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Abstract
Adenomyosis is an estrogen-dependent gynecologic disease characterized by the presence of endometrial tissue within 
the myometrium. Adenomyosis presents with abnormal uterine bleeding, pelvic pains, and infertility. This review aimed 
to investigate the major estrogen downstream effectors involved in the process of adenomyosis development and their 
potential use for nonhormonal treatment. A literature search was performed for preclinical and clinical studies published 
between January 2010 and November 2021 in the PubMed and Google Scholar databases using a combination of specific 
terms. Adenomyosis presents with a wide spectrum of clinical manifestations from asymptomatic to severe through a 
complex process involving a series of molecular changes associated with inflammation, invasion, angiogenesis, and fibrosis. 
Adenomyosis may develop through a multistep process, including the acquisition of (epi)genetic mutations, tissue injury 
caused at the endometrial–myometrial interface, inside-to-outside invasion (from the endometrial side into the uterine 
wall), or outside-to-inside invasion (from the serosal side into the uterine wall), and epithelial–mesenchymal transition, 
tissue repair or remodeling in the myometrium. These processes can be regulated by increased estrogen biosynthesis and 
progesterone resistance. The expression of estrogen downstream effectors associated with persistent inflammation, fragile and 
more permeable vessel formation, and tissue injury and remodeling may be correlated with dysmenorrhea, heavy menstrual 
bleeding, and infertility, respectively. Key estrogen downstream targets (e.g., WNT/β-catenin, transforming growth factor-β, 
and nuclear factor-κB) may serve as hub genes. We reviewed the molecular mechanisms underlying the development of 
adenomyosis and summarized potential nonhormonal therapies.

Keywords Adenomyosis · Estrogen · Multistep · Nonhormonal treatment · Pathogenesis

Introduction

Adenomyosis is characterized by the presence of ectopic 
endometrial glands and stroma located within the 
myometrium [1]. The clinical manifestations of adenomyosis 
include abnormal uterine bleeding (AUB), pelvic pains, 
and infertility [2]. Adenomyosis often coexists with 
endometriosis, and their clinical manifestations are similar; 
however, adenomyosis is characterized by AUB [2, 3]. 
Unfortunately, the etiology of adenomyosis is not sufficiently 

understood. It remains inconclusive whether adenomyosis 
and endometriosis are two different diseases [2, 4] or are 
different phenotypes of a single disease [5]. Researchers 
have accumulated clinical, histological, genetic, genomic, 
and transcriptomic data to elucidate its etiology [6–13]. As 
with endometriosis, the dysregulation of estrogen and its 
downstream signaling pathways may play an important role 
in disease development and maintenance [14]. Adenomyosis 
may develop from tissue injury, inflammation, angiogenesis, 
or tissue remodeling in the myometrium [8, 15], but the 
underlying regulatory mechanisms at each step remain 
unknown. This review consists of three sections focusing 
on (1) the molecular mechanisms underlying the multistep 
process of adenomyosis development, (2) estrogen and 
its downstream effectors involved in adenomyosis-related 
symptoms, and (3) promising nonhormonal treatment 
strategies.
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Search Strategy and Selection Criteria

A computerized literature search was performed to iden-
tify relevant studies reported in English. The PubMed and 
Google Scholar electronic databases were searched for stud-
ies published between January 2000 and October 2021 with 
the following keywords: adenomyosis, estrogen, genetic, 
injury, invasion, inflammation, angiogenesis, remodeling, 
pain, bleeding, and infertility. The references of each article 
were searched to identify potentially relevant studies. The 
publications of the original studies and review papers were 
also included. Given the heterogeneity of the research theme, 
data from the studies were synthesized using a descriptive 
review design with narrative methods. Figure 1 shows that 
the first identification phase included records identified 
through a database search. During the first screening stage, 
the focus was on the terms in the titles and abstracts. Dupli-
cates were removed during the second screening phase. The 
titles, abstracts, and full-text articles were read to remove 
inappropriate papers. The final eligibility phase included an 
analysis of the full-text articles after excluding those whose 
detailed data cannot be extracted.

Molecular Mechanisms Underlying 
the Multistep Process of Adenomyosis 
Development

This section discusses the molecular mechanisms underlying 
the step-wise process of adenomyosis progression, including 
the acquisition of (epi)genetic mutations, the cause of tissue 
injuries at the endometrial–myometrial interface, and the 
inside-to-outside invasion (from the endometrial side into 

the uterine wall) or outside-to-inside invasion (from the ser-
osal side into the uterine wall), tissue repair, and remodeling 
in the myometrium [8, 15]. Adenomyotic cells alter their 
gene/protein expression pattern to adapt to ever-changing 
host environments. Table 1 presents the official symbol, offi-
cial full name, molecular attributes, biological functions, 
targeted gene and protein expression in adenomyotic cells 
or lesions, and citation numbers used in the text.

