the 108 

expression of IL24 in endometrial stromal cells to limit the inhibitory effects of IL24 on cell 109 

viability and invasion, as well as on the expression levels of the proliferation-related gene Ki-110 

67, proliferating cell nuclear antigen (PCNA), and cyclooxygenase 2 (COX2) (Shao, et al. 111 

2016). Macrophage-mediated downregulation of IL24 leads to the increased proliferation and 112 

invasiveness of endometrial stromal cells and contributes to endometriosis progression. 113 

Tumor Growth Factor (TGF)β levels are also elevated in endometriotic lesions and 114 

macrophages in women with endometriosis compared to healthy women (Omwandho, et al. 115 

2010). TGFβ-mediated autocrine and paracrine signaling in peritoneal macrophages plays an 116 

essential role in endometriosis progression by stimulating macrophage DNA synthesis, 117 

macrophage cell-cell interactions and the expression of macrophage cell surface adhesion 118 

molecules, such as integrin-α/β (Dou, et al. 1997).  119 

Is there any difference in the macrophage populations between the normal endometrium and 120 

endometriotic lesions? Macrophages are activated into classic (M1) or alternative (M2) 121 

phenotypes depending on the type of stimulation (Martinez and Gordon 2014). 122 

Lipopolysaccharides (LPS), interferon-γ (IFN-γ), and granulocyte-macrophage colony 123 
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stimulating factor (GM-CSF) induce macrophages towards the M1 phenotype. M1 124 

macrophages produce significant levels of pro-inflammatory cytokines, such as IL1β, 125 

tumor necrosis factor (TNF), IL12, IL18, and IL23 (Wang, et al. 2014a). These help 126 

drive antigen-specific Th1 and Th17 cell inflammatory responses that suppress tumor 127 

cell growth (Roberts, et al. 2015). In addition to pro-inflammatory cytokines, M1 128 

macrophages upregulate the expression of intracellular protein suppressor of cytokine 129 

signaling 3 (SOCS3) and activate inducible nitric oxide synthase (NOS2 or iNOS) to 130 

produce NO from L-arginine and inhibit tumor growth (Arnold, et al. 2014). 131 

Macrophages are guided towards the M2 type by fungal cells, immune complexes, 132 

helminth infections, complement components, apoptotic cells, macrophage colony-133 

stimulating factor (MCSF), IL4, IL13, IL10, and transforming growth factor (TGF)-β 134 

(Martinez and Gordon 2014). Activated M2 macrophages secrete high levels of IL10, 135 

IL1, IL1ra, and IL6 to stimulate tumor growth (Arango Duque and Descoteaux 2014). 136 

A rhesus macaque model of endometriosis revealed that, compared to controls, the 137 

activation state of macrophages in endometriosis tissues in nonhuman primates was skewed 138 

towards the M2 phenotype (Smith, et al. 2012). Large peritoneal macrophages (LPMs) and 139 

small peritoneal macrophages (SPMs) have been found to polarize towards either 140 

M1 or M2 cells, respectively, in a murine model. Accordingly, the proportion of SPMs 141 

increased immediately after peritoneal injection of endometrial tissue, whereas LPMs 142 

exhibited the opposite trend (Yuan, et al. 2017). Thus, it is possible that retrograde menstrual 143 

tissues could stimulate peritoneal macrophage polarization to the M2 type. In human 144 

endometriosis patients, there is high M2 macrophage polarization, and in vitro co-culture 145 

analyses have shown that M2 macrophages significantly upregulate proliferation of 146 
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endometrial stromal cells by activating signal transducer and activator of transcription 3 147 

(STAT3) signaling (Itoh, et al. 2013). STAT3 signaling is aberrantly activated in epithelial 148 

and endometrial stromal cells in human endometriotic lesions (Kim, et al. 2015). Therefore, 149 

endometriosis-associated M2 macrophages may stimulate STAT3 signaling in endometriotic 150 

lesions and thereby stimulate endometriosis. 151 

What causative factors drive M2 macrophage polarization in endometriotic cells? M2 152 

macrophage polarization is regulated by the endometrium. Abnormal expression of 153 

indoleamine 2,3-dioxygenase-1 (IDO1) in endometrial stromal cells promotes an 154 

inflammatory response that subsequently initiates M2 macrophage polarization, which may 155 

facilitate the survival of retrograde menstrual tissues (Mei, et al. 2017). Fractalkine (FKN), 156 

which is secreted by eutopic endometrial stroma cells, also stimulates M2 macrophage 157 

polarization and enhances endometriosis progression (Wang, et al. 2014b). FKN 158 

induces M2 macrophage polarization by decreasing CD86 expression. In addition, FKN 159 

increases the expression of matrix metalloproteinase 9 (MMP9) by decreasing the expression 160 

of tissue inhibitor of MMP1 and 2. This promotes the invasiveness of endometrial stromal 161 

cells by activating p38 mitogen-activated protein kinases (MAPKs) and the integrin β1 162 

signaling pathway to stimulate endometriosis progression (Collette, et al. 2006; Wang et al. 163 

2014b).  164 

Exposure to endocrine disrupting chemicals interferes with the endocrine system, causing 165 

cancerous tumors, birth defects and other developmental disorders, resulting in the 166 

progression of several human diseases (Mallozzi, et al. 2017; Ribeiro, et al. 2017). For 167 

example, exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) compounds stimulate 168 

endometriosis progression (Smarr, et al. 2016). To induce endometriosis, TCDD alters 169 
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patterns of macrophage activation. Combining 17β-estradiol with TCDD has a synergistic 170 

effect on the induction of M2 macrophage activation when macrophages are co-cultured with 171 

endometrial stromal cells, because it activates STAT3 and p38 MAPK signaling pathways 172 

(Wang, et al. 2015). In addition to in vitro assays, the combination of TCDD and high levels 173 

of local 17β-estradiol in endometriotic lesions has been shown to synergistically induce M2 174 

macrophage polarization and stimulate endometriosis in humans (Delvoux, et al. 2009).  175 

Annexin A2 is involved in various cellular processes, such as cell motility, cytoskeletal 176 

regulation, and endocytosis. Levels of annexin A2 are markedly reduced in 177 

peritoneal macrophages from women with endometriosis compared to controls, and 178 

downregulation of annexin A2 inhibits the phagocytic capacity of macrophages (Wu, et al. 179 

