


1

A mamma e papà 

 

che hanno visto dove io non avevo ancora guardato, 

 

che hanno guardato dove solo io vedevo. 

 

Spero, ovunque vada, di guardarmi e vedere in me anche solo una piccola parte di voi. 

 

 

 

 

 

Para mãe e pai 

 

que viram onde eu ainda não tinha olhado, 

 

que olharam onde só eu via. 

 

Espero, onde quer que eu vá, olhar para mim e ver pelo menos uma pequeninha parte de vocês em mim. 

 

 

 

 

 

To mum and dad 

 

that saw where I had not looked at yet, 

 

that looked where I only was seeing. 

 

I hope, wherever I will go, I look at myself and see in me even just a little part of you. 

 

 

 

 

 

 



1

Abstract: Malign leiomyosarcoma and benign leiomyoma represent the two counterparts of

the myometrium transformation. Nevertheless, the differential diagnosis to discriminate

benign from malign lesions represents a remarkable problem. So, it is important to identify

new markers making the differential diagnosis more accurate. The pleiotropic RKIP role on

leiomyosarcoma is still unclear. In this study, the tendency of five different histological

variants of benign lesions to be positive for RKIP and, conversely, the tendency of malign

lesions to be negative for RKIP were found by immunohistochemistry. This was particularly

evident comparing the malign leiomyosarcoma to the leiomyoma with bizarre nuclei that,

although benign, shows intermediate features between benign lesions and malign ones. To

understand if RKIP plays a biological role in leiomyosarcoma, in vitro knockout of RKIP and

in vitro overexpression of RKIP in leiomyosarcoma cells were performed. It was found that

about cells viability overtime and migratory capability both RKIP knockout cells and RKIP

overexpressing cells show a trend similar to that of their respective negative controls. On

the other hand, it was observed that RKIP knockout cells show a greater ability to form

colonies when compared with negative control where the expression of RKIP was not

modified. In conclusion, the obtained results suggest that there could be a RKIP loss in the

malign leiomyosarcoma and this may favor the clonogenicity. Altogether these results

suggest that RKIP may be a candidate to be considered as an additional marker for the

differential analysis to discriminate if a preparation similar to the benign leiomyoma with

bizarre nuclei, is not, actually a malign lesion. In light of the rarity of the studied pathologies,

these results constitute a starting point for further researches in order to consider RKIP a

reliable marker in all respects.
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1. INTRODUCTION

1.1 Myometrium: the intermediate muscularis layer of the uterus

The uterus is a hollow organ and it represents, together with the Fallopian tubes, the ovaries

and the vagina, the female reproductive apparatus.

The uterus functions consist on the receivement and implantation of the product of sexual

fertilization. In addition, the uterus allows the growth of the fetus until the childbirth.

In particular, at the moment of the childbirth, for the needed contractions it is fundamental

the role played by the myometrium that is the intermediate muscularis layer of the uterus

and it is placed between the perimetrium (the more external layer) and the endometrium (the

more internal layer). The myometrium which represents the muscular coat of the uterus, has

the typical appearance of the smooth muscle tissue and it has a thickness of about 1 cm. In

detail, the myometrium is composed of three layers of fibers, all classified as smooth muscle.

Precisely, the following layers can be distinguished: the subvascular layer (submucosal

layer) which is the inner layer and, in fact, it is also called internal layer and it has no clear

boundaries with the endometrium; the vascular layer which is the intermediate layer and, in

fact, it is also called middle layer and it is well-perfused; the supravascular layer which is the

more external layer and, in fact, it is also called external layer.

The subvascular layer is composed by a 3D network of myocellules and vessels, it is quite

thin and its main role is played during the menstrual cycle within the separation of the

endometrium. The vascular layer is very thick and rather strong. It is composed by circular

or oblique myocellules bundles, that together with the vascular branches of which this layer

is rich, form a net for the perfusion of the tissue [1-3]. The vascular layer plays a fundamental

role during the partum within the complex mechanism that regulates the uterine contractions

[4]. The supravascular layer which is composed of a complex of crossing muscle fibers

gathered in both circular and longitudinal bundles stabilizes the uterine wall [1-3].

The myometrium myocellules are about 40-60 µm long and about 3-4 µm thick. They exhibit

transitional forms with fibroblasts (myofibroblasts) and they are able to produce all the

molecules of the extracellular matrix (ECM) [3]. These molecules can be classified as

amorphous component and fibrillar component. The first includes glycosaminoglycans

(GAG), proteoglycans and glycoproteins (such as fibronectin), the second includes

macromolecules (such as collagen) variously organized in filamentous supramolecular

structures that confer resistance to tension to the myometrium [3, 5]. The whole ECM helps
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to give the myometrium resistance to pressure and traction forces, contributing to the plastic

architecture of the tissue [3, 5].

In addition to the native cellular component (fixed cells) that synthesizes the ECM and

guarantees its turnover, it can be identified a non-indigenous cellular component (migrating

cells) that includes, for example, macrophages [5].

So, the well-perfused myometrium, composed by myocellules and ECM, looks like a set of

smooth muscle cells with a dense vascular network, all supported by a fine weave of

collagenic matrix [1-3, 6].

The configuration of the myometrium that gives it contractile and endurance capabilities, is

particularly useful during menstrual cycle. In fact, during the desquamative phase,

contractions albeit slow (0.7 / min) but very powerful (up to 90 mmHg) afflict the myometrium.

During the proliferative and the secretive phases, contractions albeit less powerful (10 - 20

mmHg), but faster (2 - 4 / min) than the ones in the desquamative phase afflict the

myometrium. In addition to this, even at the moment of childbirth the myometrium must be

able to support the contractions stimulated by oxytocin and which are necessary for the

expulsion of the fetus [3].

