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study question: Do platelets play any role in the development of adenomyosis?

summaryanswer: As in endometriosis, adenomyotic lesions show significantly increased platelet aggregation, increased expression of

transforming growth factor (TGF)-b1, phosphorylated Smad3, markers of epithelial-mesenchymal transition (EMT) and fibroblast-to-myofibro-

blast transdifferentiation (FMT), and smooth muscle metaplasia (SMM), in conjunction with increased fibrosis as compared with normal

endometrium.

what is knownalready: Both EMTand FMTare known to play vital roles in fibrogenesis in general and in endometriosis in particular.

EMThas been implicated in the development of adenomyosis. SMM is universally seen in endometriosis and also in adenomyosis, and is correlated

positively with the extent of fibrosis. However, there has been no published study on the role of platelets in fibrogenesis in adenomyosis, even

though adenomyotic lesions undergo repeated cycles of tissue injury and repair, which suggests the involvement of platelets and their possible

roles in fibrogenesis.

study design, size, duration: Cross-sectional studies of ectopic endometrial and control endometrial tissue samples from three

sets of women with and without adenomyosis (n ¼ 34 and 20, 12 and 10, and 8 and 8, respectively) were carried out from 2014 to 2015.

participants/materials, setting, methods: Immunohistochemistry analysis of ectopic endometrial tissues from women

with (n ¼ 34) and without (n ¼ 20) adenomyosis with respect to biomarkers of EMT, FMT and highly differentiated smooth muscle cells as

well as TGF-b1, phosphorylated Smad3,markers of proliferation, angiogenesis and extracellular matrix (ECM) deposits. Masson trichrome stain-

ing, Van Gieson staining and Pico-Sirius staining were performed to evaluate and quantify the extent of fibrosis in lesions. Progesterone receptor

isoform B (PR-B) staining alsowas performed. In addition, CD42b-positive platelets in ectopic (n ¼ 12) and control (n ¼ 10) endometriumwere

counted by confocalmicroscopy and compared.The protein expression levels of TGF-b1 and phosphorylated Smad3 in both ectopic (n ¼ 8) and

control (n ¼ 8) endometrium were measured by western blot analysis. Immunofluorescent staining of both platelets and hepatocyte growth

factor (HGF) was also performed for adenomyotic tissue samples (n ¼ 10).

main results and the role of chance: Adenomyotic lesions had a significantly higher extent of platelet aggregation and

increased staining for TGF-b1 and phosphorylated Smad3 (both P-values,0.001 versus control). In addition, E-cadherin staining was decreased

while vimentin staining in adenomyotic epithelial cells was increased, along with increased staining of proliferating cell nuclear antigen, vascular

endothelial growth factor and CD31 (all P-values ,0.001), markers of proliferation and angiogenesis. Staining for a-SMA, a marker for
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myofibroblast, desmin, smooth muscle myosin heavy chain and oxytocin receptor was significantly increased in adenomyotic lesions versus

control, concomitant with increased staining of collagen I and lysyl oxidase (all P-values ,0.001). Histochemistry analysis indicates that the

extent of fibrosis is high in adenomyotic lesions (P, 0.001), and the extent appeared to correlate negatively with the microvessel density

(P, 0.05). PR-B staining was significantly decreased in adenomyotic lesion as compared with control endometrium (P, 0.001). Platelets and

HGF were co-localized mostly in the stromal component of adenomyotic lesions, near the glandular epithelium.

limitations, reasons forcaution: The results are limitedby thecross-sectional natureof the studyand theuseof histochemistry

and immunohistochemistry analyses only, but nonetheless is a validation of our previous finding in mouse experiments.

wider implications of the findings: The data presented are consistent with the notion that platelet-induced activation of the

TGF-b/Smad signaling pathwaymay be a driving force in EMT, FMT and SMM in the development of adenomyosis, leading to fibrosis. This study

provides the first piece of evidence that adenomyotic lesions are wounds that undergo repeated injury and healing, and, as such, platelets play

critical roles in thedevelopmentof adenomyosis by promoting proliferation, angiogenesis, increasingECMdeposits, and SMM, resulting in fibrosis.

Platelets may also be involved in uterine hyperactivity and myometrial hyperinnervation. Our results provide one explanation as to why adeno-

myosis is a challenge for medical treatment, and shed new light onto the pathophysiology of adenomyosis.

study funding/competing interests: Support fordata collectionandanalysiswasprovidedby grants fromtheNational Science

Foundation of China. None of the authors has anything to disclose.

Keywords: adenomyosis / epithelial-mesenchymal transition / fibroblast-to-myofibroblast transdifferentiation / fibrosis / platelet / smooth

muscle metaplasia / transforming growth factor-b1

Introduction

Adenomyosis is a commongynecologic disorderwithpoorly understood

pathogenesis and pathophysiology (Bergeron et al., 2006; Benagiano

et al., 2012). Besides a soft and diffusely enlarged uterus, its symptoms

also include dysmenorrhea, heavy menstrual bleeding, and subfertility

(Farquhar and Brosens, 2006). Treatment of adenomyosis is challenging,

with hysterectomy being the treatment of choice (Bergeron et al., 2006).

Although the disease is hormone-sensitive (Kitawaki, 2006), progesto-

genic agents are not very effective, and the efficacy of GnRH agonists is

restricted by their short duration (Bergeron et al., 2006). In addition,

the symptoms often recur after discontinuation of GnRH agonists

therapy (Grow and Filer, 1991).

Emerging evidence suggests that epithelial-mesenchymal transition

(EMT) may play a role in the development of adenomyosis, resulting in

an increased invasive propensity of adenomyotic epithelial cells (Chen

et al., 2010). Oh et al. reported elevated levels of nuclear b-catenin in

adenomyosis and found that stabilized b-catenin expression in mouse

resulted in changed expression of EMT markers, such as E-cadherin,

SNAIL andZEB1, concomitantwith increased incidence of adenomyosis

(Oh et al., 2013). Khan et al. reported increased hepatocyte growth

factor (HGF) levels in the endometrial-myometrial junction in adeno-

myosis, HGF-mediated EMT along with increased migratory ability in

HGF-treated endometrial epithelial cells, and also signs of EMT in Ishi-

kawa cells treated with HGF (Khan et al., 2015).

While a role for EMT in the development of adenomyosis is intuitively

plausible, it is unclear as to whether adenomyotic lesions and/or their

micro-environment haveall thenecessarymolecularmachinery thatpro-

motes EMT. For example, where is the source of HGF? What induces

b-catenin overexpression in adenomyosis? In addition, while EMT is

known to occur in tissue repair (Thiery et al., 2009) and often leads to

fibrosis (Nawshad et al., 2004), it is unclear whether fibrosis also is

present in adenomyosis as in endometriosis (Matsuzaki and Darcha,

2013). However, the presence of smooth muscle metaplasia (SMM) in

adenomyosis (Mechsner et al., 2010) and its documented correlation

with the extent of fibrosis in endometriosis (Itoga et al., 2003) suggest

that fibrosis should be present in adenomyosis.