The Acquisition of (epi)Genetic Mutations

The first step is to acquire (epi)mutations on the key genes 
required to drive adenomyosis initiation (Fig. 2A).

KRAS, KRAS Proto‑oncogene, and GTPase KRAS is one 
of the most common mutated genes in endometriosis and 
adenomyosis [6]. KRAS is mutated in 37.1% of patients with 
adenomyosis [16]. KRAS mutations are known to activate 
estrogen receptor signaling (i.e., estrogen dominance) and 
to reduce progesterone receptor expression (i.e., acquisition 
of progesterone resistance) [6]. Therefore, the accumulation 
of genetic alterations in the KRAS gene may act as a driving 
force for adenomyosis initiation and development.

SMARC A4,  SWI/SNF‑Related,  Matrix‑Associated, 
Actin‑Dependent Regulator of Chromatin, Subfamily a, Mem‑
ber 4, or BRG1 Genes encoding the SWI/SNF chromatin 
remodeling complex subunits are mutated in approximately 
20% of human cancers [17]. SMARCA4 and AT-rich inter-
action domain 1A (ARID1A) are members of the SWI/SNF 
family, have helicase and ATPase activities, and regulate 
the transcription of certain genes by altering the chromatin 
structure. An adenomyosis-like morphology (invasion of 
endometrial cells into the myometrium) has been observed 

Fig. 1  Number of articles identified by searching for keyword combi-
nations. Articles were identified using keyword combinations and the 
records were identified through database search, records after dupli-
cate removal, records screened, and removal of inappropriate articles 

by reading full-text articles and full-text articles assessed for eligibil-
ity. Keywords: 1, adenomyosis; 2, estrogen; 3, genetic; 4, injury; 5, 
invasion; 6, inflammation; 7, angiogenesis; 8, remodeling; 9, pain; 10, 
bleeding; and 11, infertility
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in genetically engineered mice with inactivated SMARCA4 
[18]. However, no evidence was found that human aden-
omyosis is caused by loss-of-function mutations in the 
SMARCA4 gene.

HDAC3 and Histone Deacetylase 3 HDAC3 functions as a 
potential tumor suppressor and is involved in transcriptional 
repression. HDAC3 has been shown to promote estrogen 
receptor (ESR1) mRNA stability [19]. Immunohistochem-
istry showed that HDAC1 and HDAC3 expression was 
significantly increased in both the eutopic and the ectopic 
endometrium in women with adenomyosis [20]. A case 
series demonstrated that treatment with HDAC inhibitors, 
such as valproic acid, can improve dysmenorrhea and reduce 
the size of adenomyotic lesions [21]. However, there is no 
direct evidence that adenomyosis is characterized by a global 
hypomethylation of SMARCA4 and HDAC3 genes.

Persistent Tissue Damage that Occurs 
at the Interface Between The Endometrium 
and the Myometrium

The second step is a tissue injury process that occurs at the 
endometrial–myometrial interface (junctional zone), which 
is secondary to mechanical, traumatic, or iatrogenic damage 
or occurs spontaneously. Figure 2B shows the key molecules 
associated with tissue damage, and Table 1 lists the func-
tion of each gene. Adenomyosis could sometimes occur after 
surgical interventions, such as dilation, curettage, normal 

delivery, and cesarean section [8, 9]. Uterine hyperperistalsis 
can cause spontaneous tissue damage [8]. The tissue injury 
and repair (TIAR) hypothesis was first proposed by Leyen-
decker et al. [8, 9]. The disruption of the junctional zone is 
required for endometrial cell invasion into the myometrium. 
Tissue damage involved in TIAR allows adenomyotic cells 
to adapt and respond to unfavorable microenvironments, 
such as hypoxia and oxidative stress. Furthermore, hypoxia 
and oxidative stress at the local wound sites cause acceler-
ated tissue damage, inflammatory process, impaired energy 
metabolism and nociceptive pain [21, 22], and upregulated 
expression of hypoxia-related molecules and neuroinflam-
matory factors through overexpression of hypoxia-inducible 
factor-1alpha (HIF-1α), HIF-2α, vascular endothelial growth 
factor (VEGF), tissue factor (TF), oxytocin receptor (OTR), 
nerve growth factor (NGF), prostaglandin E2  (PGE2), and 
a variety of interleukins, such as interleukin-1beta (IL-1β) 
[3]. PGs and OTR induce contraction and peristalsis of the 
uterine smooth muscle, eliciting repetitive microdamage in 
the junctional zone [9]. The production of PGs by cyclooxy-
genase-2 (COX-2) leads to the exacerbation of inflamma-
tion, accompanied by tumor necrosis factor-alpha (TNF-α), 
IL-1β, and IL-6 overexpression. Inflammation is a defense 
response induced by tissue injury. The procoagulant TF, the 
initiator of the extrinsic coagulation pathway, is a coagu-
lation activation marker that responds quickly to vascular 
endothelial cell injury. Adenomyotic lesions have acquired 
mechanisms to adapt to the hypoxic state initiated primarily 
by the activation of HIFs and inflammatory cytokines. The 