About the physiology and the molecules acting on myometrium, it is noteworthy to highlight

that the sexual hormones exert a cyclic action also on this tissue. In particular, estrogens

(EST) cause an increase in contractile activity, on the contrary, the progesterone (PRO)

cause a decrease in contractile activity [3].

1.2 Uterine tumors

The whole uterus is frequently afflicted by tumors. These tumors can be benign or malign

[7].

Benign tumors include polyps, adenomyomas and leiomyomas. Malign tumors include

several types of tumors such as endometrial carcinoma and uterine sarcoma [7]. The

endometrial carcinoma is common, but it can often be cured, on the other hand, uterine

sarcoma is very rare (about 8% of all uterine cancers) (MSD manual version for

professionals - https://www.msdmanuals.com/it-it/professionale/ginecologia-e-

ostetricia/tumori-ginecologici/sarcomi-uterini), but it is often more aggressive and harder to

treat (NIH National Cancer Institute - https://www.cancer.gov/types/uterine). It is important

to note that both leiomyoma which is the most common benign tumor of the uterus [8] and

leiomyosarcoma which is the most common uterine sarcoma subtype (leiomyosarcoma
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63%, endometrial stromal sarcoma 21%, undifferentiated uterine sarcoma 16%) (MSD

manual version for professionals - https://www.msdmanuals.com/it-

it/professionale/ginecologia-e-ostetricia/tumori-ginecologici/sarcomi-uterini) and which,

above all, shows a high mortality [9] afflict myometrium. Thus, it is evident how important it

is to study this tissue and, in particular, these two pathologies that originate from it.

1.3 Malign leiomyosarcoma and benign leiomyoma: the two counterparts of the

myometrium transformation

Myometrium can transform itself into leiomyosarcoma, a malign tumor which, although very

rare, on the other hand, shows a very poor prognosis [10].

Myometrium can transform itself also into leiomyoma, a benign pathology.

1.4 Leiomyoma epidemiology

Leiomyoma, (uterine leiomyoma, myoma, uterine fibroid or fibroid) since depending on the

ethnicity, shows a frequency equal to 70–80% reaching its peak in women of African

descent, it is considered the most common female pelvic benign tumor [8, 11]. These

percentages refer to women aged 50 [11]. Anyway, leiomyoma tends to increase with age

through the reproductive years and decline in the postmenopausal years [12].

1.5 Leiomyoma symptomatology

Although benign, leiomyoma worsens women lifestyle in several ways. In fact, it presents a

very heavy symptomatology. Abnormal uterine bleeding, that, in turn, often leads to anemia,

pelvic pain and pressure, pain at the level of the back of the legs, a pressure sensation at

the level of the lower part of abdomen, back pain, urinary frequency, constipation and pain

during sexual intercourse are some of the most relevant symptoms associated with

leiomyomas [11]. In addition to these symptoms, leiomyoma also presents other important

troubles. Among them it is notable to mention infertility and recurrent miscarriage. In addition

to the latter two, leiomyoma can also lead to others poor obstetrical outcomes such as

increased risk of preterm labor, cesarean delivery, antepartum bleeding, fetal

malpresentation [13], and it can also cause problems for the fetus, in particular, growth

restriction [13].
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Furthermore, many of the leiomyoma symptoms debilitate not only on a physical level, but

also on a psychological level, since they could, in turn, represent a risk factor for emotional

stress, depression and anxiety [11, 14].

1.6 Leiomyoma risk factors

Nowadays, it is still debated whether some factors represent risk factors or protective factors

for uterine leiomyoma developmet. Among them, early menarche, late age at menopause,

nulliparity, late reproductive years, heritability, high blood pressure, obesity, diabetes,

polycystic ovary syndrome (PCOS), some lifestyle habits, endogenous or exogenous

hormones and stress [12, 15-17] are the most important ones. In addition to this, since black

women have a high incidence rate of uterine leiomyomas [18], ethnicity may also be

considered as a potential risk factor for this pathology.

Several studies showed that an earlier age at menarche enhances the risk of developing

leiomyoma [19-27]. This may be due to a longer history of menstrual cycling. On the other

hand, there are not evidences that late age at menopause increases risk for leiomyoma [12].

In addition to this, it was demonstrated that the risk of developing leiomyoma decreases

after menopause [20, 22, 28-31].

Several studies highlighted that the risk of developing leiomyoma is reduced by having a

child [21, 23, 24, 26, 31-33]. In addition, having a higher number of children seems to be an

additional factor contributing to diminish the risk of developing leiomyoma [21, 23, 26, 28,

31, 33]. In particular, it was reported that women with infertility have a higher probability of

having leiomyoma [20, 23, 33].

Late reproductive years were associated with a lower risk of developing leiomyoma [20, 22,

24, 26], but not in all studies [21, 28, 33, 34]. Similarly, also the question if the time since

the last birth could represent a risk factor of developing leiomyoma [20, 21, 23, 24, 26, 28,

32] is debated [24].

About heritability, it was reported that having first-degree affected relatives represents a risk

of developing uterine leiomyoma [35, 36].

Several studies defined high blood pressure as a risk factor for uterine leiomyoma

development [20, 37-44].

Many studies agree that body mass index (BMI, kg/m2) slightly increases the risk of

developing leiomyoma [20, 21, 28, 31, 33, 39, 45-47]. In detail, most positive studies

suggested that risk rises through the overweight categories, while it starts to decrease
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among the heaviest or obese women [21, 29, 46-48]. Anyway, the question about BMI and

its correlation with the risk of developing leiomyoma is still debated since there are studies

with different results [22, 30, 32].

Since leiomyoma is less vascularized than normal myometrium [49], it was hypothesized

that diabetes and hyperinsulinemia may protect against leiomyoma risk via localized

vascular dysfunction leading to the inhibition of tumor development [12].

On the contrary, it was suggested that PCOS, despite its association with hyperinsulinemia,

may increased the risk of developing leiomyoma [50].