As in endometriosis and eutopic endometrium, the ectopic endomet-

rium in adenomyosis also experiences cyclic bleeding—a cardinal sign of

tissue injury. As such, it undergoes cyclic or repeated tissue injury and

repair, a process very similar to what happened in the development of

endometriosis (Ding et al., 2015). Since it is well known that repeated

tissue injury causes fibrosis (Wynn, 2007), the same process apparently

leads to an increased extent of fibrosis in ovarian endometriomas (Guo

et al., 2015) and may also lead to fibrosis in adenomyosis. Indeed,

increased collagen content in adenomyosis has been documented,

although not in the mainstream journals (Fujita, 1985, Ikegami and

Kato, 1992).

We have recently found that activated platelets induce activation of the

transforming growth factor (TGF)-b1/Smad3 signaling pathway in endo-

metriotic epithelial and stromal cells, resulting in EMT, fibroblast-

to-myofibroblast transdifferentiation (FMT), increased cellular migratory

and invasive propensity, and increased cell contractility and collagen pro-

duction, leading to SMM and ultimately to fibrosis (Zhang et al., submitted

for publication). Capitalizing on these findings and employing a mouse

model of adenomyosis (Parrott et al., 2001), we conducted a mouse

study that examined (through immunohistochemistry (IHC)) platelet ag-

gregation, EMT, FMT, TGF-b1, phosphorylated Smad3 (p-Smad3), and

collagen I, and the extent of fibrosis through serial observation. Consistent

with thefinding in endometriosis,we found that stainingofmarkersofEMT

and FMT became progressively more pronounced as adenomyosis pro-

gressed along, with a gradual but progressive increase in expression of

TGF-b1 and phosphorylated Smad3, leading to increased fibrotic tissue

content in adenomyotic lesions (Shen et al., 2016).

This study sought to confirm these findings in human adenomyosis.

We hypothesized that both EMT and FMT, driven by platelet-derived

TGF-b1 and platelet-induced TGF-b1/Smad3 activation, occur in the

development of adenomyosis, leading to SMM and eventually to

increased fibrotic tissue content in lesions. To test this hypothesis, we

performed an IHC analysis of TGF-b1 and p-Smad3 expression and of
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EMTandFMTmarkers, alongwithmarkersof proliferation, angiogenesis,

extracellular matrix (ECM) components as well as markers of fully differ-

entiated smooth muscle cells (SMCs) such as desmin, smooth muscle

myosin heavy chain (SM-MHC), and oxytocin receptor (OTR) in

ectopic endometrial tissue samples from women with adenomyosis

and control endometrial tissue samples. In addition, we evaluated the

extent of platelet aggregation in both types of tissue samples. Moreover,

weperformedahistochemistryanalysis of the extentof fibrosis, andeval-

uated the protein expression of TGF-b1 and p-Smad3. We found that

our results are completely consistent with the hypothesis. Finally, we

carried out an immunofluorescent staining of both platelets and HGF

in adenomyotic lesions to seewhether platelets may also be responsible

for the reported HGF-induced EMT in adenomyosis. Since the serial ob-

servation of human adenomyosis as it develops is out of the question,

naturally only the cross-sectional data are presented. Nonetheless, our

human data appear to dovetail all key events of a chain of changes as

stipulated the hypothesis, providing corroborative evidence for the

hypothesis.

Materials andMethods

Patients and tissue samples

Thirty-four women with adenomyosis (excluding endometriosis) seen

at Shanghai OB/GYN Hospital, Fudan University, from 2013 to 2014,

were recruited for this study. Their diagnoses were made by transvaginal

ultrasound before surgery and histologically confirmed post-operatively.

After obtaining written informed consent their ectopic endometrial

tissue samples were collected during hysterectomy and immediately fixed

in 10% buffered formalin and then processed for paraffin embedding. For

controls, we also collected, after informed consent, endometrial tissue

samples through curettage from20womenwith teratoma (n ¼ 1, 5%), cer-

vical intraepithelial neoplasia (CIN)-III (n ¼ 14, 70%), stage Ia1 cervical

cancer (n ¼ 3, 15%), and cervical carcinoma in situ (n ¼ 2, 10%), but

without any clinical indication or history of adenomyosis or endometriosis.

The selection of the controls was based solely on menstrual phase besides

disease status.

Except for 6 women in the adenomyosis group, who had irregular cycles,

all other women in both study and control groups had regular cycles. All

women in both study and control groups were premenopausal and had no

hormone therapy or intrauterine device use for ≥6 months prior to tissue

collection. Themenstrual phasewas determined by histological endometrial

dating. The amount of menses during menstruation was grouped into three

classes: light,moderate, andheavy, dependingonwhether they changed their

sanitary pads,3, between 3 and 6, or.6 times a day, respectively (Hernan-

dez Guerrero et al., 2006).

For each patient with adenomyosis, the following information was collected

through readingmedical charts and interviewing: age at surgery, uterus size (cal-

culated aspD1D2D3/6, whereD1 ¼ the distance from fundus to the internal os

of the cervix,D2¼ transverse diameterat the level of the cornua, andD3 ¼ an-

teroposteriordiameterat the levelof cornua), complaintofdysmenorrhea,dur-

ation of dysmenorrhea, amount of menses (light, moderate, or heavy), and

parity. The severity of dysmenorrhea was quantified using a 10-cm visual

analog scale, assessed before operation.

For immunofluorescent staining analysis of platelet aggregation, additional

tissue samples of ectopic endometrium from 12 women with adenomyosis

and control endometrial tissue samples from 10 age- and menstrual phase-

matched women who underwent surgery for benign gynecologic disorders

but free of endometriosis and adenomyosis were collected. The mean age

of controls and adenomyosis patients were 42.3 (+4.4) and 44.3 (+4.6)

years, respectively (P ¼ 0.49, Wilcoxon test). Two tissue samples (20.0%)

in the control group and 2 in the adenomyosis group (16.7%)were in the pro-

liferative phase (P ¼ 1.0, Fisher’s exact test). The diagnoses of the 12women

with adenomyosis weremade also by transvaginal ultrasound before surgery

and were histologically confirmed post-operatively.

For immunofluorescent staining analysis of HGF and platelets, additional

adenomyotic samples from 12 women with adenomyosis and control endo-

metrial tissue samples from 10 age- and menstrual phase-matched women

without adenomyosis or endometriosis were collected (CIN, n ¼ 5, stage

Ia1 cervical cancer, n ¼ 3, and cervical carcinoma in situ, n ¼ 2). The mean

age of controls and adenomyosis patients was 42.3 (+4.4) and 44.3

(+4.6) years, respectively (P ¼ 0.49). Two controls (20.0%) and 2 in the

adenomyosis group (16.7%) were in the proliferative phase (P ¼ 1.0,

Fisher’s exact test). The diagnosis of the 12 women with adenomyosis was

made by transvaginal ultrasound before surgery and histologically confirmed

post-operatively. For controls, endometrial tissue samples were collected

through curettage. The selection of the controls was also based solely on

age and menstrual phase besides disease status.

Forwestern blot analysis, adenomyotic tissue samples from8womenwith

adenomyosis and control endometrial tissue samples from 8 women who

underwent surgery for benign gynecologic disorders without adenomyosis

or endometriosis were collected. The mean age of controls was younger

than that of adenomyosis patients (37.1+ 7.0 versus 44.6+3.9 years,

respectively, P ¼ 0.03). The diagnosis of adenomyosis was made in the

same manner as described above. All tissue samples were collected during

the operation. The selection of the controls was based solely on menstrual

phase besides disease status.