Fig. 2  Adenomyosis as a mul-
tistep process. Left half: The 
molecular mechanisms under-
lying the step-wise process 
of adenomyosis progression 
include A the acquisition of 
(epi)genetic mutations, B tissue 
injury caused at the endome-
trial–myometrial interface, 
C inside-to-outside invasion 
(from the endometrial side into 
the uterine wall) or outside-to-
inside invasion (from the serosal 
side into the uterine wall), and 
D tissue repair and remodeling 
in the myometrium. Right 
half: List of typical effector 
molecules
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key molecules believed to be associated with tissue injury 
include molecules related to hypoxia, neuroinflammation, 
and PGs. Adenomyotic cells may evolve to cope with unfa-
vorable microenvironments, such as hypoxia, oxidative 
stress, and inflammation caused by tissue damage.

Inside‑to‑Outside Invasion (from the Endometrial 
Side into the Uterine Wall) or Outside‑to‑Inside 
Invasion (from the Serosal Side into the Uterine 
Wall)

The third step is the invasion of endometrial cells into the 
myometrium (Fig. 2C). The ability of endometrial cells to 
invade either the junctional myometrium or the uterine ser-
osa following tissue injury primarily depends on alterations 
in the expression of molecules associated with persistent 
inflammation and angiogenesis [10, 11].

Genes Associated with Invasion: MMP‑2, MMP‑9, NF‑κB, 
and WNT/β‑Catenin

Matrix metalloproteinases (MMPs) are the most widely 
investigated molecules that facilitate protease-dependent 
invasion and the progression of cancer and endometriosis 
by degrading extracellular matrix (ECM) proteins [23–25]. 
MMP family proteins, such as MMP-2 and MMP-9, are also 
associated with adenomyotic cell invasion and contribute to 
angiogenesis via tissue remodeling of vascular endothelial 
cells [23–25]. MMP gene expression is regulated by various 
transcription factors. The nuclear factor-κappaB (NF-κB) 
transcription factor family is an upstream regulator of vari-
ous MMP proteins [26]. NF-κB regulates the expression of 
several molecules and pathways responsible for cell inva-
sion, angiogenesis, proliferation, and antiapoptosis. In both 
adenomyosis [27] and endometriosis [28], MMPs promote 
endometrial cell migration and invasion by activating the 
NF-κB signal pathway. Additionally, the WNT/β-catenin 
pathway, another important transcription factor responsi-
ble for MMP expression, accelerates invasion by activating 
several target genes including MYC proto-oncogene (Myc), 
Cyclin D1, and genes related to the ECM [29]. Nuclear and 
cytoplasmic β-catenin expression was higher in ectopic than 
in control endometrium [29]. Detailed information on the 
WNT/β-catenin signaling pathways has been provided in 
the endometriosis field [30]. Increased estrogen biosynthesis 
and progesterone resistance promoted the invasive potential 
of endometrial cells in endometriosis through the activation 
of the Wnt/β-catenin pathway [30]. Therefore, the promising 
candidate transcription factors and their downstream effec-
tors involved in adenomyotic cell invasion include NF-κB, 
WNT/β-catenin, and MMPs.

Genes Associated with Inflammation: I‑6, IL1β, IL‑8, IFNα, 
TNF‑α, IFNγ, IL10, IL‑22, TGF‑β, CCL2, RANTES, NF‑κB, LIF, 
IHH, CRH, UCN, NGF, OTR, SYP, and MAP2