In addition to all this, also some lifestyle habits may represent risk factors of developing

leiomyoma. In fact, physical activity seems to play a protective effect [12].

Cigarette smoking seems to play a protective effect [51].

It was reported that there is a positive association between the risk of developing uterine

leiomyoma and current consumption of alcohol [52]. This was confirmed in a later study

which demonstrated that a higher prevalence of uterine fibroids is associated with a greater

alcohol intake [53].

The fact that caffeine is not associated with the risk of developing leiomyoma [54] was

disproved by a later study which demonstrated that the heavy consume of coffee (≥3

cups/day) and caffeine (≥500 mg/day) aged <35 years in subjects enhances the risk of

developing uterine leiomyoma [52].

On the other hand, higher intakes of fruits and vegetables seems to reduce the risk of

developing uterine leiomyoma [55].

In addition to this, the secretion of some endogenous hormones and the use of some

exogenous hormones were studied as potential risk or protective factors for leiomyoma

development.

In detail, it was shown that the use of exogenous hormones (estrogens only or a combination

of estrogens and progestogens) after menopause represents a risk factor for developing

leiomyoma [32, 56-58].

On the other hand, it was reported that depot medroxyprogesterone acetate (DMPA)

decreases the risk of developing leiomyoma [21,24,59].

On the contrary, it was demonstrated that the risk of developing leiomyoma rises in relation

to high levels of luteinizing hormone (LH) [60] in particular, this association is valid for larger

tumors.

About oral contraceptives [20-22, 24, 26, 28, 30-32, 61, 62, 65] and prenatal exposure to

diethylstilbestrol (DES) [12], the data reported in literature are conflicting [12].
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Environmental exposures may act on the risk of developing uterine leiomyoma via several

mechanisms, including endocrine disruption, any way the results actually available seem to

need to be strengthened [12].

Similarly, stress may exert conflicting effects on the risk of developing leiomyoma because

it can act on different pathways with different following effects [64-66].

Thus, it can be understand that, since some of the epidemiological data about the

identification of potential risk and protective factors for leiomyoma development are

conflicting, further studies about this matter are needed [67].

1.7 Leiomyoma classification

Regarding the classification of uterine leiomyoma, among the many available ones in the

literature, the most adopted one is the International Federation of Gynecology and

Obstetrics (FIGO) classification (2011) [11]. It is the most recent classification and it

identifies eight categories of uterine leiomyoma, based on the location of the tumor and on

its degree of intramural/intracavitary extension [68]. In short, according to this classification,

depending on their anatomical location, uterine leiomyoma can be described as submucosal

leiomyoma, intramural leiomyoma and subserosal leiomyoma [69].

1.8 Leiomyosarcoma epidemiology

Leiomyosarcoma is a malign tumor that can arise from myometrium.

Leiomyosarcoma is an uterine sarcoma subtype. In detail, leiomyosarcoma has been

indicated to represent the 63% (with endometrial stromal sarcoma representing the 21%,

and undifferentiated uterine sarcoma representing almost 16%) (MSD manual version for

professionals - https://www.msdmanuals.com/it-it/professionale/ginecologia-e-

ostetricia/tumori-ginecologici/sarcomi-uterini) or, more recently, the 30% (with

carcinosarcomas of the the endometrium, representing the 40-50% and endometrial stromal

sarcoma representing the 15%) (NIH National Cancer Institute -

https://www.cancer.gov/types/uterine) of all uterine sarcomas depending on the

classifications. Other rare forms of uterine sarcomas (mixed endometrial stromal and

smooth muscle tumors, adenosarcomas, embryonal botryoides or rhabdomyosarcomas and

perivascular epithelial-cell tumor referred to as PEComa) can be found under the World

Health Organization (WHO) classification of mesenchymal and mixed tumors of the uterus
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(NIH National Cancer Institute - https://www.cancer.gov/types/uterine). Anyway, the most

important thing is that leiomyosarcoma is one of the most recurrent subtype of the very rare

uterine sarcomas that, all together, comprise only the 2-5% of all uterine malignancies and

less than 1% of all gynecologic malignancies (NIH National Cancer Institute -

https://www.cancer.gov/types/uterine).

Women affected by leiomyosarcoma may vary in age [10], but the highest frequency can be

associated to the pre- and peri-menopause periods [9] with a median age of 50 years [70]

at which a peak incidence occurs (NIH National Cancer Institute -

https://www.cancer.gov/types/uterine).

1.9 Leiomyosarcoma simptomatology

Leiomyosarcoma presents a symptomatology vague and that can be compared to other

benign uterine diseases [10]. In fact, similarly to benign leiomyoma, also the malign

leiomyosarcoma may cause hemorrhage and vaginal or abdominal pressure [9] and

frequent urination (MSD manual version for professionals - https://www.msdmanuals.com/it-

it/professionale/ginecologia-e-ostetricia/tumori-ginecologici/sarcomi-uterini).

The most important matter about leiomyosarcoma is that it is an intractable tumor that

metastasizes and repeatedly recurs [71, 72] in particular because of leiomyosarcoma stem-

like cells that were demonstrated to have a stronger capacity to lead tumor angiogenesis

and hematogenous metastasis if compared to normal human leiomyosarcoma cells [73].

Usually the tumor recurs locally, in the abdomen, or in the lungs (MSD manual version for

professionals - https://www.msdmanuals.com/it-it/professionale/ginecologia-e-

ostetricia/tumori-ginecologici/sarcomi-uterini). In addition to this, leiomyosarcoma is an

extremely aggressive tumor and it shows a poor overall prognosis [9, 10]. In particular, at

the same stage, the prognosis for leiomyosarcoma is usually worse than for endometrial

cancer with leiomyosarcoma that shows a mean 5-year survival rate equal to 51% for the

first stage and that decreases to only 3% for the major stage (MSD manual version for

professionals - https://www.msdmanuals.com/it-it/professionale/ginecologia-e-

ostetricia/tumori-ginecologici/sarcomi-uterini).