2013). The level of annexin A2 mRNA in macrophages is reduced by prostaglandin 180 

E2 (PGE2) via the EP2/EP4 receptor-dependent signaling pathway. Indeed, elevated levels of 181 

PGE2 have been detected in endometriotic lesions (Rakhila, et al. 2015), where they may 182 

reduce the ratio of M1/M2 peritoneal macrophages and stimulate the progression of 183 

endometriosis. 184 

Endometriotic lesions exhibit high levels of the C-C chemokine regulated on activation, 185 

normal T cell expressed and secreted (RANTES). During osteogenesis, RANTES stimulates 186 

the transition of M1 to M2 macrophages in osteoprogenitors (Cordova, et al. 2017). Elevated 187 

RANTES levels has been linked to endometriosis progression (Hornung, et al. 2001; Wang, 188 

et al. 2010) and is likely involved in M2 peritoneal macrophage polarization in endometriosis 189 

patients. TCDD promote RANTES expression, and a combination of 17β-estradiol and 190 

TCDD significantly enhanced RANTES secretion in an endometriosis-associated human 191 

endometrial cell co-culture system, recruiting greater numbers of macrophages (Wang et al. 192 
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2010). RANTES could be a molecular therapeutic target for endometriosis, as suggested by 193 

the action of shikonin, an anti-inflammatory phytocompound derived from Lithospermum 194 

erythrorhizon, that mediates the inhibition of RANTES secretion and reduces endometriosis 195 

progression (Yuan, et al. 2014).  196 

The activation of TGFβ signaling in endometriosis also induces M2 macrophage polarization 197 

to stimulate inflammatory signaling and tissue repair (Gong, et al. 2012).        198 

B) Dysregulation of T cell-mediated cytokine profiling in endometriosis.  199 

Lymphocyte subpopulations in endometriotic lesions are markedly different from those in 200 

normal endometrial tissue. Specifically, endometriotic lesions display increased numbers of 201 

CD4 and CD8 cells and activated T cells compared to normal endometrial tissue (Witz, et al. 202 

1994). Additionally, T cell subtypes are also differentially regulated. The proportion of Th1 203 

lymphocytes is significantly lower, whereas the Th17 lymphocyte fraction is significantly 204 

elevated in endometriotic lesions (Takamura, et al. 2015). One recent study has shown that 205 

IL-10
+
Th17 cell papulation are significantly elevated in the peritoneal fluid of endometriosis 206 

patients as compared to the women without endometriosis (Chang, et al. 2017). Interestingly, 207 

elevation of IL-10
+
Th17 cell papulation is associated with increased levels of IL-27, IL-6 and 208 

TGF-β. Especially, TGF-β stimulates IL-10 production in Th17 cells in vitro and in vivo in 209 

human endometrial stromal cells to stimulate the proliferation and implantation of ectopic 210 

lesions and accelerate the progression of endometriosis (Chang, et al. 2017). Although these 211 

patterns are not fully understood, this differential T lymphocyte activation appears to clearly 212 

be involved in the pathophysiology of endometriosis. 213 

Altered ratios of Th1/Th2 cells in endometriotic lesions: CD4+ T lymphocytes, or Th cells, 214 

can be further subdivided into Th1 and Th2 cells, and the cytokines they produce are referred 215 
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to as Th1-type and Th2-type, respectively (Berger 2000). Th1-type cytokines tend to generate 216 

pro-inflammatory responses, whereas Th2-type cytokines, such as IL4, IL5, IL10, and IL13, 217 

tend to elicit anti-inflammatory responses. A well-balanced Th1 and Th2 response is 218 

important for various immune challenges (Berger 2000). In endometriotic lesions, the levels 219 

of IFN-γ, IL10, and the ratios of IL4/IFN-γ, IL4/IL2, IL10/IFN-γ, and IL10/IL2 are 220 

significantly elevated in the peritoneal fluid of endometriosis patients compared to healthy 221 

controls (Podgaec, et al. 2007), which reflects a shift towards the Th2 immune response. 222 

Endometriosis progression may be associated with a reduced Th1/Th2 ratio among T cells in 223 

the peritoneal fluid. 224 

Role and determinants of Th2 cytokine production during endometriosis progression: In 225 

humans, cytokines secreted from Th2 cells stimulate endometriosis progression. For example, 226 

IL4, a typical Th2 cytokine, has been shown to increase the mRNA expression of 3β-227 

hydroxysteroid dehydrogenase (HSD3B2) in a dose-dependent manner (Urata, et al. 2013). 228 

HSD3B2 is a pivotal enzyme for estrogen production. IL4 increases local estrogen levels to 229 

stimulate endometriosis progression. In addition, IL4 increases the proliferation of 230 

endometriotic stromal cells by activating p38 MAPK, stress-activated protein kinase/c-Jun 231 

kinase, and p42/44 MAPK to stimulate endometriosis progression (OuYang, et al. 2008b). 232 

Similar changes have been observed in mouse models. The weights and areas of 233 

endometriotic lesions have been found to be significantly reduced following treatment with 234 

INF-γ and IL2 (Th1 cytokines) compared to treatment with IL4 and IL10 (Th2 cytokines) or 235 

saline solution (controls) (Mier-Cabrera, et al. 2013). Th1 cytokine milieus suppress the 236 

progression of endometriosis in a murine endometriosis model. 237 

Eutopic endometrial tissues from patients with endometriosis have higher mRNA levels of 238 
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GATA binding protein 3 (GATA3) compared to normal endometrial tissue (Chen, et al. 2012). 239 

Expression of GATA3 is regulated by estrogen, and their synergistic action regulates Th2 240 

cytokine (e.g., IL6, IL8, and IL10) expression in eutopic endometrial cells (Chen, et al. 2016). 241 

Therefore, GATA3 integrates estrogen signaling to induce Th2 cytokine expression in 242 

endometriotic lesions, thereby promoting endometriosis progression.  243 

IL6 levels are also elevated in endometrial stromal cells isolated from women with 244 

endometriosis compared to healthy controls (Tsudo, et al. 2000). IL6 expression in 245 

endometriotic cells is induced by IL1β and TNF-α (Akoum, et al. 1996). IL6 promotes CD4+ 246 