This study was approved by the institutional Ethics Review Committee of

Shanghai OB/GYN Hospital.

IHC

Serial 4-mm sections were obtained from each paraffin-embedded tissue

block, with the first resultant slide being stained for H&E to confirm patho-

logic diagnosis and the subsequent slides used for IHC. Routine deparaffini-

zation and rehydration procedures were performed as reported previously

(Ding et al., 2015).

Theantibodiesusedasprimaryantibodies for immunohistochemistryanalysis

are listed in SupplementaryTable SI. For antigen retrieval, the slideswereheated

at988CinanEDTAbuffer (pH9.0) fora totalof20 min (proliferatingcell nuclear

antigen (PCNA), phosphorylated Smad3 (p-Smad3), lysyl oxidase (LOX), and

progesterone receptor isoform B (PR-B)) or in a citrate buffer (pH 6.0) for a

total of 30 min (TGF-b1, E-cadherin, vimentin, a-smooth muscle actin

(a-SMA), vascular endothelial growth factor (VEGF), CD31, CD41, collagen I,

desmin, smoothmusclemyosin heavy chain (SM-MHC), and oxytocin receptor

(OTR)), and cooled at room temperature. Sections were then incubated over-

nightwith theprimary antibodyat 48C.After slideswere rinsed, thebiotinylated

secondary antibody, SupervisionTMUniversal (Anti-Mouse/Rabbit)Detection

Reagent (HRP) (GK500705, Shanghai GeneTech Company, Shanghai, China),

was used for incubation at room temperature for 30 min. The bound antibody

complexes were stained for 3–5 min or as appropriate for microscopic exam-

ination with diaminobenzidine and then counterstained with hematoxylin and

mounted.

Immunostaining results for CD41, PCNA, VEGF, TGF-b1, p-Smad3,

E-cadherin, vimentin, a-SMA, collagen I, LOX, PR-B, desmin, SM-MHC,

and OTR were evaluated using a semi-quantitative scoring system, as

reported previously (Shen et al., 2009). Briefly, images were obtained with

a microscope (Olympus BX51, Olympus, Tokyo, Japan) fitted with a digital

camera (OlympusDP70,Olympus), and the number and intensity of positive

cellswere counted by Image Pro-Plus 6.0 (MediaCybernetics, Inc., Bethesda,

MD, USA) blind to which group the slide belonged to. A series of 5 images

randomly selected from several sections per tissue sample were taken for

736 Liu et al.
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each immunostaining parameter to obtain a mean value. The CD31 labeled

microvessel density (MVD) was counted under 400× high-power (Hp) mi-

croscopy, as reported previously (Shen et al., 2009).

The epithelial and stromal components were jointly evaluated for vimen-

tin, TGF-b1, p-Smad3, a-SMA, collagen I, VEGF, PCNA and LOX, which

were stained positive in both epithelial and stromal cells. However, only

the epithelial component of TGF-b1, PCNA and VEGF staining was used

for analysis because of their predominance in that component. E-cadherin

andPR-Bwere stainedpositiveonly in epithelial cells, thereforeonlyepithelial

cells were evaluated. CD41 staining of platelets was seen primarily in the

stromal component of adenomyotic lesions, and was evaluated only in the

stroma. CD31 was stained positive exclusively in the epithelium of blood

vessels, and as such MVD was calculated and averaged over five randomly

selected areas of vessels (except large vessels) in adenomyotic lesions.

Desmin, SM-MHC and OTR staining was positive not only in the smooth

muscle tissues but also in the stroma, but only the stromal partwasevaluated.

To minimize potential bias, the person who evaluated the slides was blinded

as to which group the slides belonged to.

Following vendors’ protocols of the primary antibodies, mouse spleen

tissues were used for the positive immunostaining of CD41 and vimentin,

and human breast cancer tissues were used for the positive immunostaining

of E-cadherin, p-Smad3, collagen I and PR-B, while mouse liver tissues

were used for positive immunostaining of other markers. For the negative

controls, human ectopic endometrium tissue samples were incubated with

rabbit or mouse serum instead of primary antibodies. The representative

examples of positive and negative staining results are shown in Supplemen-

tary Fig. S1.

Masson trichrome staining

Masson trichrome staining was used for the detection of collagen fibers in

tissue samples. Tissue sections were deparaffinized in xylene and rehydrated

in an increasing graded alcohol series, then were fixed in Bouin’s solution at

378C for 2 h. The Bouin’s solution was made with 75 ml of saturated picric

acid, 25 ml of 10% formalin solution (v/v), and 5 ml of acetic acid. Tissue sec-

tionswere then stained usingMasson’s Trichrome Staining kit (Baso,Wuhan,

China) following the manufacturer’s instructions. The areas of the collagen

fiber layer stained in blue relative to the entire portion of the ectopic implants

were calculated by the Image Pro-Plus 6.0 (Media Cybernetics, Inc.,

Bethesda, MD, USA).

Van-Gieson staining

Afterheating at608Cfor45 min, tissue sectionsweredeparaffinized in xylene

and rehydrated in a graded alcohol series. To stain nuclei, sections were

dipped into Weigert iron hematoxylin for 10 min, rinsed with tap water,

then dipped into 0.1% HCl- ethanol (v/v) for 10 s, and washed with tap

water. The sections were then counterstained with Van Gieson solution

(Goodbio, Wuhan, China) for 5 min before rinsing with tap water. The

areas of the collagen fiber layer stained in red relative to the entire portion

of the ectopic implants were calculated by the Image Pro-Plus 6.0 and used

as the extent of fibrosis in the lesion.

Picro-Sirius red staining for collagen

Tissue sections were heated in an oven at 608C for 45 min, and then depar-

affinized in xylene and hydrated using increasing graded ethanol solutions.

.............................................................................................................................................................................................

Table I Characteristics of patients recruited with adenomyosis and controls.

Item Controls

(n5 20)

Adenomyosis

(n5 34)

Statistical significancea

Age (year) Mean ¼ 38.5

(SD ¼ 7.3)

Median ¼ 40.5

Range ¼ 25–48

Mean ¼ 44.6

(SD ¼ 5.4)

Median ¼ 45.0

Range ¼ 29–52

**

Menstrual phase

Proliferative 10 (50.0%) 12 (35.3%) NS

Secretory 10 (50.0%) 22 (64.7%)

Parity

0 5 (25.0%) 4 (11.8%) NS

1 12 (60.0%) 22 (64.7%)

^2 3 (15.0%) 8 (23.5%)

Visual analog scale on the severity of dysmenorrhea Mean ¼ 0.5

(SD ¼ 1.3)

Median ¼ 0.0

Range ¼ 0–5

Mean ¼ 4.3

(SD ¼ 2.9)

Median ¼ 5.0

Range ¼ 0–8

***

Uterus size (cm3) Median ¼ 70.4

Range ¼ 31.5–113.9

Missing: n ¼ 1

Median ¼ 229.6

Range ¼ 78.5–618.2

***

Co-occurrence of endometriosis

No 20 (100.0%) 25 (73.5%) *

Yes 0 (0.0%) 9 (26.5%)

Co-occurrence of uterine fibroids

No 19 (95.0%) 33 (97.1%) NS

Yes 1 (5.0%) 1 (2.9%)

a*P, 0.05; **P, 0.01; ***P, 0.001; NS: P. 0.05. Wilcoxon’s rank test was used for age, visual analog scale and uterus size while for other data Fisher’s exact test was used.