The prognosis associated to leiomyosarcoma, first of all, depends on the extent of disease

at the time of diagnosis (NIH National Cancer Institute -

https://www.cancer.gov/types/uterine). It was reported that if the disease has already spread
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beyond the uterus survival is usually low (MSD manual version for professionals -

https://www.msdmanuals.com/it-it/professionale/ginecologia-e-ostetricia/tumori-

ginecologici/sarcomi-uterini).

1.10 Leiomyosarcoma risk factors

Preventive pelvic radiotherapy can be mentioned among the risk factors for uterine

sarcomas in general and therefore also for leiomyosarcoma (MSD manual version for

professionals - https://www.msdmanuals.com/it-it/professionale/ginecologia-e-

ostetricia/tumori-ginecologici/sarcomi-uterini). In fact, it was seen that from 5 to 25 years

after that this treatment had been administered for benign uterine bleeding, uterine

sarcomas occured. Prior pelvic radiation therapy has been documented in 10-25% of cases

as the only cause of the subsequent onset of these malignant tumors (NIH National Cancer

Institute - https://www.cancer.gov/types/uterine).

In addition to this, the use of tamoxifen (MSD manual version for professionals -

https://www.msdmanuals.com/it-it/professionale/ginecologia-e-ostetricia/tumori-

ginecologici/sarcomi-uterini) may represent another risk factor for uterine sarcomas in

general and therefore also for leiomyosarcoma. This selective estrogen receptor modulator

was indicated as a risk factor for these malignancies as an increased incidence was noted

both when tamoxifen had been used in women with breast cancer and when it had been

used in women at high risk of developing breast cancer. Maybe this is due to a possible

estrogenic effect that tamoxifen exerts on the uterus (NIH National Cancer Institute -

https://www.cancer.gov/types/uterine).

1.11 Leiomyosarcoma classification

Regarding the classification of leiomyosarcoma, among the available ones in the literature,

the most adopted is the one established by FIGO and the American Joint Committee on

Cancer (AJCC). This classification was designed on carcinoma and it also applies to uterine

sarcomas that, as previously said, include leiomyosarcoma. According to this classification,

four stages can be identified, each of which may in turn comprise one or more sub-stages

[74].

In detail, the stages and the corresponding features are indicated below.

In the stage I the tumor is confined to the corpus uteri.



10

Stage I includes sub-stages IA and IB.

Sub-stage IA is characterized by an absent or equal to less than half myometrium invasion.

Sub-stage IB is characterized by an invasion equal to or greater than half of the myometrium.

In the stage II, although the tumor invades cervical stroma, it does not extend beyond the

uterus.

In the stage III the tumor spreads locally and/or regionally

Stage III includes sub-stages IIIA, IIIB, IIIC, IIIC1, IIIC2.

Sub-stages IIIA is characterized by the fact that the tumor invades the serosa of the corpus

uteri and/or adnexae.

Sub-stages IIIB is characterized by the vaginal and/or parametrial involvement.

Sub-stages IIIC is characterized by the presence of metastases in pelvic and/or para-aortic

lymph nodes.

Sub-stages IIIC1 is characterized by positive pelvic nodes.

Sub-stages IIIC2 is characterized by positive para-aortic lymph nodes with or without

positive pelvic lymph nodes.

In the stage IV the tumor invades bladder and/or bowel mucosa and, in addition or

alternatively, it can present distant metastases.

Stage IV includes sub-stages IVA and IVB.

Sub-stage IVA is characterized by the fact that the tumor invades bladder and/or bowel

mucosa.

Sub-stage IVB is characterized by the presence of distant metastases, including intra-

abdominal metastases and/or inguinal lymph nodes [74].

1.12 Leiomyoma and leiomyosarcoma: a morphological point of view

From a morphological point of view, about the macroscopic aspect, benign leiomyoma

shows itself as a white or tan-white, whorled, firm, bulging mass [75] due to the

overexpression of the ECM proteins. Thus, leiomyoma can be described as a nodule that,

in addition, is typically well circumscribed but nonencapsulated [75] with, instead, a

pseudocapsule of compressed smooth muscle fiber cells that separate the leiomyoma mass

from the normal myometrium [6]. Calcification is another feature that can be found in

leiomyoma. In addition to this, in the largest leiomyoma masses, hemorrhage and infarction

can be present [75]. Leiomyoma is often multiple [75] and, although the size is variable, this

mass can often reach large dimensions, up to over 15 cm in diameter [6].
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From a morphological point of view, about the macroscopic aspect, malign leiomyosarcoma

shows itself as a bulky, fleshy tumor invading into myometrium wall or as a polypoid tumor

projecting into lumen. Leiomyosarcoma grossly appears invasive / infiltrative. Hemorrhage

and necrosis are often present [76]. Leiomyosarcoma is typically solitary [6] and very large

with a diameter that can reach an average of 10 cm [76].

About the microscopic aspect, from a histologic point of view, some different types of benign

leiomyoma were individuated. Among them, usual leiomyoma, cellular leiomyoma,

lipoleiomyoma, apoplectic leiomyoma and bizarre leiomyoma were analyzed in the present

study.

There are some recognized histopathological criterions that describe each variant of benign

leiomyoma.

The usual leiomyoma (conventional leiomyoma, or commonly referred to as leiomyoma

since it is the most common histological variant) exhibits fascicular pattern of typical smooth

muscle bundles that appear very similar to normal myometrium musculature [6]. Thus, usual

leiomyoma shows a normocellular aspect [75]. Anyway, the usual leiomyoma has defined

borders [75]. In addition, the smooth muscle bundles are immersed in abundant ECM. It was

reported in literature that usual leiomyoma exhibits almost a quantity of ECM that exceeds

the corresponding myometrium by 50% [77-82]. For this reason, usual leiomyoma is the

variant considered a fibrotic disorder [83, 84]. Furthermore, usual leiomyoma is

characterized by intersecting fascicles of monotonous spindle cells showing indistinct

borders, eosinophilic cytoplasm, cigar shaped nuclei (with tapered ends) and small nucleoli.