Th2 differentiation and inhibits Th1 differentiation via two independent molecular 247 

mechanisms (Diehl, et al. 2000). Elevated IL6 levels promote Th2 differentiation by 248 

activating transcription mediated by nuclear factor of activated T cells (NFAT) (Diehl and 249 

Rincon 2002). Additionally, IL6 inhibits Th1 differentiation by interfering with IFN-γ 250 

signaling and the expression of suppressor of cytokine signaling 1 (SOCS1). These findings 251 

may support a role for IL6 in Th2 differentiation and Th2 cytokine production in 252 

endometriotic lesions.  253 

Alteration of Treg cells in endometriosis: In addition to Th1 and Th2 cells, naïve T cells can 254 

differentiate into regulatory T (Treg) cells (Josefowicz, et al. 2012). Treg cells suppress a 255 

range of immune responses, such as T-cell proliferation and activation (Giatromanolaki, et al. 256 

2008), as well as macrophage, B-cell, dendritic cell, and NK-cell function (Thornton 2005). 257 

Because of its immuno-suppressive function, the infiltration of large numbers of Treg cells 258 

into tumor tissues is associated with a poor prognosis (Enokida and Nishikawa 259 

2017). Consistent with tumor progression, a higher concentration of Treg cell phenotypes 260 

and/or expression markers has been detected in peritoneal fluid and endometriotic lesions but 261 
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not in samples from healthy control women (Bellelis, et al. 2013; de Barros, et al. 2017; Slabe, 262 

et al. 2013). To initiate and establish endometriosis, retrograde menstrual tissues in the 263 

peritoneal region must escape the host immune surveillance system. To achieve this, the large 264 

numbers of Treg cells in the T cell population and endometriotic lesions decrease the 265 

recruitment of immune cells to prevent the recognition and targeting of retrograde menstrual 266 

tissues, thus allowing their survival and implantation into ectopic sites.  267 

Th17 cells and IL23 levels in endometriosis: In addition to Th2 cytokines, the levels of IL23 268 

and the Th17 cytokine IL17 are highly elevated in the peritoneal fluid of women with 269 

minimal or mild endometriosis (Andreoli, et al. 2011). Th17 cells are involved in the 270 

pathogenesis of several autoimmune diseases, and endometriosis is associated with a higher 271 

risk (20–60%) of autoimmune disease, such as multiple sclerosis, systemic lupus 272 

erythematosus, and Sjögren syndrome (Nielsen, et al. 2011; Ouyang, et al. 2008a). In vitro 273 

stimulation of endometrial epithelial carcinoma cells, Ishikawa cells, and HUVECs with 274 

IL17A revealed that IL17A treatment significantly increased angiogenic (VEGF and IL8), 275 

pro-inflammatory (IL6 and IL1β), and chemotactic cytokine levels (G-CSF, CXCL12, 276 

CXCL1, and CX3CL1) (Ahn, et al. 2015). The levels of IL23 were significantly higher in the 277 

peritoneal fluid of women with endometriosis compared to normal controls (Andreoli et al. 278 

2011). Activated naïve T cells produce IL23, which then increases the levels of IL10 and 279 

IL17, both of which are required for endometriosis progression (Vanden Eijnden, et al. 2005). 280 

Dysregulation of IL23 is also involved in several endometriosis-associated endometrial 281 

dysfunctions, such as infertility (Andreoli et al. 2011; Frazer, et al. 2013).  282 

Altered T cell activation and autoimmune properties of endometriosis: Endometriosis is not 283 

itself an autoimmune disease; however, women with endometriosis may have been reported 284 
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to have a higher risk of developing several autoimmune diseases, such as systemic lupus 285 

erythematosus, Sjögren's syndrome, multiple sclerosis, and rheumatoid arthritis (Haga, et al. 286 

2005; Harris, et al. 2016). This is somewhat controversial however, as another study reported 287 

no correlation between them (Nielsen et al. 2011). In many autoimmune diseases, altered 288 

activation of CD4
+
 T cells plays a critical role in activating B cells to stimulate the production 289 

of autoantibodies (Palmer and Weaver 2010). Consistent with autoimmune disease, the 290 

elevated levels of autoantibodies against the endometrium and ovary are highly elevated in 291 

endometriosis patient (Mathur, et al. 1982). Therefore, altered activation of CD4
+ 

T cells, as 292 

described above, might be involved in the elevation of autoimmune disease properties in 293 

endometriotic lesions.    294 

C) Dysfunction of NK cells in endometriosis patients. 295 

NK cells secrete lytic granules containing granzyme, perforin, and cytotoxins (such as IFN-γ) 296 

to destroy other cells (Topham and Hewitt 2009). Cytotoxic NK cells therefore play a critical 297 

role in innate immunity to activate the host immune surveillance system following exposure 298 

to pathogens. Because of the crucial role of NK cells in innate immunity, dysregulation of 299 

NK cells causes immune-related disease progression (Mandal and Viswanathan 2015; Smyth, 300 

et al. 2005). The levels of molecular markers of cytotoxic NK cells, such as markers of 301 

activation (granzyme B, perforin, TRAIL, CD107a, and CD69) and cell surface markers 302 

(NKp46, NKp44, NKG2D, and CD16), are significantly reduced, but the proportion of 303 

immature NK cells (CD272CD11b2+) in the NK cell population (CD32CD56+) is elevated in 304 

the peritoneal fluid of endometriosis patients compared to normal women (Jeung, et al. 2016; 305 

Oosterlynck, et al. 1991).  306 

How are cytotoxic NK cells downregulated in endometriotic lesions compared to normal 307 
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endometrial tissue? Cytokines with inhibitory effects on cytotoxic NK cells, such as 308 

inflammatory cytokines (IL6, IL8, IL1β, IFN-γ, and TNF-α) and non-inflammatory cytokines 309 