Adenomyosis is characterized by the accumulation of lym-
phocytes and macrophages in the eutopic endometrium [13]. 
Adenomyotic lesions release numerous inflammatory media-
tors, including proinflammatory cytokines (e.g., IL-6, IL-1β, 
IL-8, TNF-α, interferon-alpha, and IFNγ), antiinflammatory 
cytokines (e.g., IL10, IL-22, transforming growth factor 
(TGF)-β), chemokines (e.g., C–C motif chemokine ligand 2 
(CCL2, also known as monocyte chemoattractant protein-1) 
and regulated upon activation, normal T-cell expressed, and 
presumably secreted [RANTES]), and other mediators [e.g., 
NF-κB, corticotropin-releasing hormone (CRH), urocortin 
(UCN), NGF, OTR, synaptophysin (SYP), microtubule-
associated protein 2 (MAP2)] [13, 31–35]. These pleiotropic 
regulators play a key role in the development and mainte-
nance of adenomyotic lesions by affecting the properties 
of epithelial cells, stromal cells, or adjacent macrophages 
[10]. Changes in the local levels of inflammatory media-
tors are implicated in the pathophysiology of adenomyosis, 
including endometrial cell invasion, crosstalk between mac-
rophages and endometriotic cells, and endometrial receptiv-
ity [10, 13, 27, 31, 32, 34, 36]. For example, high expression 
levels of IL-22, a member of the IL-10 family of cytokines, 
promote endometrial stromal cell invasiveness by upregu-
lating proangiogenic and proinflammatory factors, such as 
VEGF, IL-6, and IL-8 [32]. Conversely, several mediators, 
including leukemia inhibitory factor (LIF), Indian hedge-
hog (IHH), JunB proto-oncogene, AP-1 transcription factor 
subunit, IL-6, Fos proto-oncogene, AP-1 transcription fac-
tor subunit, IL-10, and suppressor of cytokine signaling 3 
(SOCS3), are downregulated in adenomyosis lesions com-
pared with the control [37]. These molecules are more com-
monly known as decidualization-related genes. The down-
regulation of these molecules causes implantation defects 
[37–39] (see the “Estrogen and its Downstream Effectors 
Involved in Adenomyosis-Related Symptoms” section). It 
remains unknown why changes in gene expression profile 
occur in women with adenomyosis, but adenomyosis can be 
characterized by an imbalance in inflammatory and antiin-
flammatory cytokines expression.

Genes Associated with Angiogenesis: MMP‑2, MMP‑9, 
COX‑2, VEGF, TF, NF‑κB, vWF, CDH1 (E‑Cadherin), IL‑22, 
and ANXA2

Many candidate molecules, including MMP-2, MMP-9, 
COX-2, VEGF, TF, NF-κB, von Willebrand factor (vWF), 
E-cadherin (CDH1), IL-22, and annexin A2 (ANXA2), are 
responsible for the angiogenic reactions in adenomyosis 
[3, 23, 24, 40–47]. MMP-2 and MMP-9 are known to drive 
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multiple signal transduction pathways, contributing not only 
to the invasion of endometrial cells into the myometrium 
but also to angiogenesis in vascular endothelial cells of 
adenomyotic lesions [23]. TF overexpression in adenomyosis 
mediates VEGF production and angiogenesis by activating 
protease-activated receptor-2 [40]. IL-22 contributes to 
adenomyosis progression not only by promoting invasion 
but also by inducing vascular endothelial cell proliferation, 
survival, and angiogenesis [41]. E-cadherin, a cell adhesion 
and antiangiogenic molecule, had lower expression levels in 
eutopic and ectopic endometrium of adenomyosis compared 
with normal endometrium [3]. Loss of E-cadherin promotes 
cell migration and angiogenesis. NF-κB transcription factor 
activates a subset of downstream targets, including MMP-
2, MMP-9, COX-2, VEGF, and TF [24, 42]. Therefore, 
the activation of NF-κB signal pathways is a hallmark 
of excessive angiogenesis in adenomyosis. Furthermore, 
ANXA2, a downstream molecule of the WNT/β-catenin 
pathway, contributes to several biological functions, including 
angiogenesis and invasion, in adenomyotic lesions [43]. 
Adenomyosis-related angiogenesis is associated with the 
increased expression of NF-κB, COX-2, VEGF, TF, MMP, 
IL-6, IL-22, and ANXA2 and the decreased expression 
of IL-10 and E-cadherin [3, 44–47]. The invasion of 
endometriotic cells in adenomyosis can be accelerated by 
inflammation and angiogenesis, a tightly orchestrated process.