Usual leiomyoma shows thick walls blood vessels. This histological variant displays absent

or mild atypia, rare mitoses (in general < 5/10 high power fields). Infarct type necrosis,

hyalinization, calcification and cystic change may or may not be encountered [75].

All the other histological variants are rarer than the usual leiomyoma [85, 86].

The cellular leiomyoma exhibits an increased cellularity when compared to background

myometrium with which it may present irregular borders [75]. This histological variant was

proposed as the first step in the myometrium transformation into benign leiomyoma. In fact,

the cellular leiomyoma exhibits low levels of ECM proteins, higher levels of CD68 positive

macrophages and a greater number of leukocytes and mast cells if compared to usual

leiomyoma. Maybe these features are the result in response to an inflammatory stimulus

following which cells of the cellular leiomyoma differentiate into myofibroblasts leading to the

upregulation of the ECM proteins that characterize usual leiomyoma hystotype. Therefore,

the usual leiomyoma could be defined as the late-step of the myometrium transformation
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into benign leiomyoma [17, 81, 87].

The cells belonging to cellular leiomyoma are characterized by scant cytoplasm, they do not

have an intese mitotic activity and they do not exhibit atypia [75].

The lipoleiomyoma is composed, similarly to leiomyoma, of smooth muscle cells that are, in

addition, mixed with mature adipocytes in variable quantity [75] with benign behavior [88].

The apoplectic leiomyoma is characterized by a central zone of hemorrhage and necrosis.

The periphery of this histological variant shows increased mitotic activity and also myxoid

changes can be observed (zonation phenomenon). The apoplectic leiomyoma shows an

usual appearance away from the central necrosis [75].

The leiomyoma with bizarre nuclei owes its name to the fact that it exhibits bizarrely shaped,

hyperchromatic, multilobulated nuclei with nuclear pseudoinclusions [75].

It is also referred to as atypical leiomyoma, or symplastic leiomyoma [89].

The leiomyoma with bizarre nuclei appears arranged in a multifocal to diffuse distribution in

a background of a typical leiomyoma [90-94]. In addition to this, the leiomyoma with bizarre

nuclei exhibits a variable vasculature pattern such as thick walled vessels, staghorn vessels,

luminal vascular obliteration and fibrinoid necrosis. It is also characterized by alveolar

edema.

This histological variant displays low mitotic activity (< 5 mitoses/10 high power fields) and

absence of tumor cell necrosis [75].

This histological variant is benign, but it shows intermediate features between the

leiomyoma and the leiomyosarcoma that represents the malign counterpart of the benign

leiomyoma.

In fact, the malign leiomyosarcoma is a cellular tumor characterized by spindled / fascicular

cells with moderate to severe pleomorphism [76]. This malign tumor often exhibits a typically

high mitotic index [76], higher than 10 mitoses/10 high power fields [95] and the mitoses that

can be seen are often atypical [76]. Furthermore, cells appear multinucleated [76].

The leiomyosarcoma is also characterized by a focal or, more commonly, extensive tumor

cell necrosis [95].

The malign leiomyosarcoma often exhibits an infiltrative border [76].

Ultimately, benign leiomyoma and malign leiomyosarcoma can be defined as the two

counterparts of the myometrium transformation. They represent two different pathologies

with the same origin.

The epidemiology observations supported by hysterectomy preparations account for the fact

that the usual leiomyoma can reach a diffusion equal to 96% of the patients [85, 86].
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Among the other variants, the lipoleiomyoma is the most relatively common one (almost

2.3%) [86]. Therefore, the other benign variants are very rare. On the other hand, the malign

leiomyosarcoma occurs in only 0,088% of the women undergone to hysterectomy for benign

gynecologic indications [96]. Thus, it turns out even more clearly how much this pathology

is rare [93]. Nevertheless, leiomyosarcoma represents the most common sarcoma of the

female reproductive tract [97] and it is very aggressive, it can often return and it is

characterized by a poor prognosis [98].

1.13 Benign leiomyoma and malign leiomyosarcoma: the problem of the differential

diagnosis

In view of the whole foregoing, it is clear how important it is to carry out the differential

diagnosis [99, 100] in order to discriminate between the benign leiomyoma and the malign

leiomyosarcoma so that it is possible, in turn, to establish the prognosis and the treatment

and operative plan according to the patient's actual state of health and to their needs.

The differential diagnosis mainly makes use of histological criteria.

In fact, first of all, the evaluation of tissue architecture by topographic haematoxylin and

eosin (H&E) staining is performed [97, 101]. In detail, for the differentiation of uterine smooth

muscle tumors, a histological preparation that exhibits severe cell atypia, tumor cell necrosis

with island-like aspect and several mitotic figures (≥5 mitoses/10 high power fields) is

classified as a malign lesion [102].

On the other hand, a histological preparation that appears well-demarcated, uniform in

shape and size with the typical aspect of the smooth muscle cells and that exhibits neither

cell atypia, nor tumor cell necrosis (with the exception of ischemic necrosis), nor

intravascular components and that exhibits only a low mitotic index (<5 mitoses/10 high

power fields) is classified as a benign lesion [102].

Nevertheless, the differential diagnosis aimed at discriminating benign from malign lesions

still represents a remarkable problem since sometimes it is hard to discriminate for sure if a

histological preparation is benign or malign and the diagnosis is not answered [97, 103]. In

these cases the histological preparation is considered as a so called smooth muscle tumor

of uncertain malignant potential (STUMP). Kempson first used this term in 1973 [104].