(CXCL3, CCL2, CCL5), are significantly elevated in the peritoneal fluid of endometriosis 310 

patients compared to controls (Malutan, et al. 2015). Moreover, peritoneal fluid from 311 

endometriosis patients also shows elevated levels of antigens (HLA-G and HLA-E), 312 

immunoreceptor tyrosine-based inhibitory motif killer cell inhibitory receptors (ITIM-KIRs), 313 

inhibitory NK cell receptors containing Ig domains (KIR2DL1, KIR3DL1), EB6, and soluble 314 

intracellular adhesion molecule-1 (I-CAM), which also suppress cytotoxic NK cells (Jeung et 315 

al. 2016). In addition, HLA-G expression is detected in eutopic endometrial tissue of 316 

endometriosis patients during the menstrual phase (Thiruchelvam, et al. 2015). Retrograde 317 

menstrual tissues show elevated levels of HLA-G in the peritoneal cavity, where they can 318 

interact with the immune surveillance system and counteract the cytotoxicity of NK cells. 319 

This would allow retrograde menstrual tissues to survive and implant, eventually developing 320 

into endometriotic lesions. Therefore, increased levels of inflammatory cytokines, antigens, 321 

and inhibitory receptors in the peritoneal fluid and endometrium downregulate cytotoxic NK 322 

activity during the progression of endometriosis. 323 

D) Activation of B cells in endometriosis.  324 

B cells underlie humoral immune responses by producing antibodies against antigens. 325 

Increased numbers of B cells are found in the blood and peritoneal fluids of endometriosis 326 

patients compared to healthy women (Osuga, et al. 2011). Interestingly, transcriptional 327 

factors regulating B cell function are differentially expressed in endometriosis patients 328 

compared with healthy women. For example, B lymphocyte inducer of maturation program 329 

(Blimp)-1, which is a crucial regulator of plasma cell differentiation, is significantly 330 
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increased; the levels of B-cell leukemia lymphoma (Bcl)-6, its antagonist, are significantly 331 

reduced in the peritoneal cavities of endometriosis patients (Yeol, et al. 2015). In addition to 332 

transcription factors, endometriotic lesions also have higher levels of cytokines that activate 333 

B cells, such as B lymphocyte stimulator (BLys) (Hever, et al. 2007). BLys plays an 334 

important role in the normal development of B cells and their differentiation into plasma cells 335 

(Schiemann, et al. 2001). Therefore, these factors can stimulate B cell function in 336 

endometriosis patients.  337 

These hyperactivated B lymphocytes appear to contribute to the pathogenesis of 338 

endometriosis 339 

by producing autoantibodies against the endometrium, DNA, and phospholipids, as well as 340 

antinuclear antibodies (Osuga et al. 2011). A similar elevation of autoantibodies has also 341 

been observed in autoimmune diseases (Eggert, et al. 2010). Because of the many similarities 342 

between endometriosis and autoimmune diseases, endometriosis may be treatable as an 343 

autoimmune disease (Nothnick 2001).   344 

     345 

 346 

E) Alteration of cytokine profiling in endometriotic lesions.      347 

In addition to immune cells, endometriotic lesions are themselves a source of secreted 348 

cytokines that stimulate endometriosis progression. For example, endometriotic epithelial 349 

cells have increased levels of TNF-α compared to normal endometrial tissue during 350 

endometriosis progression. Epithelial TNF-α activates the phosphoinositide 3-kinase (PI3K), 351 

MAPK, c-Jun N-terminal kinase (JNK), p38, and IκB kinase signaling pathways via 352 

autocrine responses to stimulate inflammation and invasion of endometriotic epithelial cells, 353 
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thus favoring their proliferation (Grund, et al. 2008). Endometriotic epithelial TNF-α also 354 

induces IL6 and IL8 expression in endometriotic stromal cells via nuclear factor kappa-B 355 

(NF-κB) and activator protein (AP)1 through paracrine responses to stimulate proliferation of 356 

endometriotic stromal cells (Sakamoto, et al. 2003; Yamauchi, et al. 2004). These 357 

dysregulated auto- or paracrine cytokine signaling networks in endometriotic lesions are also 358 

involved in endometriosis progression. 359 

In addition to immune cells, endometriotic lesions are a source of various cytokines, such as 360 

ENA78, RANTES, TNFα, IL6 and IL8 (Akoum, et al. 2001; Bertschi, et al. 2013). IL6 plays 361 

a significant role in CD4+ T cell differentiation (Dienz and Rincon 2009), and IL8 induces T 362 

lymphocyte infiltration in target tissues (Taub, et al. 1996). Therefore, IL6 and IL8 in 363 

endometriotic lesions might generate T cell milieus specific for endometriotic lesions to 364 

enhance their survival.   365 

F) Inflammatory and Estrogen Receptor (ESR) signaling in endometriotic lesions and 366 

macrophages 367 

Peritoneal macrophages are activated by exposure to 17β-estradiol (Hong and Zhu 2004). 368 

Because a higher activity of the 17β-estradiol axis stimulates endometriosis-associated 369 

macrophage activation to synergistically induce endometriosis, endometriosis has been 370 

considered an estrogen-dependent inflammatory disease. In addition to higher local estradiol 371 

concentrations, ESR levels are also differentially regulated in endometriotic lesions in 372 

response to increased estradiol signaling. Accordingly, elevated levels of ESR2 but not ESR1 373 

have been detected in endometriotic tissues compared to normal endometrial tissues. Elevated 374 

ESR2 stimulates prostaglandin production in endometriotic tissues through COX2 to promote 375 
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endometriosis progression (Bulun, et al. 2012; Wu, et al. 2010). Increased prostaglandin 376 

levels suppress the immune system, allowing retrograde menstrual tissues to escape the 377 

immune surveillance system and develop into endometriotic lesions. In addition, ESR2 378 

interacts with components of the cytoplasmic inflammasome to increase IL1β in 379 

endometriotic lesions, stimulating their adhesion and proliferation properties (Han, et al. 380 

2015). Therefore, increases in ESR2 function modulate the immune response to retrograde 381 

menstrual tissues, which can subsequently develop into endometriotic lesions. 382 

Hypomethylation of the ESR2 gene promoter region might contribute to higher ESR2 levels 383 

in endometriotic lesions (Xue, et al. 2007), but detailed molecular mechanisms underlying 384 