Platelets and fibrosis in adenomyosis 737
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The tissue slides were placed in a Picro-Sirius red stain solution kit

(Goodbio) for 20 min following the manufacturer’s instructions, and

rinsed with tap water for 1 min. Under the optical microscope, collagen

fibers were stained in red while the epithelium, blood vessels and muscle

appear yellowish. Under the dark zone of the microscope equipped with

filters to provide circularly polarized illumination, the collagen fibers

appeared bright while the interstitial space and non-collagen elements

appeared darker. Collagen I fibrils appeared red and yellow, while collagen

III fibrils appeared green.

Immunofluorescent staining and confocal

microscopy

After antigen retrieval at 958C in citrate buffer (pH 6) for a total of 30 min,

serial 4 mm paraffin sections were cooled to room temperature and

washed 3 times in phosphate-buffered saline (PBS). Five percent goat

serum was used for blocking nonspecific binding. The slides were incubated

overnight at 48Cwith primary antibodies (listed in Supplementary Table SI),

followedbywashing inPBS thrice, and then incubated at378Cwith secondary

antibodies (1: 500 AlexaFluor 647-conjugated goat anti-rabbit secondary Ab

and 1: 500 AlexaFluor 488-conjugated goat anti-mouse secondary Ab; Cell

Signaling Technology, Inc., Boston, MA, USA) for 1 h. After washing in PBS

thrice, cell nuclei was counterstained with 4′,6-diamidino-2-phenylindole

(DAPI) (Beyotime, Shanghai, China).

Fluorescent histologic slides were examined under a confocal laser scan-

ning microscope (Leica TCS SP5 Confocal Microscope, Solms, Germany)

at room temperature. Images were separately recorded with different

objective lenses (40/1.3 NA oil and 100× objective), and then exported

as a TIFF-format digital file. Image-Pro Plus (version 6.0.0.206, Media Cyber-

netics, Inc., Bethesda, MD,USA) was used to process the images (brightness

and contrast), and to construct merged images for triple immunohistochem-

istry. For each slide, the number of CD42b labeled platelets was counted

under a 400× Hp microscopy via Image-Pro Plus, and the operator was

blinded to which group the slide belonged to. A cluster of or a single

CD42b-positive platelet was counted as one.

Cell culture

The isolationandcultureof adenomyosis-derivedprimaryectopicendometrial

stromal cells (EESC) and normal endometrial stromal cells (NESC) derived

from control endometrial tissues were carried out as reported previously

(Ryan et al., 1994). Briefly, adenomyotic tissues were minced into small

pieces of about 1 mm3. After the enzymatic digestion of minced tissues with

0.2% collagenase II (Sigma, St Louis, MO, USA) for 1.5 h at 378C, they were

separated by filtration through a 149 mm then a 37 mm (pore size) nylon

mesh, removing the debris and epithelial and SMCs, respectively. Stromal

cells remaining in the filtrate were collected by centrifugation, resuspended

in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12, and plated onto

10 cm dishes and allowed to adhere at 378C for 30 min, after which non-

adhering epithelial cells, myometrial SMCs, and blood cells were removed

with PBS rinses. The cells were cultured in DMEM/F12 reconstituted with

10% charcoal-stripped fetal bovine serum and 1% antibiotics. The purity and

homogeneityof thestromalcellpreparation (≥98%)wereverifiedby immuno-

cytochemistry using an antibodyagainst vimentin (Abcam), a specificmarkerof

stromal cells, and an antibody against cytokeratin 7 (CK7) (Zhongshan Jinqiao,

Beijing, China), a specific marker of epithelial cells. After 3–4 passages, the

vimentin staining was positive, while CK7 staining was negative.

Western blot analysis

For total protein extraction, EESCs (n¼ 8) were scraped and extracted in a

Radio-Immunoprecipitation Assay (RIPA) buffer (Fermentas, Burlington, CA,

USA). Protein concentration was determined using the BCA protein

quantitative analysis kit (P0010S, Beyotime). All proteins were mixed with

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

loadingbuffer (P0015,Beyotime)andheated for8 minat958Cfordenaturation.

Protein samples were loaded on a 10% SDS polyacrylamide gel, and electro-

blotted onto a polyvinyl difluoride (PVDF)membrane (Bio-Rad,Hercules, Cali-

fornia, USA). The blots were blocked in 5% non-fat milk reconstituted in TBST

(0.15 M NaCl, 0.05% Tween-20, 10 mM Tris–HCl [pH 8.0]) for 1 h at room

temperature and subsequently incubated at 48C overnight with the following

primary antibodies: rabbit anti-human TGF-b1(1:1000), rabbit anti-human

p-Smad3(1:1000), and rabbit anti-human GAPDH primary antibody (1:1000,

CST, Danvers, MA, USA), where GAPDH was used as the loading control

for total protein amount. After the membranes were incubated with

Figure 1 Representative results of indicated immunoreactivity stain-

ing in adenomyosis and control endometrium. TGF-b1: transforming

growth factor-b1; p-Smad3: phosphorylated Smad3; a-SMA:

a-smooth muscle actin; PR-B: progesterone receptor isoform B; CTL:

control endometrium; ADM: ectopic endometrium from women with

adenomyosis. The red arrows indicate epithelial cells, while the blue

ones indicate stromal cells. Scale bar ¼ 125 mm.
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HRP-labeled secondary antibodies for 1 h at room temperature, the signal was

detected using enhance chemiluminescence reagents (Pierce, Thermo

Scientific, Rockford, IL, USA) on hyperfilms. The amount of protein expression

was quantified by Quantity One software (Bio-Rad, Hercules, CA, USA).

Statistical analysis

Fordescriptive statistics,weusedboxplot (Tukey, 1977) to graphically depict

groupsof immunoreactivity data. The comparisonof distributions of continu-

ous variables between or among two or more groups was made using the

Wilcoxon test and Kruskal–Wallis test, respectively. Jonckheere–Terpstra

trend test was used to test for trend of increasing immunostaining levels in

women who complained of dysmenorrhea of varying severity. Pearson’s or

Spearman’s rank correlation coefficient was used when evaluating correla-

tions between two variables when both variables are continuous or when

at least one variable is ordinal. The relationship between various clinical

and pathological parameters was compared with chi-square tests.

To evaluate whether the source of tissue samples is associated with the

differences in immunoreactivity, the number of aggregated platelets and

the extent of fibrosis while controlling for other factors, such as menstrual

phase and age, multiple linear regression analysis was used. Since no collagen

fiberswere detected in control endometrium,we assigned theMasson stain-

ing level as 0. Similarly, staining levels of desmin and others in control endo-

metrium were recorded as 0.