Currently, the WHO uses it within the classification of smooth muscle tumors to indicate a

uterine smooth muscle tumor that can not be diagnosed unequivocally as benign or malign

[102, 105].
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All this implies an increased risk of under or over diagnosis that, in turn, affects the correct

choice of treatment for the patient [106].

In particular, problems of certain diagnosis can be found with regard to the histological

preparations which appear to exhibit the characteristics of the benign leiomyoma with bizarre

nuclei that, as mentioned above, shows intermediate features between benign leiomyoma

and malign leiomyosarcoma so that it owns both histological aspects which typically belong

to benign lesions, and histological aspects which typically belong to malign lesions.

In particular, both the benign leiomyoma with bizarre nuclei and the malign leiomyosarcoma

exhibit severe nuclear atypia [95]. Even if, according to some authors, in the benign

leiomyoma with bizarre nuclei this would be only the result of a degenerative process [107],

some other authors do not agree and, in fact, the certain discrimination based on nuclear

atypia is not always possible [108].

In addition to this, these two histologically similar entities also share the expression pattern

of some molecules [93] and, therefore, contrary to other pathologies, they can not be used

as biomarkers.

In fact, it was demonstrated that the leiomyoma with bizarre nuclei and the leiomyosarcoma

exhibit a similar miRNAs signature [93]. In particular, among the miRNAs similarly expressed

by the leiomyoma with bizarre nuclei and the leiomyosarcoma, it is noteworthy to mention

the miR-34 that was demonstrated to be significantly downregulated in both leiomyoma with

bizarre nuclei and the leiomyosarcoma if compared to the usual leiomyoma [93].

The importance of the sharing of the miR-34 expression pattern by the leiomyoma with

bizarre nuclei and the leiomyosarcoma lies in the fact that miR-34 is regulated by the protein

product of the tumor protein p53 gene (TP53) [109] which in turn shows mutations in both

the leiomyoma with bizarre nuclei and the leiomyosarcoma [93].

Furthermore, this is not the only alteration at the genomic level that confirms the similarity

between leiomyoma with bizarre nuclei and the leiomyosarcoma. In fact, the mutations of

the mediator complex subunit 12 gene (MED12) were found to be significantly less common

in both leiomyoma with bizarre nuclei and leiomyosarcoma than in usual leiomyoma in

which, instead, the MED12 mutations are highly frequent [93].

It was also shown that both leiomyoma with bizarre nuclei and leiomyosarcoma exhibit a

statically significative higher deletion of the phosphatase and tensin homolog gene (PTEN)

if compared with usual leiomyoma [93].

In addition to all this, about genome-wide copy number alterations (CNAs) that were defined

as typical hallmarks of the leiomyosarcoma [110-114], up to 37 CNAs shared by the
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leiomyoma with bizarre nuclei and the leiomyosarcoma were identified [95]. In detail 8 gains

and 29 losses [95]. Besides, the fact that a single sample is characterized by a great number

of CNAs (especially copy number losses) is a further feature that brings together the

leiomyoma with bizarre nuclei and the leiomyosarcoma [95].

In light of these numerous and conspicuous similarities between the leiomyoma with bizarre

nuclei and the leiomyosarcoma, it is understood that the well-described diagnostic markers

that are currently available, such as Ki-67 proliferation antigen (Ki-67), p53 protein (p53),

estrogens receptors (ER) and progesterone receptors (PR) [97, 115] are not entirely suitable

or are not always sufficient for a conclusive and certain differential diagnosis [102].

In addition to those just mentioned, there are several other potential markers that could be

taken into consideration.

Among these, it is noteworthy to mention p16 tumor suppressor protein (p16) [116-118],

cyclin D1 [119, 120], Bcl-2 [121] and proliferating cell nuclear antigen (PCNA) [122] that are

all proteins that control the cell cycle and influence the dynamics of proliferation; vimentin,

desmin, nestin and keratin [123, 124] that are all cytoskeletal proteins; mucins [125] and

galectins [125, 126] that are all proteins involved in intercellular interactions; caldesmon

[127, 128], calponin [120, 127] and α-smooth muscle actin [87, 129] that are all proteins

involved in muscle cell contraction.

In addition to these, it is important to mention transforming growth factors (TGFs) [130],

epidermal growth factor (EGF) [126], vascular endothelial growth factor (VEGF) [131] and

insulin-like growth factors (IGFs) [132] that are considered some of the most important

growth factors involved in the mediation of the estrogens and progesterone action within the

benign leiomyoma physiology [17, 133-136].

Nevertheless, the diagnostic applicability of all these potential markers has yet to be

determined and they are currently being tested [102].

Furthermore, the search for more reliable markers is further complicated by the fact that the

exact etiopathogenesis of both the benign leiomyoma, in all its variants, and its malignant

counterpart, the leiomyosarcoma has not yet been clarified at all [71, 72, 81, 87, 95].

From what has been said so far, it is clear how complicated it is, but extremely useful, given

the similarity of the benign leiomyoma with bizarre nuclei and the malign leiomyosarcoma,

to identify new potential markers that help to discriminate with greater certainty whether a

histological preparation that seems to exhibit the features of a benign leiomyoma with bizarre

nuclei, is not, actually a malign lesion.

In this regard, Raf kinase inhibitor protein (RKIP) could turn out to be another particularly

interesting molecule to study.
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1.14 RKIP: a pleiotropic molecule that can be also an independent prognostic marker

RKIP, also known as phosphatidylethanolamine-binding protein 1 (PEBP1) and originally

purified from bovine brain, is a cytosolic protein. It is a small protein (only 23 kDa). The

human RKIP mRNA consists of 1434 base pairs and it just encodes a 187 amino acid long

protein. Of these 187 amino acids, 186 overlap with those of bovine RKIP protein (21 kDa)

and all 187 amino acids of the human RKIP protein overlap with those of rat RKIP protein

(23 kDa). In fact, RKIP is considered a highly conserved protein. On the other hand, RKIP

does not share a significant similarity with other proteins [137, 138].