ESR2 function in endometriosis progression remain unclear. 385 

Peritoneal macrophages are activated upon 17β-estradiol treatment to stimulate 386 

endometriosis progression (Hong and Zhu 2004), and expression levels of ESR2 are 387 

significantly increased in peritoneal macrophages of women with endometriosis (Montagna, 388 

et al. 2008). Pretreatment of peritoneal macrophages with ERB-041, a selective ESR2 agonist, 389 

results in significant inhibition of LPS-induced iNOS expression by suppressing NF-κB 390 

activation and endometriosis progression (Harris, et al. 2005; Xiu-li, et al. 2009). Collectively, 391 

the alteration of the ESR2-estradiol axis in macrophages is another driver of endometriosis 392 

progression. 393 

G) Communication between immune cells and endometriotic lesions drives 394 

endometriosis progression.  395 

We have discussed dysregulated immune signaling in both immune cells and endometriotic 396 

lesions. Interestingly, altered inflammatory signaling in immune cells induces endometriotic 397 

lesions to enhance endometriosis progression (Fig. 1). During the initiation of endometriosis, 398 
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altered immune cells release pro-inflammatory cytokines (IL1, IL6, IL8, IL10, IL12, IL13, 399 

TNF-α, VEGF, and platelet-derived growth factor, PDGF) by activating the STAT, p38, 400 

extracellular signal-regulated kinase (ERK), and JNK signaling pathways. These cytokines 401 

bind to their receptors in endometriotic lesions and mediate further downstream signaling via 402 

NF-kB to initiate and establish endometriosis progression. For example, mRNA expression 403 

levels of steroidogenic acute regulatory protein (StAR), COX2, MMP9, and other pro-404 

inflammatory cytokines is increased in endometriotic lesions as a result of NF-kB-mediated 405 

pro-inflammatory cytokines (Tsai, et al. 2001). Elevated StAR expression is involved in 406 

estradiol production in endometriotic lesions, further promoting endometriosis progression. 407 

Moreover, increased local E2 levels directly induce COX2 expression to promote PGE2 408 

production and activate inflammasomes via ESR2 to induce IL1β, thus enhancing the 409 

adhesion and proliferation of endometriotic lesions and endometriosis progression. 410 

Dysregulated apoptosis signaling in endometriotic lesions 411 

Impaired apoptosis in retrograde menstrual tissues and abnormal apoptosis in immune cells 412 

are associated with endometriosis progression (Taniguchi et al. 2011). Understanding the 413 

molecular mechanisms governing the dysregulation of apoptosis in endometriotic tissues and 414 

immune cells is crucial for determining the molecular etiology of endometriosis and 415 

providing new molecular therapeutic treatments. Here, we discuss how dysregulated 416 

apoptosis is involved in the progression of endometriosis.  417 

A) Reduced apoptosis in endometriotic lesions.  418 

Compared to healthy women, apoptosis is significantly reduced in eutopic endometrial 419 

tissue in patients with endometriosis (Gebel, et al. 1998), as are the levels of apoptotic marker 420 

genes in endometriotic lesions. Specifically, endometriotic lesions show higher BCL2 (anti-421 
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apoptotic signaling) staining than normal endometrial tissue (Harada, et al. 2004), as well as 422 

increased expression of c-myc (a cell-cycle regulator) and TGF-β; in contrast, reduced levels 423 

of the pro-apoptotic BCL2-associated X protein (BAX) are found (Meresman, et al. 2000; 424 

Vetvicka, et al. 2016; Yu, et al. 2017). Collectively, the reduction of apoptosis in 425 

endometriotic lesions represents a concerted effort by retrograde menstrual tissues to evade 426 

immune surveillance and develop into endometriotic lesions. 427 

B) Dysregulation of intrinsic apoptosis signaling in endometriosis. Apoptotic signaling 428 

occurs via two different pathways: intrinsic (or mitochondrial) and extrinsic (or death 429 

receptor-mediated) (Schleich and Lavrik 2013). Suppression of the intrinsic apoptotic 430 

pathway has been detected in endometriotic lesions. The ratio of anti- to pro-apoptotic 431 

molecules, such as BCL2/BAX, is higher in mitochondria of eutopic endometrial tissues 432 

(Meresman et al. 2000) and in macrophages from endometriotic lesions. The BCL2 family of 433 

proteins constitutes a critical intracellular checkpoint of the intrinsic apoptotic pathway; 434 

increased BCL2 but decreased BAX expression levels are found in the proliferative phase of 435 

eutopic endometrial tissues from patients with endometriosis compared with normal 436 

endometrial tissue. Women with endometriosis have a large BCL2-positive macrophage 437 

population in the peritoneal fluid, whereas women without endometriosis have a peritoneal 438 

macrophage population that has elevated levels of BAX (McLaren, et al. 1997). Interestingly, 439 

the expression profile of apoptosis-related proteins in endometriotic lesions is regulated in a 440 

location-dependent manner. For example, p53 and p21 are higher in ovarian endometriosis, 441 

whereas BCL2 expression is higher in peritoneal and colorectal endometriosis (Dufournet, et 442 

al. 2006). A different mechanism of suppression of the intrinsic apoptotic pathway might be 443 

involved in the development of each type of endometriotic lesion, and targeting specific anti-444 
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apoptotic pathways may be useful as a component of endometriosis treatment for specific 445 

endometriotic lesions. 446 

C) Alteration of extrinsic apoptosis signaling in endometriosis.  447 

1) Fas/FasL: The Fas/FasL axis is the traditional extrinsic apoptosis signaling cascade 448 

(Curtin and Cotter 2003). Fas (DR2/CD95/Apo-1) is a type I cell membrane protein (mFas), 449 

with an extracellular domain that binds FasL (CD95L/CD178/Apo-1L) and a cytoplasmic 450 

domain that transduces the death signal (Peter, et al. 2007; Strasser, et al. 2009). Cell death 451 

signaling mediated by the Fas/FasL interaction plays an essential role in the immune system 452 

and in maintaining immune-privileged sites in the body. For example, Fas/FasL-mediated 453 

apoptosis kills cytotoxic T cells (Waring and Mullbacher 1999). FasL is expressed in normal 454 

human endometrial cells, where it is stimulated by macrophage cytokines, such as PDGF and 455 

TGF-β1 (Garcia-Velasco, et al. 1999). Higher levels of IL8 in the peritoneal fluid of 456 

endometriosis patients cause an increase in FasL expression in endometrial cells (Selam, et al. 457 