Tissue Repair and Remodeling in the Myometrium

In the final step (Fig.  2D), endometrial cells invading 
the myometrial layer elicit adjacent smooth muscle 
cell hyperplasia and hypertrophy. The progression of 
adenomyosis involves chronic injury, persistent activation of 
myofibroblasts, wound healing response, and tissue repair. 
Mesenchymal cells and myofibroblasts are involved in wound 
healing and fibrosis via epithelial–mesenchymal transition 
(EMT) and fibroblast-to-myofibroblast transdifferentiation 
(FMT) in response to tissue damage [12, 13, 48, 49]. The 
EMT/FMT-associated molecular targets include genes that 
facilitate cell motility, invasion, angiogenesis, antiapoptosis, 
and fibrogenesis [12, 13]. TGF-β, a key profibrogenic 
mediator, drives the differentiation and transformation of 
fibroblasts into myofibroblasts. Several preclinical studies 
have reported using a mouse adenomyosis model. The EMT 
during adenomyosis development is induced by TGF-β by 
promoting β-catenin expression and activation [50]. Shen 
et al. demonstrated that activated platelet-derived TGF-β 
plays a critical role in fibrosis development by activating 
the small mothers against the decapentaplegic homolog 
(SMAD) signaling pathway, which triggers fibrogenetic 
gene expression [49]. Estrogen induces EMT by activating 
TGF-β-dependent ANXA2 signaling [43]. Estrogen and 
TGF-β induce ECM remodeling and EMT by activating the 

ANXA2/HIF-1α/VEGF pathway and the ANXA2/signal 
transducer and activator of transcription 3 (STAT3) pathway, 
respectively [43, 51]. ANXA2 is a key mediator involved in 
excessive ECM proteolysis and tissue remodeling. Therefore, 
functional crosstalk between the estrogen, TGF‐β, and WNT/
β-catenin signaling pathways is a major driver of EMT and 
plays an important role in fibrosis development [52].

In addition to endometrial and stromal cells, macrophages 
are major components of the adenomyosis microenviron-
ment and are essential for disease progression as they con-
tribute to ECM degradation, deposition, and remodeling dur-
ing EMT [13, 53]. Thus, the crosstalk between macrophages 
and endometrial cells is required for EMT in adenomyosis 
[54]. EMT and FMT activation by prolonged TIAR can 
lead to fibrosis in adenomyotic lesions. Based on these, the 
key molecules associated with tissue repair and remodeling 
in the myometrium include WNT/β-catenin, TGF-β, and 
ANXA2 and their downstream signals SMAD and STAT3.

In summary, the development of adenomyosis involves 
complex processes, including tissue injury, inflammation, 
invasion, angiogenesis, tissue repair, remodeling, and fibrosis.

Estrogen and its Downstream Effectors 
Involved in Adenomyosis‑Related Symptoms

Adenomyosis is an estrogen-dependent disease. 17β-estradiol 
is produced by the adenomyotic glands through the action 
of aromatase [14]. The expression of estrogen downstream 
effectors, including aromatase [55, 56], 17β-hydroxysteroid 
dehydrogenase type 2, estrone sulfatase [57, 58], ESR [59, 
60], progesterone receptor B (PGR-B) [57, 58], NF-κB [45], 
COX-2 [46, 47], VEGF [45], TF [45], and  PGE2 [61], was 
upregulated in the patients with adenomyosis. The increased 
expression of these molecules is involved in the dysregulation 
of estrogen and progesterone signaling pathways [57, 58]. 
An increased ESR2/ESR1 ratio and PGR deficiency were 
frequently observed in the ectopic and eutopic endometrium of 
adenomyosis, indicating estrogen dominance and progesterone 
resistance [11, 62, 63]. Therefore, many of the genes and 
molecules involved in the development of adenomyosis are 
regulated by estrogen and its downstream target molecules.

Figure 3 shows the potential downstream target candidates 
of estrogen signaling that affect the symptoms associated 
with adenomyosis. Adenomyosis can cause dysmenorrhea, 
heavy menstrual bleeding, and infertility through at least 
three major pathways, namely, inflammation, angiogenesis, 
and EMT/tissue remodeling pathways. These signaling 
pathways are often associated with each other.

Pelvic Pain As shown in Fig. 3 (Route A), estrogen increases 
the production of  PGE2 by upregulating COX-2 expression, 



755Reproductive Sciences (2023) 30:743–760 

1 3

which induces aromatase activity and local estrogen 
biosynthesis. Increased local estrogen production further 
triggers NGF and OTR expression, which stimulates aromatase 
expression and leads to estrogen overproduction (66). Estrogen 
and aromatase establish a positive regulatory feedback loop 
by upregulating both COX/PGs and OTR/NGF signaling 
pathways, accelerating estrogen-dependent cell proliferation, 
angiogenesis, inflammation, tissue damage and repair, and EMT 
[60]. The expression of COX-2 [64–66], OTR [64–67], NGF 
[64–66], transient receptor potential cation channel subfamily 
V member 1 (TRPV1) [64–67], TF [44], ANXA2 [43], VEGF 
[68, 69], HIF-2α [68, 69], and HDAC2 [20] has been reported 
to result in increased pelvic pain or dysmenorrhea in animal 
models and humans. Complex biological processes, such as 
thrombin formation (e.g., TF), nociceptive processing (e.g., 
OTR, NGF, and TRPV1), EMT (e.g., ANXA2), angiogenesis 
(e.g., VEGF and COX-2), hypoxic condition (e.g., HIF-2α and 
VEGF), and epigenetic factors (e.g., HDAC2), may also be 
positively associated with dysmenorrhea [20, 22, 43, 44, 68–
70]. Neuroinflammatory factors, such as NGF, not only drive 
chronic pain (36) but also facilitate endometrial cell growth, 
leading to disease exacerbation [11].