RKIP can be defined, in all respects, a pleiotropic protein. In fact, from a functional point of

view, it is known to be involved in the modulation of several signaling pathways that

contribute to maintain the biological balance of many cellular processes [139, 140].

In detail, among the signaling cascades modulated by RKIP the best known ones are

described below and they are represented in Panel A.

In nuclear factor kappa B (NFκB) pathway, it was demonstrated that RKIP acts as negative

modulator. RKIP binds to upstream kinases NIK, TAK, IKKα, and IKKβ so that IkappaBα

(IκBα) phosphorylation is inhibited and this, in turn, impairs NF-κB translocation to the

nucleus and the consequent transcription of several anti-apoptotic genes [141, 142].

In addition, RKIP was identified as a negative modulator of neurogenic locus notch homolog

protein 1 (NOTCH1) pathway. NOTCH1 full-length proteolytic cleavage is impaired by RKIP

association with it and this, in turn, avoids NOTCH1 intracellular domain (NICD) release

preventing the consequent transcription of Vimentin, N-cadherin and zinc finger protein

SNAI1 (SNAIL) that are all epithelial-mesenchymal transition (EMT)-related proteins [143].

Furthermore, within the mitogen-activated protein (MAP) kinase (MAPK) cascades where

Raf acts as MAP3 kinase (MAP3K), MAPK/ extracellular signal-regulated kinase (ERK)

kinase (MEK) acts as MAPK kinase (MAPKK) and ERK is the MAPK, forming the Ras-Raf-

MEK-ERK pathway [144], it was demonstrated that RKIP acts as an endogenous inhibitor

of Raf–MEK–ERK pathway. In fact, the RKIP binding to Raf-1 kinase promotes the

dissociation of the Raf-1/MEK complex so that MEK can not be phosphorylated [145-147].

In addition to this, RKIP can be phosphorylated by protein kinase C (PKC) and as a result,

phosphorylated RKIP (pRKIP) dissociates from Raf-1 and binds to G protein-coupled

receptor kinase 2 (GRK2) that is an inhibitor of G-protein coupled receptors (GPCR) [148]

that is, in turn, an upstream activator of Raf-1. Thus, the binding between pRKIP and GRK2

inhibits GRK2 and, consequently, activates GPCR. At the same time, the association
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between pRKIP and GRK2 increases MAPK activation also due to the fact that Raf-1 is no

longer inhibited by RKIP. All this allows the activation of the downstream targets. In this way,

RKIP carries out its action of modulation of cellular processes in response to growth factors

stimuli [145].

Moreover, it was demonstrated that RKIP action as an endogenous inhibitor of Raf–MEK–

ERK pathway also affects the negative modulation of signal transducer and activator of

transcription 3 (STAT3) that is a transcription factor involved in the regulation of the

transcription of genes related with cell growth, apoptosis, survival and differentiation [149].

In detail, it was reported that RKIP impairs STAT3 activation through the inhibition of Raf

and other molecules [150, 151].

In addition to this, studies conducted on malign pleural mesothelioma (MPM) revealed that,

in particular in this type of tumor, RKIP acts as a modulator of p53 [152] that is a transcription

factor involved in the regulation of tumor suppression genes [153]. In detail, it was shown

that in MPM and non-small cell lung carcinoma (NSCLC) cell lines treated with silica the

consequent RKIP depletion implies an increase in ERK activation and the inactivation of

neurofibromatosis 2 (NF2) protein. This, in turn, leads to SNAIL expression with the

consequent p53 inhibition. In this way the tumor can progress [152]. Moreover, SNAIL

expression also inhibits E-cadherin. In this way, invasion and metastasis are promoted [152].

Furthermore, RKIP was described as a negative modulator of the Sonic hedgehog (Shh)

signaling pathway that is involved in the regulation of proliferation, differentiation, ECM

interactions and cancer stem cells (CSCs) activation. In fact, it was shown that when RKIP

binds to the signal transducer Smoothened (SMO), the latter is kept inactive and,

consequently, the zinc-finger transcription factor Gli1 that is a transcriptional effector at the

end of the Shh signaling pathway is not activated [154]. Thus, RKIP impairs the activity of

Gli1 [154] whose aberrant activation was described to be involved, in some cancer types, in

the promotion of proliferation, survival, angiogenesis, metastasis, metabolic rewiring, and

chemotherapeutic resistance [155].

In addition to this, RKIP was demonstrated to activate the glycogen synthase kinase 3 beta

(GSK3β) signaling pathway that was shown to play a fundamental role in cell division,

proliferation, differentiation, apoptosis, adhesion and motility [156]. In fact, RKIP impairs p38

MAPK-mediated phosphorylation of GSK3β (pGSK3β) and, thus, it stabilizes GSK3β that,

in the not phosphorylated form, can inhibit several substrates such as zinc finger protein

SNAI2 (SLUG) and cyclin D1, inducing their degradation and ubiquitination by

phosphorylation. In this way, when GSK3β is not phosphorylated and, thus, active, SLUG
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can not promote EMT and cyclin D1 can not promote cell cycle progression [156].

Moreover, it was reported that the RKIP interactions with several signaling pathways may

affect also inflammatory processes [157]. In these, depending on the pathway and the

molecules (proteins and likely lipids) with which it interacts, RKIP may exert a anti- or a pro-

inflammatory role [157].

Therefore, since the important modulation action that the RKIP carries out in many different

intracellular signaling pathways that, in turn, control several cellular processes, it is evident

how a dysregulation in the RKIP expression is implicated in several diseases [138, 158].