Figure 2 Boxplots of staining levels in adenomyotic lesions and control endometrium. (A) The extent of platelet aggregation (CD41); (B) VEGF;

(C) microvessel density (CD31); (D) PCNA; (E) TGF-b1; (F) phosphorylated-Smad3; (G) E-cadherine; (H) Vimentin; (I) a-SMA; (J) Collagen I; (K)

The extent of fibrosis; (L) PR-B; (M) Desmin; (N) SM-MHC; (O) Oxytocin receptor (OTR). ***P, 0.001. In all boxplots, the bottom and top of the

box represent the lower and upper quartiles, respectively, the band near the middle of the box represents the median, and the ends of the whiskers re-

present the smallest and the largest non-outlier observations. The dots outside the box, if any, are outliers.
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P-values of less than 0.05 were considered statistically significant. All

computations were made with R 3.2.2 (Inhaka and Gentleman, 1996)

(www.r-project.org).

Results

Clinicopathological data

Among the 34 patients with adenomyosis, only 1 (2.9%) had focal adeno-

myosis and the remaining 33 (97.1%)were of diffused type. The character-

istics of the patients and the control subjects are shown in Table I. The

controls were comparable with the cases in menstrual phase and parity

but were significantly younger than patients with adenomyosis, had fewer

complaint of dysmenorrhea and did not have endometriosis (Table I).

Evidence for increased platelet aggregation,

activation of TGF-b/Smad pathway, occurrence

of EMT, FMT and SMM, and increased

proliferation, MVD and fibrotic content

Platelet aggregation, stainedbyCD41,was seenmostly in the stromal com-

ponent of ectopic endometrium and a few control endometrium (Fig. 1),

consistentwithourfindings inendometriosis (Dingetal., 2015).VEGFstain-

ing was increased in the cytoplasm of ectopic epithelium as comparedwith

negative staining in control groups (Supplementary Fig. S2). CD31-positive

microvessels were found mostly in the stromal tissues, and the MVD was

increasedsignificantly inadenomyotic foci ascomparedwith that in thecon-

trols. PCNA staining was primarily seen in the nuclei of epithelial cells and

some stromal cells in ectopic endometrium, andwas significantly increased

ascomparedwith thecontrolones (Figs1and2andSupplementaryFig. S2).

TGF-b1 was stained positive mostly in the cytoplasm of ectopic endo-

metrial epithelium and also in some stromal cells as compared with nega-

tive staining in control endometrium. The staining of p-Smad3—the active

formof Smad3—was seen in the nuclei of epithelial cells and some stromal

cells in ectopic endometrium, but not in control endometrium. E-cadherin

staining was seen almost exclusively in the membrane of epithelial cells of

both adenomyotic and control subjects, but its levels were significantly

decreased in the former group (Fig. 1). In contrast, vimentin staining was

seen mostly in the cytoplasm of stromal cells in control and adenomyosis

groups, and also seen in the cytoplasm of epithelial cells in ectopic endo-

metrium.Besides theSMCs,a-SMAstainingwasalsoobserved in thecyto-

plasmofbothepithelial cells and stromal cells in ectopic endometrium,but

not in control endometrium. Collagen I was stained positive in the cyto-

plasm of epithelial cells and stromal cells in ectopic endometrium, but

not in control endometrium. PR-B showed a positive staining in the

nuclei of epithelial cells, but was significantly lower in the nuclei of

ectopic epithelial cells. LOXwas stained positive in the nuclei of epithelial

and stromal cells in the ectopic and control endometrium, and the staining

level was significantly higher in the former (Supplementary Fig. S2).

We found that theextentofplatelet aggregation,MVD,aswell as immu-

noreactivity to VEGF, PCNA, TGF-b1, p-Smad3, vimentin, a-SMA,

Figure 3 Representative fluorescent photomicrographs of platelet aggregation in adenomyosis and summary results. Immunofluorescent staining of

CD42b in normal human endometrium (A) and human adenomyotic lesion (B), both were in the secretory phase. CD42b and vimentin, stained in red

and green, respectively, were used as the marker for platelets and endometrial stromal cells, while DAPI, stained in dark blue, was used as a marker for

cell nuclei. The white frame in (B) indicates the area to be magnified and is shown in more detail in (C). In both (A) and (B), the yellow arrows indicate

the platelet aggregation while the white arrows indicate the glandular epithelium of the lesion (×400). (C) Magnified figure showing aggregated platelets

(CD42b-positive, in red), adenomyotic stromal cells (vimentin-positive, in green) and DAPI (cell nuclei, in blue), and co-localization of platelet aggregation

and stromal cells (×1000). (D) Boxplot of the number of aggregated platelets in control and ectopic endometrium. The number shown in the figure is the

P-value of the statistical significance of the difference between control and ectopic endometrium.
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collagen I and LOX were all highly significantly elevated in ectopic endo-

metrium from women with adenomyosis as compared with controls

(Fig. 2A–L). In contrast, the immunoreactivity to E-cadherin and PR-B

was significantly reduced in ectopic endometrium fromwomen with ade-

nomyosis as compared with controls (Fig. 2A–L). Multiple linear regres-

sion analyses using age, menstrual phase, parity, and the source of tissue

sample (adenomyosis versus control) indicated that, with the only excep-

tion of PR-B inwhich case the secretory phasewas significantly associated

with higher PR-B immunoreactivity, the source of tissue sample was the

only factor that is associated with these immunoreactivity measures (all

P-values ,0.01; all R2. 0.58, except vimentin, in which case R2 ¼

0.24). That is, after controlling for age, menstrual phase and parity, we

still found that the differences in thesemeasurements are highly significant

between women with and without adenomyosis.

We also stained forOTR, which is detected only in fully differentiated

SMCs (Busnelli et al., 2010), desmin, a marker for differentiated and

mature SMC (Hasegawa et al., 2003), and SM-MHC, amarker restricted

for the SMC (Manabe andOwens, 2001), in adenomyotic lesions as well

as control endometrium. We found that the immunoreactivity to these

three markers was significantly higher in adenomyosis than in controls

(Fig. 2M–O and Supplementary Fig. S3). Multiple linear regression ana-

lyses using age, menstrual phase, parity, and the source of tissue

sample (adenomyosis versus control) indicated that the source of

tissue sample was the only factor that is associated with these immunor-

eactivity measures (all P-values ,0.001; all R2 . 0.87). Therefore, the

immunoreactivity against markers of fully differentiated SMCs in adeno-

myotic lesions was significantly higher than that of control endometrium.