AUB Estrogen stimulates angiogenesis in vascular endothelial 
cells by regulating the HIF-1α, HIF-2α, VEGF, and TF 
pathways via NF-κB-dependent transcriptional activation [3, 
15, 44, 47, 55, 71] (Fig. 3, route B). The overexpression of 
multiple mediators associated with fragile and more permeable 
vessel formation, including aromatase, COX-2, PGs, NF-κB, 

vWF, HIF-1α, HIF-2α, VEGF, TF, IL-22, IL-10, IL-6, and 
IL-8, can lead to AUB [3, 15, 44, 47, 55]. Increased estrogen 
can also lead to heavy menstrual bleeding through persistent 
angiogenesis and neovascularization.

Infertility Altered gene expression of EMT-related 
molecules (e.g., TGF-β, ANXA2, and WNT/β-catenin) 
and decidualization-related genes (e.g., homeobox A10 
(HOXA10), IL-10, CRH, UCN, MAP2, VEGF, HIF-2α, 
hypoxia, and reactive oxygen species) may be responsible 
for the pathophysiology of adenomyosis-related infertility 
(Fig.  3, Route C) [13, 15, 22, 35, 69, 72]. β-catenin 
overexpression can cause infertility due to estrogen-induced 
EMT, impaired decidualization, and defective endometrial 
implantation [73]. Effective anti-TGF-β1 treatment has 
been shown to improve pregnancy and live birth rate in 
a mouse adenomyosis model [38]. This suggests that 
WNT/β-catenin and TGF-β may be directly or indirectly 
involved in infertility. Additionally, the expression of 
several decidualization-related molecules (e.g., IL-10, 
HOXA10, LIF, and IHH) was often altered in adenomyosis. 
The downregulation of these genes is known to negatively 
regulate endometrial acceptance, decidualization activation, 
embryo implantation, and later placentation [74, 75]. The 
decreased expression of endometrial IL-10 has been reported 
to contribute to infertility in women with adenomyosis by 
downregulating HOXA10 expression [76]. LIF, a member 
of the multifunctional IL-6 family of cytokines, is involved 
in cell differentiation, angiogenesis, epithelial–mesenchymal 

Fig. 3  Key players in the 
estrogen downstream effectors 
that are involved in the clinical 
manifestations of adenomyosis. 
Routes A, B, and C represent 
the estrogen downstream key 
players involved in pelvic 
pain, bleeding, and infertility, 
respectively
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transition, and stromal cell decidualization [37]. The 
downregulation of endometrial LIF expression also 
contributes to impaired endometrial receptivity and loss of 
implantation [37]. IHH mediates endometrial receptivity and 
regulates embryonic implantation [39]. LIF is crucial to the 
embryo implantation process in mice as it upregulates IHH 
mRNA. IHH signaling is dysfunctional in the endometrial 
tissues of women with adenomyosis [39]. Furthermore, 
adenomyosis-related infertility may also be associated with 
the localization and extent of a myometrial thickness [5].

Increased estrogen biosynthesis is an upstream regulator of 
the pathogenic process of adenomyosis development. Estrogen 
is a key factor that connects the three downstream routes and 
provides an insight into the adenomyosis-related symptoms. 
Impaired homeostasis of tissue injury and inflammation 
[Route A (COX-2 and PGs)], angiogenesis [Route B (NF-
κB)], and tissue remodeling [Route C (WNT/β-catenin and 
TGF-β)] can cause adenomyosis-related symptoms. However, 
it remains unclear whether these mediators can determine 
symptom severity and prognosis in adenomyosis.

Promising Nonhormonal Treatment 
Strategies

This section provides a brief overview of recent preclinical and 
clinical studies that shed light on future nonhormonal therapy 
for adenomyosis. The first half of this review suggested that 
estrogen targets hub genes, including Wnt/β-catenin, TGF-β, 

and NF-κB, regulates downstream key molecules, and causes 
symptoms associated with adenomyosis. Early adenomyosis 
may lack certain clinical symptoms, so molecules that are 
involved in diverse signaling pathways influencing EMT, 
tissue remodeling, and fibrosis may be the mainstay of 
treatment for women with symptomatic adenomyosis.