2002) and endometrial stromal cells. However, increased FasL does not induce apoptosis in 458 

endometrial stromal cells (Selam, et al. 2006a). Ectopic epithelial cells of endometriotic 459 

lesions have simultaneously increased FasL expression and reduced Fas expression, 460 

irrespective of the menstrual cycle phase (Sbracia, et al. 2016). Collectively, induction of 461 

FasL in endometrial cells may induce apoptosis in cytotoxic T cells expressing the Fas 462 

receptor, thus allowing them to evade immune surveillance and develop into endometriotic 463 

lesions.  464 

2) TNFα-mediated apoptosis: Changes in TNF-α-mediated cell death signaling are also 465 

involved in endometriosis progression (Iwabe, et al. 2000). During retrograde menstruation, 466 

the influx of retrograde menstrual tissues into the peritoneal cavity activates macrophages to 467 
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secrete cytotoxic cytokines, such as TNF-α, inducing apoptosis signaling in extra-uterine 468 

endometrial fragments that need to be removed (Leavy 2015). In endometriosis patients, 469 

however, the molecular properties of retrograde menstrual tissues are altered in a way that 470 

allows escape from TNF-α-mediated apoptosis. As endometriosis is an estrogen-dependent 471 

disease, Nuclear Receptor Coactivator (NCOA)s may play an important role in endometriosis 472 

progression. Interestingly, endometriotic lesions have an elevated level of the NCOA-1 473 

isoform, but not full-length NCOA-1 (Han, et al. 2012). The NCOA-1 isoform is 474 

proteolytically generated from full-length NCOA-1 by MMP9 in endometriotic lesions. There, 475 

the NCOA-1 isoform, but not full-length NCOA-1, interacts with caspase 8 to prevent TNF-476 

α-mediated apoptosis by disrupting apoptosis complex II formation. Endometriotic lesions 477 

also express high levels of ESR2 (Hudelist, et al. 2005), which then interacts with caspase 8 478 

or components of the cell death machinery in endometriotic cells to block TNF-α-induced 479 

apoptosis (Han et al. 2015). Specifically, high ESR2 induces the formation of apoptosis 480 

signal-regulating kinase 1 (ASK1), serine/threonine kinase receptor-associated protein, and 481 

the 14-3-3 protein complex to inhibit ASK1 activity required for TNF-α-mediated apoptosis. 482 

Moreover, ESR2 disrupts apoptosome formation by interacting with and preventing the 483 

activation of caspase 9 in endometriotic lesions. Taken together, induction of the 484 

endometriosis-specific NCOA-1 isoform/ESR2 axis actively prevents TNF-α-induced 485 

apoptosis signaling in endometriotic lesions by interacting with the apoptotic machinery (Fig. 486 

2).  487 

D) Targeting the dysregulation of apoptosis signaling in endometriotic tissues.  488 

In addition to endometriosis progression, the sophisticated regulation of apoptosis also plays 489 

an important role in embryonic development via the appropriate formation of various organs 490 
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and structures (Haanen and Vermes 1996). Therefore, defective apoptosis signaling 491 

during embryogenesis may cause developmental abnormalities (Haanen and Vermes 1996). 492 

Dysregulation of apoptosis is a key driver of many human diseases, and may serve as an 493 

effective molecular therapeutic target for the treatment of many human diseases.    494 

PGE2 levels are elevated in endometriosis patients; PGE2 promotes the survival of human 495 

endometriotic lesions through EP2 and EP4 receptors and activation of the ERK1/2, AKT, 496 

NF-κB, and β-catenin signaling pathways (Banu, et al. 2009). Selective inhibitors of EP2 497 

(AH6809) and EP4 (AH23848) suppress these cell survival pathways and enhance 498 

interactions between anti-apoptotic and pro-apoptotic proteins, thereby activating the intrinsic 499 

apoptotic pathways in human endometriotic cells. 500 

Pro-inflammatory cytokines also regulate apoptotic signaling in various cells to modulate 501 

their cellular function (Grunnet, et al. 2009). In endometriosis, dysregulated cytokines 502 

prevent apoptosis and promote the survival of endometriotic lesions. For example, secretion 503 

of CXCL8 is significantly higher in eutopic endometrial stromal cells of women with 504 

endometriosis compared to normal endometrial tissues, and elevated CXCL8 reduces 505 

apoptosis by upregulating BCL2 expression in these cells in an autocrine manner (Li, et al. 506 

2012). Anti-human CXCL8-neutralizing antibodies suppress endometriosis progression by 507 

inducing apoptosis in endometriotic lesions. RANTES and IL8 attenuate apoptosis in 508 

endometriotic lesions (Selam, et al. 2006b); shikonin-mediated inhibition of RANTES 509 

secretion reduces endometriosis progression (Yuan et al. 2014). Treatment with an IL8-510 

neutralizing antibody also suppresses endometriosis progression by inhibiting the attachment 511 

of retrograde menstrual tissues and reactivating apoptosis in these cells (Arici 2002). 512 

Collectively, molecules that induce anti-apoptotic pathways in endometriotic lesions could be 513 

Page 23 of 45



24 

 

molecular therapeutic targets for alternative endometriosis treatments.  514 

Dysregulation of oxidative stress in endometriosis  515 

Healthy women exhibit balanced levels of reactive oxygen species (ROS) and antioxidants. 516 

An overabundance of ROS induces oxidative stress, impacting women throughout their 517 

reproductive lifespan, including in the initiation of endometriosis (Carvalho, et al. 2012). 518 

Oxidative stress results in damage to cellular lipids, proteins, and DNA, changing their 519 

molecular properties and possibly leading to disease. Importantly, ROS overproduction 520 

impairs cellular functions by inducing redox-sensitive transcription factor (such as NF-κB)-521 

mediated expression of genes required for the initiation and progression of endometriosis (Fig. 522 

3) (Defrere, et al. 2011).  523 

Erythrocytes, apoptotic endometrial tissue, and cell debris transplanted into the peritoneal 524 

cavity by menstrual reflux, as well as macrophages, have all been cited as potential inducers 525 

of oxidative stress. Iron overload has been detected in the cells and peritoneal fluid of women 526 

with endometriosis compared to normal endometrial tissues (Carvalho et al. 2012; Van 527 