Further evidence for increased platelet

aggregation in adenomyotic lesions

We found that while CD42b-stained platelets were nearly absent in

control endometrium (Fig. 3A), they were aggregated mainly in the

pericellular spaces of vimentin-positive stromal cells of adenomyotic

foci (Fig. 3B). A closer examination of aggregated platelets indicates

that they appeared to surround EESCs (Fig. 3C), very similar to that in

Figure5 Evidence for increased fibrotic content in adenomyosis. (A)

Representative photomicrographs of Masson trichrome staining and

VanGieson staining in control and ectopic endometrium. In Masson tri-

chrome staining, collagens are stained in blue, while smoothmuscle and

epithelial cells are stained in purple. No blue collagen fiber (blue) can be

seen in control endometrium, while collagen fibers in the stromal com-

ponent are prominent in ectopic endometrium from women with ade-

nomyosis. The presence of smooth muscle cells is also visible in ectopic

endometrium. In VanGieson staining, collagens are stained in red,while

smoothmuscle and epithelial cells are stained in yellow. Consistentwith

the Masson staining, no collagen fibers (in red) can be seen in control

endometrium, but these fibers are conspicuous in the stromal compart-

ment of ectopic endometrium. (B) Representative photomicrographs

of Picro-sirius red staining visualized underoptical (top panel) and polar-

ized microscopy (lower panel). Collagen fibers would appear red while

epithelium and muscles would appear yellow under the optical micros-

copy. Under the polarized microscopy, collagens in the stroma would

appear bright (type I, red or yellow and type III, green), respectively,

while epithelium, smooth muscles without collagens would appear to

be dark/black. In control endometrium, vascular epithelium, myome-

trium and endometrial epithelium in adenomyotic lesions appeared

yellow under the optical microscope, while the ectopic endometrium

showed red, suggestive of collagen fibers. No red-stained collagen

fiber can be seen in control endometrium but they are very prominent

in ectopic endometrium. Similarly, control endometrium and vascular

epithelium, myometrium and the epithelial compartment of ectopic

endometrium all appeared dark/black. In ectopic endometrium,

bright red- or yellow-colored type I collagen fibers and a few green-

colored type III collagen fibers (blue arrows) can be seen under the

polarized microscope. All scale bars ¼ 125 mm.

Figure 4 Elevated TGF-b1 and Smad3 protein expression in adeno-

myosis. (A) Representative western blot results for TGF-b1 and

p-Smad3. CTL: endometrial stromal cells derived from control endo-

metrium (n ¼ 8 subjects); ADM: endometrial stromal cells derived

from adenomyotic lesions (n ¼ 8 subjects); (B) Boxplots of results of

TGF-b1 and p-Smad3 protein levels in control and ectopic endomet-

rium. The P-value of between-group difference is shown in the figures.
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endometriotic lesions (Ding et al., 2015). After counting the number of

CD42b-positive platelets in the ectopic and the control endometrium,

we found that the density of platelets in ectopic endometrium is signifi-

cantly higher in adenomyotic lesions than that in the control endomet-

rium (P, 0.05) (Fig. 3D). A multiple linear regression incorporating

age,menstrual phase and the source of tissue samples indicates that ade-

nomyotic lesions had a higher density of platelets than control endomet-

rium (P, 0.05). This result is consistent with the immunostaining result

using different samples.

Evidence for activation of the TGF-b/Smad3

signaling pathway

To confirm the immunohistochemistry finding, we evaluated the protein

expression levels of TGF-b1 and p-Smad3 in stromal cells of ectopic and

control endometrium. We found that the protein expression levels of

TGF-b1 and p-Smad3 were both significantly higher in adenomyotic

stromal cells than that of normal endometrial stromal cells (both

P-values ,0.001; Fig. 4A and B).

Evidence for fibrosis in adenomyotic lesions

Wealso performedMasson trichrome, VanGieson, and Picro-Sirius red

staining of adenomyotic lesions and of control endometrium. All three

staining methods indicated that, while in control uteri the staining was

all negative for fibrotic tissues, adenomyotic lesions contained quite

extensive collagen fibers (Fig. 5). In addition, Masson staining in adeno-

myotic lesions showed that substantial portions of the stromal compart-

ment were stained red, suggestive of muscle fibers or epithelium cells,

with blue fibers indicating collagen fibers (Fig. 5A). The extent of

fibrosis correlated positively with the staining levels of desmin,

SM-MHC and OTR in the stromal component of adenomyotic lesions

(all r’s . 0.73, all P-values ,0.001). Van-Gieson staining showed

mostly muscle fibers or epithelium (mostly epithelium), stained yellow-

ish, in control endometrium, while the adenomyotic lesions appeared

mostly red indicating collagen fibers (Fig. 5A). Under the optical micro-

scope, the Picro-Sirius red staining in sections of normal endometrium

as well as endometrial epithelium and vascular epithelium in adenomyo-

tic lesions appeared yellowish, suggestive of normal epithelial tissues,

while the ectopic endometrium showed mostly bright red, indicative of

collagen fibers. Under the polarized microscope, the normal endomet-

rium, and the vascular epithelium and the epithelial compartment of

ectopic endometriumall appeareddarkblack, indicating a lackof collagen

fibers (Fig. 5B). In contrast, collagen I positive fibers, stained red or

yellow, were thick, while collagen III positive fibers, stained in green,

were thin in the stromal component of adenomyotic lesions (Fig. 5B).

In addition, the extent of fibrosis, measured by the percentage of

fibrotic tissue content via Masson trichrome staining, was significantly

higher in adenomyotic lesions than that of control endometrium

Figure 6 Evidence for smooth muscle metaplasis (SMM), fibrosis and reduced neovasculature in adenomyosis. (A) Boxplot showing the percentage of

fibrotic content in ectopic and control endometrium as evaluated by Masson trichrome staining. The number shown in the figure is the P-value of the stat-

istical significance of the difference. The percentage was taken as 0 for control endometrium since no fibrosis was found. (B) Scatter plot of the extent of

fibrosis versus the a-SMA staining levels in the ectopic endometrium. (C) Scatter plot of the extent of fibrosis versus the collagen I staining levels in the

ectopic endometrium. (D) Scatter plot of the extent of fibrosis versus the microvessel density (CD31) in the ectopic endometrium. The number in

figures (B), (C) and (D) is Pearson’s correlation coefficient. *P, 0.05; ***P, 0.001. The dashed line is the regression line.
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(P ¼ 1.0 × 1028; Fig. 6A), and the linear regression analyses incorporat-

ing age,menstrual phase, parity, and the sourceof tissue sample indicated

that the sourceof tissue samplewas theonly factor that is associatedwith

increased extent of fibrosis (P, 0.001, R2 ¼ 0.95). Consistently, the

extent of fibrosis in adenomyotic lesions correlated positively with the

immunoreactivity to a-SMA and collagen I (r ¼ 0.63, P, 0.01, and

r ¼ 0.58, P, 0.01, respectively; Fig. 6B and C), but not to LOX

(r ¼ 0.07, P. 0.05). Interestingly, the extent of fibrosis in the tissues

correlated negatively with the MVD (r ¼ 20.47, P, 0.05; Fig. 6D). As

expected, the a-SMA and collagen I staining levels in adenomyosis were

highly correlated (r ¼ 0.90, P, 0.001).

Other findings

Wefound that the extentof platelet aggregation in ectopic endometrium

correlated positively with the MVD and the immunoreactivity against

TGF-b1, VEGF, and PCNA, but not other measures (all square-root

transformed to improve normality; Fig. 7). In addition, the uterus size

in women with adenomyosis correlated positively with the staining

levels of a-SMA, collagen I and the extent of fibrosis, but not with

other measures (Fig. 8).