WNT/β‑Catenin Figure 4 illustrates a simplified view of 
the WNT/β-catenin pathways leading to the activation 
of downstream effectors. Since β-catenin aggravates 
adenomyosis progression by activating TGF-β-induced EMT 
[50], inhibiting the target molecules involved in EMT (e.g., 
WNT/β-catenin and TGF-β) may be a promising approach 
to suppress disease progression. β-catenin forms a complex 
with casein kinase 1 alpha (CK1α), glycogen synthase 
kinase 3 beta (GSK-3β), axin, and the tumor suppressor 
protein adenomatous polyposis coli [77]. Selective GSK-3β 
inhibitors have shown promising preclinical and clinical 
activities in cancer models [78]. However, no reported 
in vitro and in vivo studies have been found using selective 
GSK-3β inhibitors in adenomyosis models. Rac family small 
GTPase 1 (Rac1) was discovered as a molecule that activates 
the Wnt/β-catenin signaling [79]. Rac1 is important for 
cancer invasion, angiogenesis, and aggressiveness, making 
Rac1 an attractive therapeutic target, especially in oncology 
[79]. Rhein and F4, small-molecule inhibitors of Rac1, 
inhibit tumor growth and invasion in breast cancer [79]. 
The Rac1 inhibitor NSC23766 can enhance the antitumor 
activity of ovarian cancer cells [80]. Feng et al. investigated 
the in  vivo therapeutic efficacy of Rhein in a mouse 

Fig. 4  A simplified view of 
the WNT/β-catenin, TGF-β, 
and NF-κB signal pathways 
as potential therapeutic targets 
for adenomyosis. The orange 
square indicates the inhibitors
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adenomyosis model [81]. Rhein given orally significantly 
reduced adenomyosis weight and volume in a mouse model 
by suppressing the WNT/β-catenin signaling pathway [81]. 
Moreover, Rhein markedly impaired β-catenin nuclear 
translocation and the expression of downstream target genes, 
resulting in the decreased activation of EMT-associated 
proteins, including snail family transcriptional repressor 
(Snail), and the decreased expression of NF-κB and Rac1 
[81]. Thus, Rac1 inhibitors may be a potential therapeutic 
target for adenomyosis.

TGF‑β There are several approaches for inhibiting TGF-β, 
including antisense oligonucleotides, inhibitors of ligand-
receptor interactions, such as anti-TGF-β antibodies, anti-
receptor antibodies, TGF-β-trapping receptor ectodomain 
proteins, and small-molecule inhibitors, that target TGF-β 
receptor kinases [82]. Some of these inhibitors are undergo-
ing clinical trials and present opportunities for cancer (gli-
oma, melanoma, or breast cancer) and noncancer diseases 
(TGF-β-dependent diseases, such as fibrosis and scarring) 
treatment [82]. Pirfenidone (5-methyl-1-phenyl-2-[1H]-
pyridone), a small synthetic molecule with TGF-β inhibi-
tory activities, is effective for the treatment of idiopathic 
pulmonary fibrosis with only mild adverse events [50]. Yoo 
et al. explored the signaling pathways involved in uterine 
conditional activation of β-catenin using a mouse adeno-
myosis model [50]. They found that the signaling pathways 
altered by pirfenidone include Wnt/β-catenin signaling and 
TGF-β signaling [50]. Pirfenidone inhibited the EMT pro-
cess by upregulating epithelial marker E-cadherin expres-
sion. TGF-β reduces LIF expression, which plays a key 
role in decidualization, placental formation, and embryo 
implantation and impairs pregnancy outcomes [38]. TGF-β1 
inhibition by anti-TGF-β1-neutralizing antibodies improved 
pregnancy outcomes in a tamoxifen-induced adenomyosis 
mouse model by increasing LIF expression [38]. The genetic 
deletion of ANXA2, a downstream target of WNT/β-catenin 
and TGF-β, suppressed endometrial tissue growth and angi-
ogenesis in a nude mouse adenomyosis model by inhibiting 
the HIF-1α/VEGF signaling pathways [43]. Several studies 
have focused on the bidirectional crosstalk between TGF-β 
and Rac1 in the progression of cancer [83] and fibrosis [84]. 
The combination of TGF-β and Rac1 inhibitors for adeno-
myosis treatment may maximize therapeutic benefit. New 
antifibrotic agents targeting signaling pathways mediated by 
WNT/β-catenin and TGF-β may have the potential for the 
nonhormonal treatment of patients with adenomyosis.