Langendonckt, et al. 2002). Excessive iron induces deleterious ROS in the peritoneal 528 

environment, which enhances the attachment and growth of retrograde menstrual tissues 529 

(Alizadeh, et al. 2015; Donnez, et al. 2016). In a murine model, iron overload has been shown 530 

to further expand endometriosis by promoting epithelial cell proliferation at lesion sites 531 

(Defrère et al., 2006). Additionally, excessive iron levels may favor nitric oxide production, 532 

resulting in the impaired clearance of endometrial cells by macrophages (Pirdel and Pirdel 533 

2014). At present, it remains unclear why iron-mediated oxidative stress is maintained at high 534 

levels in endometriosis patients compared to healthy women. One possibility is that it is 535 

associated with alterations in ROS detoxification pathways and reductions in catalase levels, 536 
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as observed in cancer patients (Ngo, et al. 2009). Retrograde menstruation-mediated 537 

hyperactivated oxidative stress leads to stimulation of the ERK and PI3K/AKT/mTOR 538 

signaling pathways (Fig. 3), thus promoting adhesion, angiogenesis, and proliferation of 539 

endometriotic lesions and subsequent endometriosis progression (McKinnon, et al. 2016). 540 

 541 

Development of alternative endometriosis treatments based on drugs targeting the 542 

dysregulated immune system, apoptosis, and oxidative stress  543 

 The goal of endometriosis treatment is to relieve pain and/or achieve successful pregnancies 544 

in infertile patients. Most current medical treatments induce systemic estrogen depletion, 545 

because estrogen signaling is an essential driver of endometriosis. However, many current 546 

clinical endometriosis treatments are not sufficiently effective and have unacceptable side 547 

effects, because the specific molecular etiology of endometriosis has not yet been elucidated. 548 

Here, we have discussed endometriosis-associated processes, including dysregulation of 549 

inflammation, anti-apoptosis, and oxidative stress in endometriosis patients. Therefore, these 550 

dysregulated cellular pathways provide important clues to understanding the molecular 551 

etiology of endometriosis and could offer new molecular therapeutic targets to improve the 552 

specificity of endometriosis therapy and reduce side effects of current treatments. Based on 553 

these findings, several drugs targeting endometriosis-specific inflammation, anti-apoptosis, 554 

and oxidative stress pathways, as well as alternative hormonal agents, have been developed 555 

and examined using in vitro and in vivo endometriosis models. The most recently studied 556 

drugs are summarized in Table 1. 557 

Conclusion 558 
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Retrograde menstruation occurs in all women of reproductive age. For reasons that remain 559 

unknown, retrograde menstrual tissues develop into endometriotic lesions in 5–10% of cases. 560 

Here, we have discussed how dysregulation of the immune system, apoptosis, and oxidative 561 

stress are closely associated with endometriosis progression. The dysregulated status of these 562 

signaling pathways may predispose women to developing endometriosis, although it remains 563 

to be determined what causes such dysregulation in the endometrial tissues to develop into 564 

endometriotic lesions. Epigenetic changes caused by nutrition and environmental variables or 565 

genetic changes might be potential factors that can initiate endometriosis (Borghese, et al. 566 

2017). Moreover, further studies on functional correlation between the dysregulated signals 567 

and the severity of endometriosis are clearly needed but, taken together, the dysregulated 568 

signals herein we have reviewed may also be connected to disease severity. Future studies 569 

must determine how these potential endometriosis initiation factors dysregulate the immune 570 

system, apoptosis, and oxidative stress pathways, leading to the initiation and progression of 571 

endometriosis. 572 

573 
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Figure Legends 

Figure 1. Cytokine signaling networks involving endometriotic lesions and peritoneal 

macrophages. Activated peritoneal macrophages express inducible nitric oxide synthase 

(iNOS) and COX2 through interferon regulatory factors (IRFs), NF-κB and nuclear factor 

(Nrf)2 through activation of STAT, p38, ERK and JNK signaling cascades. Activated 

macrophages then release cytokines (including IL1, IL6, IL8, IL10, IL12, IL13, and TNFα), 

growth factors, and angiogenic factors (VEGF and platelet-derived growth factor [PDGF]). 

The secreted TNFα, IL1β and IL6 bind their membrane receptors in endometriotic lesions. 

The cytokine/cytokine receptor complex then activates PI3K, MKK, JNK, p38 and IKK 

pathways to induce the expression of inflammation and invasion mediators, such as StAR, 

COX2 and MMP9, through NF-κB and AP1 transcription factors to stimulate local estradiol 

formation, PEG2 formation and tissue remodeling and NCOA-1 isoform generation, which 

enhances the growth of endometriotic lesions. The estradiol/ESR2/NCOA-1 complex 

interacts with the cytoplasmic inflammasome to increase IL1β levels to induce monocyte 

differentiation into macrophages (Schenk, et al. 2014). Therefore, cytokine crosstalk between 

endometriotic cells and macrophages is the main driver for the initiation, maintenance, and 

progression of endometriosis.  

 

Figure 2. Dysregulation of apoptotic signaling in endometriosis. The decreased apoptosis 

of endometriotic cells and increased apoptosis of immune cells leads to immune privilege. 

TNFα, elevated by retrograde menstruation, binds to tumor necrosis factor receptor (TNFR) 

to induce caspase 8- and caspase 9-mediated apoptosis in retrograde menstrual tissues. In 

endometriosis patients, however, elevated NCOA-1 isoform/ESR2 complex binds to ASK1 

(apoptosis complex I), caspase 8 (apoptosis complex II) and caspase 9 (apoptosome) and 

suppresses extrinsic apoptosis signaling in retrograde menstrual tissues. The elevation of 
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PGE2 in endometriosis patients increases the ratio of BCL2/BAX in mitochondria to inhibit 

intrinsic apoptosis signaling. The endometriotic lesions also exhibit elevated levels of FasL, 

which binds to Fas in cytotoxic T cells, causing cell death in cytotoxic T cells. This 

represents a critical defense mechanism of endometriotic lesions against destruction by 

cytotoxic T cells during retrograde menstruation. 