To exploit the possibility that platelets may also be responsible for

HGF-mediated EMT in adenomyosis (Khan et al., 2015), we performed

immunofluorescent staining of both platelets and HGF in adenomyotic

lesions (n ¼ 10). We found that platelets and HGF were co-localized

mostly in the stromal component of adenomyotic lesions, near the glan-

dular epithelium (Fig. 9), suggesting that plateletsmayalso be responsible

for increased HGF content, thereby promoting EMT in adenomyotic

lesions.

Discussion

Wehave presented evidence of increased platelet aggregation in adeno-

myotic lesions and increased immunostaining and protein levels of

TGF-b1 and p-Smad3 in adenomyosis as compared with control endo-

metrium. In addition, we have shown decreased staining of E-cadherin

but increased vimentin staining in the epithelial component of adeno-

myotic lesions that are consistent with EMT as reported in adenomyosis

(Chen et al., 2010; Khan et al., 2015). Furthermore, we have shown

increased staining of a-SMA, a marker for myofibroblasts, in the

stromal component of adenomyotic lesions, suggestiveof FMT in adeno-

myotic lesions.Consistentwith this notion, immunoreactivity against col-

lagen I and LOX was significantly increased in adenomyosis, indicating

increased ECM production and deposition. More remarkably, we have

shown that adenomyotic lesions express desmin, SM-MHC and OTR

that are found typically in highly differentiated SMCs. Finally, adenomyo-

tic lesions showed significantly increased fibrotic content, very likely

Figure7 Platelet aggregation andTGF-b1 signaling, angiogenesis and cellular proliferation in adenomyosis. (A) Scatter plot showing the extent of platelet

aggregation versus the TGF-b1 staining levels in the ectopic endometrium. (B) Scatter plot showing the extent of platelet aggregation versus the VEGF

staining levels in the ectopic endometrium. (C) Scatter plot showing the extent of platelet aggregation versus the microvessel density (CD31) in the

ectopic endometrium. (D) Scatter plot showing the extent of platelet aggregation versus the PCNA staining levels in the ectopic endometrium. The

number in each figure is Pearson’s correlation coefficient. **P, 0.01; ***P, 0.001. The dashed line is the regression line. Each dot, labeled by ‘A’, repre-

sents one data point from a patient with adenomyosis.
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resulting from EMT and FMT. These results corroborate well with our

findings in mouse (Shen et al., 2016) and suggest that adenomyotic

lesions are just like endometriotic lesions and undergo platelet-induced

activation of the TGF-b/Smad3 signaling pathway, resulting in EMT, FMT

and SMM and leading to increased cell contractility, collagen production,

and ultimately to fibrosis (Zhang et al., submitted for publication), even

though the two conditions may have entirely different etiologies. In add-

ition, adenomyotic lesions appear to have all the necessary molecular

machinery to promote fibrogenesis, just like their endometriotic coun-

terpart. Taken together, these data suggest that, despite being two sep-

arate disease entities, adenomyosis and endometriosis share the same

commonality of being wounds that undergo repeated tissue injury and

repair, resulting ultimately in fibrosis (Ding et al., 2015; Guo et al.,

2015). This may explain why the two conditions share many similar mo-

lecular aberrations.

Our finding of elevatedTGF-b1 expression in adenomyosis is in broad

agreementwith the reported increasedTGF-b1 concentration in uterine

washings (Inagaki et al., 2003). The decrease in E-cadherin expression

and increase in vimentin expression is consistent with reported EMT in

adenomyosis (Chen et al., 2010; Khan et al., 2015). The increase in stain-

ing of a-SMA, desmin, SM-MHC and OTR in the stromal component of

adenomyotic lesions is consistent with the reported presence of SMM in

adenomyosis (Mechsner et al., 2010).While fibrosis per sehas not, to the

bestof ourknowledge,been reported in adenomyosis, the increasedcol-

lagen content in adenomyosis has been documented, although not in the

mainstream journals (Fujita, 1985; Ikegami andKato, 1992). Interestingly,

Robert Meyer described adenomyosis as adenofibromyohyperplasia as

early as 1930 in his histologic study of adenomyosis (Meyer, 1930).

Our results may also be consistent with finding by Khan et al. (Khan

et al., 2015),who showedHGF-mediated EMT in endometrial epithelial

cells but did not showwhere theHGF came from. Following platelet ac-

tivation, hundreds of biologically active molecules, including HGF

(Nakamura et al., 1986; Matsuo et al., 2008), are released and depos-

ited at the sites of a wound (Coppinger et al., 2004) and, as shown in

Fig. 9, also in adenomyotic lesions and lesion vasculature. In other

words, activated platelets aggregated within the adenomyotic lesions

can be the source of HGF that promotes EMT, possibly through para-

crine action.

Our finding that uterus size in women with adenomyosis correlated

positively with the staining levels of a-SMA, collagen I and the extent

of fibrosis seems to suggest that the uterus size is directly proportional

to the extent of progression of adenomyosis. This could be due to the

fact that when myofibroblasts are stimulated by activated platelets long

enough, they acquire markers as well as phenotypes of differentiated

SMCs, such as desmin, SM-MHC and OTR (Zhang et al., unpublished

data). Since ectopic endometrial stromal cells are in direct contact

with the underlying myometrium, which is conducive to cell–cell cross-

talk and interaction, these de novo SMCs may be fused with myometrial

SMCs, resulting in an enlarged uterus.

This scenario is not far-fetched. In fact, one gene expression profiling

study reports thatafter just 36 hof exposure toTGF-b1, human fetal lung

fibroblasts expressed caldesmon and SM-MHC (Chambers et al., 2003),

markers that are thought tobe reserved for differentiated SMC. Similarly,

corneal fibroblasts with extended exposure to TGF-b1 and PDGF had

increasedexpressionof desmin (Singh et al., 2014), yet activatedplatelets

are known to release PDGF (Coppinger et al., 2004). After all,

Figure 8 Uterus size and its relationship with the extent of fibrosis and smooth muscle metaplasia. (A) Scatter plot showing the relationship between the

a-SMA staining levels in the ectopic endometrium and the uterus size in women with adenomyosis; (B) Scatter plot showing the relationship between the

collagen I staining levels in the ectopic endometrium and the uterus size in women with adenomyosis; (C) Scatter plot showing the relationship between

the extent of fibrosis in the ectopic endometrium and the uterus size in women with adenomyosis; The number in each figure is Pearson’s correlation coef-

ficient. *P, 0.05; **P, 0.01; ***P, 0.001. The dashed line is the regression line. Each dot, labeled by ‘A’, represents one data point from a patient with

adenomyosis.
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physiological transdifferentiation of undifferentiated mesenchymal cells

into myometrial SMCs in the junctional zone of the uterus has been pre-

viously established (Konishi et al., 1984; Fujii et al., 1989).

Ourfindingof a negative correlationbetween theextentof fibrosis and

MVD may explain why adenomyosis appears to be resistant to drug

treatment. Indeed, increased fibrosis, along with decreased vasculature,

would renderdeliveryof anydrug toadenomyotic lesionsdifficult. In add-

ition, decreased PR-B expression, very likely due to PR-B promoter

hypermethylation (Jichan et al., 2010), would render adenomyotic

lesions non-responsive to hormonal treatment.