NF‑κB We present an overview of the preclinical studies on 
the therapeutic potential for adenomyosis of some inhibitors 
targeting the NF-κB signaling pathway. The NF-κB family 
transcription factor is considered a master regulator of 
the inflammatory processes in response to tissue injury, 

pathogens, inflammation, and innate immunity and regulates 
many genes that influence adenomyosis development [85]. 
NF-κB inhibitors include proteasome inhibitors, IκB kinase 
inhibitors, and natural and synthetic compounds [85]. These 
inhibitors have been developed for clinical applications 
in cancer therapy, whereas natural compounds, such as 
polyphenols, terpene, alkaloids, and phenols, can provide 
additional opportunities for adenomyosis treatment [85]. 
Andrographolide is a terpene isolated from a herb and is 
known for its antiinflammatory, antioxidant, and anticancer 
properties (Right half of Fig. 4) [86]. This herb may be 
useful in ameliorating symptomatic osteoarthritis, upper 
respiratory tract infection, and progressive multiple sclerosis 
[86]. Andrographolide has been reported to inhibit COX-
2, VEGF, and TF expression in adenomyotic stromal cells 
by suppressing TNF-α-induced NF-κB activation [45]. 
Additionally, berberine, an isoquinoline derivative alkaloid, 
inhibits NF-κB transcriptional activity and ESR-dependent 
signaling pathways in adenomyotic stromal cells and cancer 
cells [87, 88]. Berberine has been shown to inhibit cancer 
cell proliferation and invasion [88]. Berberine promoted 
apoptosis and cell cycle arrest and inhibited the proliferation 
of adenomyotic stromal cells by suppressing IL-6, IL-8, 
TGF-β, VEGF, and MMP-2 expression [87].

Other Candidate Molecules In vitro and in vivo animal 
experiments revealed the inhibitory effects of some drugs 
against adenomyosis. Specific MMP inhibitors suppress 
adenomyosis progression. Mori et al. demonstrated that 
a small-molecule MMP inhibitor, ONO-4817, attenuated 
lesion progression in a xenograft mouse adenomyosis 
model [25]. The association between MMP and the invasive 
potential of endometriotic cells has been demonstrated 
in adenomyosis [23–25], whereas one study reported 
contradictory results [89]. Adenomyosis is characterized 
by persistent tissue remodeling, and platelet activation may 
promote adenomyosis-related inflammation and fibrosis 
[90, 91]. Inhibitors of platelet activation may be novel 
therapeutic candidates against adenomyosis. Experimental 
animal models have demonstrated that treatment with 
antiplatelet drugs, thromboxane A2 synthase inhibitors, 
effectively suppresses endometrial cell invasion into the 
myometrium [90, 91]. Valproic acid has gained attention 
because epigenetic modifications are thought to contribute 
to the pathogenesis of adenomyosis. Valproic acid is an 
antiepileptic drug with HDAC inhibitory activity [21, 90]. 
Animal studies showed that valproic acid has a favorable 
profile for treating adenomyosis [21]. A comparative case 
series have shown that treatment with valproic acid for 
three months improved dysmenorrhea and reduced the 
size of adenomyotic lesions [21]. These findings suggest 
that HDACs may be involved in the pathogenesis of 
adenomyosis. Some inhibitors have been reported to act as 
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potential therapeutic targets for adenomyosis in preclinical 
and clinical studies.

The blockades of downstream effectors of the WNT/β-
catenin, TGF-β, and NF-κB signaling pathways may be 
promising strategies for the nonhormonal treatment of 
adenomyosis.

Conclusion

In this review, we summarized the molecular mechanisms 
underlying the step-wise development of adenomyosis 
and the potential downstream effectors of estrogen action 
affecting clinical symptoms. The multistep processes 
involve a series of molecular changes associated with 
tissue injury, inflammation, invasion, angiogenesis, and 
fibrosis. Some key molecules (i.e., WNT/β-catenin, TGF-
β, and NF-κB) play a key role in adenomyosis develop-
ment and may serve as significant hub genes for its clini-
cal manifestations. These genes are potential therapeutic 
targets. Some inhibitors or compounds have the poten-
tial to suppress inflammation, angiogenesis, and EMT in 
adenomyotic lesions by targeting downstream key players 
of these hub genes. Although nonhormonal therapeutics 
for adenomyosis are limited, a better understanding of 
the misregulated signaling pathways can pave the way for 
individualized treatment management. In this review, we 
focused on the genes associated with the multistep pro-
cess of estrogen downstream effectors that significantly 
change in adenomyosis. However, to identify and validate 
adenomyosis-related genes, bioinformatics and functional 
enrichment analysis should be performed based on Gene 
Ontology resources via microarray data sets. Hence, future 
research is required to assess whether such key genes are 
potential therapeutic targets for adenomyosis.
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