 

Figure 3. Alterations of oxidative stress pathways in endometriosis. An overload of 

erythrocytes, apoptotic endometrial tissue, and cell debris in the peritoneal cavity stimulate 

the generation of ROS in mitochondria. The hyperactivated ROS stimulate ERK and 

PI3K/AKT/mTOR signaling pathways in endometriotic lesions to enhance adhesion, 

angiogenesis, and proliferation. Overproduction of ROS also impairs cellular function by 

altering gene expression profiles through the NF-κB signaling cascade to increase 

inflammatory cytokine production in endometriotic lesions, which enhances endometriosis 

progression.    
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Figure 1. Cytokine signaling networks involving endometriotic lesions and peritoneal macrophages. Activated 
peritoneal macrophages express inducible nitric oxide synthase (iNOS) and COX2 through interferon 

regulatory factors (IRFs), NF-κB and nuclear factor (Nrf)2 through activation of STAT, p38, ERK and JNK 

signaling cascades. Activated macrophages then release cytokines (including IL1, IL6, IL8, IL10, IL12, IL13, 
and TNFα), growth factors, and angiogenic factors (VEGF and platelet-derived growth factor [PDGF]). The 

secreted TNFα, IL1β and IL6 bind their membrane receptors in endometriotic lesions. The cytokine/cytokine 
receptor complex then activates PI3K, MKK, JNK, p38 and IKK pathways to induce the expression of 

inflammation and invasion mediators, such as StAR, COX2 and MMP9, through NF-κB and AP1 transcription 

factors to stimulate local estradiol formation, PEG2 formation and tissue remodeling and NCOA-1 isoform 
generation, which enhances the growth of endometriotic lesions. The estradiol/ESR2/NCOA-1 complex 

interacts with the cytoplasmic inflammasome to increase IL1β levels to induce monocyte differentiation into 
macrophages (Schenk, et al. 2014). Therefore, cytokine crosstalk between endometriotic cells and 
macrophages is the main driver for the initiation, maintenance, and progression of endometriosis.  
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Figure 2. Dysregulation of apoptotic signaling in endometriosis. The decreased apoptosis of endometriotic 
cells and increased apoptosis of immune cells leads to immune privilege. TNFα, elevated by retrograde 

menstruation, binds to tumor necrosis factor receptor (TNFR) to induce caspase 8- and caspase 9-mediated 

apoptosis in retrograde menstrual tissues. In endometriosis patients, however, elevated NCOA-1 
isoform/ESR2 complex binds to ASK1 (apoptosis complex I), caspase 8 (apoptosis complex II) and caspase 
9 (apoptosome) and suppresses extrinsic apoptosis signaling in retrograde menstrual tissues. The elevation 

of PGE2 in endometriosis patients increases the ratio of BCL2/BAX in mitochondria to inhibit intrinsic 
apoptosis signaling. The endometriotic lesions also exhibit elevated levels of FasL, which binds to Fas in 
cytotoxic T cells, causing cell death in cytotoxic T cells. This represents a critical defense mechanism of 

endometriotic lesions against destruction by cytotoxic T cells during retrograde menstruation.  
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Figure 3. Alterations of oxidative stress pathways in endometriosis. An overload of erythrocytes, apoptotic 
endometrial tissue, and cell debris in the peritoneal cavity stimulate the generation of ROS in mitochondria. 
The hyperactivated ROS stimulate ERK and PI3K/AKT/mTOR signaling pathways in endometriotic lesions to 

enhance adhesion, angiogenesis, and proliferation. Overproduction of ROS also impairs cellular function by 
altering gene expression profiles through the NF-κB signaling cascade to increase inflammatory cytokine 

production in endometriotic lesions, which enhances endometriosis progression.    
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 Target site  Drug name Results in Human study Main Effect 

Hormonal agents     

Aromatase inhibitor  Block androstenedione to estrone Letrozole Retrospecitve analysis  

(Abushahin, et al. 2011) 

Reduce pain with GnRh agonist 

GnRH antagonist Direct pituitary gonadotropin 

suppression 

Elagolix RCT(Taylor, et al. 2017) Reduce pain  

SERMs (Selective estrogen 

receptor modulators) 

Nonsteroid selectiveagonist or 

antagonist effects in different 

estrogentarget tissues. 

Raloxifene RCT(Stratton, et al. 2008) Early termination  

Bazedoxifene None   

ERB-041 None   

SPRMs (Selective 

progesterone receptor 

modulators)  

Progesterone receptor 

antagonist/agonist 

Asoprisnil RCT (Chwalisz, et al. 2005) Reduce pain and dysmenorrhea  

Non-hormonal agents     

Antiangiogenic agents Anti-VEGF antibody Avastatin None  

3-Hydroxy-3-Methyl Glutaryl 

Coenzyme A inhibitor 

Simvastatin RCT (Almassinokiani, et al. 2013) Reduce pain 

 Dopamine receptor 2 agonist  Quinagolide Observational study(Gomez, et al. 2011) Reduce lesion size 

 COX-2 inhibitors  Celecoxib Case control study (Cobellis, et al. 

2004)(Cobellis, et al. 2004) 

Reduce pain  
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Table 1.Emerging medical therapies in endometriosis with human data: alternative hormonal agents as well as agents targeting endometriosis-specific 

inflammation, anti-apoptosis and oxidative stress. 

G

 Epigallocatechin-3-gallate  None  

Antioxidant agents Melatonin Melatonin RCT(Schwertner, et al. 2013) Reduce pain and dysmenorrhea 

 Pentoxifylline Pentoxifylline RCT (Alborzi, et al. 2007) No effect on pain or recurrence 

TNF-� blockers Anti-TNF-α antibody Infliximab RCT(Koninckx, et al. 2008) No effect  

Immunomodulators mTOR inhibitor Rapamycin None   

 Endogenous eicosanoid, inhibit 

MMP-9 

LXA4 None  

Apoptotic agent Natural polyphenolic compound, 

induce p53 mediated apoptosis 

Curcumin None  

Metformin Insulin sensitizer from the familyof 

the biguanides. 

Metformin  None   

Matrix metalloproteinase 

inhibitor 

 Doxycycline None  

  ONO-4817 None  

Page 45 of 45