Figure9 Representative fluorescent photomicrographs of a double staining of HGF and CD41 in adenomyotic lesions. Thewhite frame in (A) indicates

the area to be magnified and is shown in more detail in (B). The arrows in (A) indicate the glandular epithelium of the lesion (×200); (B) Magnified figure

showing aggregated platelets (CD41, in red), HGF (in green) and DAPI (cell nuclei, in blue), and co-localization of platelet aggregation and HGF in adeno-

myotic stromal cells (×400).
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Adenomyosis hasbeen traditionally viewedas anestrogen-dependent

disorder (Kitawaki, 2006), featuring aberrant expression of aromatase

and increased production of estrogens (Kitawaki et al., 1997). It is also

recognized as an inflammatory disease, as characterized by increased

production/expression of proinflammatory cytokines and chemokines

(Ulukus et al., 2005, 2006; Benagiano et al., 2014) and the constitutive

activation of nuclear factor-kB (Li et al., 2013). A growing body of evi-

dence accumulated in the last two decades suggests that inflammation

and coagulation are two major host-defense systems that interact with

each other (Lipinski et al., 2011; Petaja, 2011). In fact, the two entities

are now known to be intricately interconnected: inflammation activates

the coagulation cascade and coagulationmodulates the inflammatory ac-

tivity in many ways (Lipinski et al., 2011; Petaja, 2011), as in cardiovascu-

lar disease (Demetz and Ott, 2012). Activated platelets were found to

play a critical role in initiating inflammation (Sreeramkumar et al.,

2014). In adenomyosis, some platelet adhesion molecules, such as

certain integrins, are reported to be aberrantly expressed (Kawahara

et al., 2003).

Bleeding is a cardinal sign of vascular injury or tissue injury. But once

there is tissue injury, evolutionarily conserved mechanisms in all multi-

cellular organisms dictate that tissue repair becomes of paramount im-

portance. Consequently, each cyclic bleeding experienced by ectopic

endometrium in adenomyosis is followed by tissue repair, which is

known to involve EMT (Thiery et al., 2009). It also involvesmyofibroblast

activation so that fibroblasts acquire a migratory phenotype in order to

re-populate the damaged tissues (Hinz, 2007). However, with repeated

and persistent tissue injury and then repair, the normal, physiological

wound-healing response can go awry (Wynn, 2007), resulting in exces-

sive ECM deposits, leading to fibrosis (Thannickal et al., 2014). Viewed

through this lens, it is easy to understand just how important the platelets

are in the development of adenomyosis.

While increased platelet aggregation in adenomyosis has never been

reported, we note that our results are nonetheless consistent with our

previous report that the expressionof tissue factor in adenomyosis is ele-

vated (Liu et al., 2011; Li et al., 2013). Tissue factor plays a critical role in

the initiation of platelet activation and coagulation (Engelmann et al.,

2003). In addition, considerable experimental data (Mori et al., 1991;

Ficicioglu et al., 1995) and limited clinical data (Yu et al., 2015) support

the involvement of hyperprolactinemia in adenomyosis, yet prolactin is

a potent cofactor for platelet aggregation (Wallaschofski et al., 2001;

Urban et al., 2007).

The increased platelet aggregation in adenomyotic lesions, as

reported here, may shed new light onto the pathophysiology of adeno-

myosis. First, following platelet activation, approximately 300 biologically

activemolecules are released anddeposited at sites of awound (Coppin-

ger et al., 2004), and almost surely within adenomyotic lesions and their

surroundingmyometrium. In fact, platelets containmany important pro-

teins involved in angiogenesis, proliferation, uterine hyperactivity, and in-

nervation, such as VEGF, thromboxane A2 (TXA2), brain-derived

neurotrophic factor (BDNF), and nerve growth factor (NGF). Platelets

are now regarded as the major source of VEGF in serum, as the platelet

pool comprises over 80%of total circulatingVEGF in patientswith cancer

as well as healthy individuals (Holmes et al., 2008; Peterson et al., 2010).

In some cancers in particular, platelet-derived VEGF better predicts

tumor progression than serum levels of VEGF (Jelkmann, 2001). Thus,

plateletsmaywell be an important source for the increased angiogenesis

seen in adenomyosis (Schindl et al., 2001; Huang et al., 2014). Second,

since TXA2 is known to be an inducer of uterine hyperactivity

(Wetzka et al., 1994; Crankshaw, 1995) through TXA2 receptors, TPs

(Moore et al., 2002), which are unaffected by hormones (Senchyna

and Crankshaw, 1999), the released TXA2 by activated platelets may

likely promote uterine hyperperistalsis or even dysperistalsis, as docu-

mented in adenomyosis (Kunz et al., 1998; Leyendecker et al., 2004;

Kissler et al., 2007), since inherently unevenly distributed adenomyotic

lesions and thus uneven TXA2 concentration in the uterus may disrupt

synchronizeduterine contraction (Kitlas et al., 2009), causingpain.More-

over, platelet-derivedNGF and BDNF could be responsible formyome-

trial hyperinnervation in adenomyosis (Zhang et al., 2010; Barcena de

Arellano et al., 2011, 2013).

The important role of platelets in the development of adenomyosis, as

unveiled in this andourmouse study (Shen et al., 2016), has practical impli-

cations for thedevelopmentofnon-hormonal therapeutics foradenomyo-

sis. While it has recently been shown that epigallocatechin-3-gallate

(EGCG) is promising for its anti-fibrotic properties in treating endometri-

osis (Matsuzaki and Darcha, 2014) and also efficacious in treating adeno-

myosis in mice with induced adenomyosis (Chen et al., 2013, 2014), it is

perhaps no coincidence that EGCG is anti-platelet (Ok et al., 2012). In

fact, some compounds that are reported to be promising in treating ade-

nomyosisorendometriosis inpreclinical andclinical studies, suchasandro-

grapholide (Mao et al., 2011; Li et al., 2013; Liu et al., 2014), valproic acid

(Liu andGuo, 2008, 2011; Liu et al., 2010), curcumin (Zhang et al., 2011),

resveratrol (Zhu et al., 2015), puerarin (Chen et al., 2011; Wang et al.,

2011), and quercetin (Zhang et al., 2009), turn out to be either

anti-platelet or antithrombotic (Choo et al., 2002; Liu et al., 2006; Shen

et al., 2007; Jin et al., 2008; Mayanglambam et al., 2010; Davidson et al.,

2011; Lu et al., 2011; Lien et al., 2013; Mosawy et al., 2013a,b).

In conclusion,wehavepresentedcorroborativeevidencethat isconsist-

entwith thenotion that plateletsplayacritical role indriving EMT, FMTand

SMMin thedevelopmentof adenomyosis, leading to increasedproduction

of ECMproducts and ultimately to fibrosis, aswe have shown in endomet-

riosis and a mouse model of adenomyosis. These findings, coupled with

other possible roles of platelets in the development of adenomyosis as

yet to be delineated, shed new light onto the pathophysiology of adeno-

myosis, underscore the possibility for the use of anti-coagulation

therapy in the non-hormonal treatment of adenomyosis, and hold

promise for the development of novel biomarkers for adenomyosis.
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Supplementarydata areavailable athttp://humrep.oxfordjournals.org/.
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