In this regard, RKIP was demonstrated to be involved in several inflammatory diseases,

such as rheumatoid arthritis [159], primary Sjögren’s syndrome (pSS) [160], liver injury [161],

diabetic nephropathy [162], lung inflammation [163], chronic intestinal inflammation [164],

experimental autoimmune encephalomyelitis (EAE) that is an experimental model for

Panel A. RKIP: a pleiotropic molecule. The best known signaling cascade pathways modulated
by RKIP. The RKIP molecule was obtained by the Swiss PDB viewer according to PDB code
2LZW.
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multiple sclerosis [165], systemic inflammatory response syndrome (SIRS) [166] and colitis

[164].

In the light of what has been said, it is evident that RKIP could play an important role in the

benign leiomyoma of which the most widespread histological variant, the usual leiomyoma,

was described as a typical fibrotic pathology [167]. In fact, it was demonstrated that it exhibits

a great deal of ECM [167] maybe due to an exaggerated fibrotic response [83] that arises

by means of inflammatory signals [81].

In addition to this, it was demonstrated that a dysregulation in the RKIP expression is

involved also in cancer [139, 140].

In fact, in carcinogenesis, it was shown that RKIP plays a modulating role in cell viability

[168, 169], migration [170, 171], EMT [172] and invasion [173].

Moreover, it was demonstrated that the loss of RKIP expression is associated with poor

prognosis and so, RKIP can be considered as an independent prognostic marker in several

tumoral types such as esophageal cancer [174-176], gastric cancer [177, 178], colorectal

cancer [179-181], Gastrointestinal stromal tumors (GISTs) [182], prostate [183],

hepatocellular carcinoma [184], pancreatic ductal adenocarcinoma [185-187], gliomas [188,

189].

In the light of what has been said, it is evident that RKIP could play an important role in the

malign leiomyosarcoma that, although very rare, shows a very poor prognosis [10]. The

research group within which this doctorate has taken place, previously published that the

RKIP is expressed in greater quantities in the benign usual leiomyoma when compared to

the corresponding myometrium [190]. On the other hand, the expression of RKIP has never

been investigated, neither in the other histological variants of benign leiomyoma nor in the

malign leiomyosarcoma.

Therefore, it is very important to study RKIP within benign leiomyoma and malign

leiomyosarcoma that are two different pathologies with the same origin since they both arise

from myometrium and whose etiology has not yet been clarified at all [71, 72, 81, 87, 95].
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1.15 Aim of the thesis

As previously mentioned, given the similarity of the benign leiomyoma with bizarre nuclei

and the malign leiomyosarcoma and, because of this, the absence of certain markers, it is

clear how complicated it is, but extremely useful, to identify new potential markers for a

certain differential diagnosis in order to solve the so called STUMP.

By virtue of the several cellular processes reported above, in which RKIP is involved, the

focus of this thesis was the study of the pleiotropic molecule RKIP in benign leiomyoma and

malign leiomyosarcoma.

The aim was to identify any differences in the expression of RKIP between benign

leiomyoma, in particular in the histological variant leiomyoma with bizarre nuclei, and malign

leiomyosarcoma and then, to characterize the possible biological role of RKIP in malign

leiomyosarcoma.

All this with the final aim of identifying the RKIP as a possible new reliable marker for the

differential diagnosis of benign leiomyoma with bizarre nuclei and malign leiomyosarcoma

even in doubtful cases.
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2. MATERIALS AND METHODS

2.1 Patients

Formalin-fixed paraffin-embedded blocks from 27 hysterectomies performed due to benign

leiomyoma were retrieved from the pathology archives of Fondazione Policlinico

Universitario A. Gemelli, IRCCS, Roma, Italy and formalin-fixed paraffin-embedded blocks

from 12 hysterectomies performed due to malign leiomyosarcoma were retrieved from the

pathology archives of Azienda Ospedaliera Ospedali Riuniti di Ancona, Università

Politecnica delle Marche (UNIVPM), Ancona, Italy.

The samples were classified by pathological anatomy specialists (Fondazione Policlinico

Universitario A. Gemelli, IRCCS, Roma, Italy and Azienda Ospedaliera Ospedali Riuniti di

Ancona, Università Politecnica delle Marche (UNIVPM), Ancona, Italy). Thus, in detail, the

27 benign leiomyomas include the following histological variants: usual leiomyoma (N=7),

cellular leiomyoma (N=9), lipoleiomyoma (N=3), apoplectic leiomyoma (N=4) and

leiomyoma with bizarre nuclei (N=4), in addition to the malign leiomyosarcoma (N=12).

In total, the 39 samples were collected from 2015 to 2018.

2.2 Cell lines and cell culture procedures

In the present study the SK-LMS-1 cell line was used as leiomyosarcoma cell line.

The SK-LMS-1 cell line was obtained from ATCC (American Type Culture Collection

(Manassas, VA, USA).

This cell line was maintained in Dulbecco’s Modified Eagle’s Medium (DMEM 1X, High

Glucose; Gibco, Invitrogen, Waltham, MA, USA) supplemented with 10% Fetal Bovine

Serum (FBS; Gibco, invitrogen) and 1% penicillin/streptomycin (P/S; Gibco, invitrogen), at

37°C and 5% CO2.

2.3 Haematoxylin and eosin (H&E) staining

Representative 3 mm-thick tissue sections were used for H&E staining. The deparaffinised

and rehydrated slides were stained with Mayer’s haematoxylin (incubation 2 minutes; Bio-

Optica, Milan, Italy). After this, the slides were washed in tap water. Subsequently, the slides

were stained with eosin (incubation 2 minutes; Bio-Optica). After this, the slides were

washed in tap water.
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2.4 Immunohistochemistry analysis of RKIP

3 mm-thick tissue sections were used for immunohistochemical analysis according to the

streptavidin-biotin peroxidase complex system (VECTASTAIN® ABC-HRP Kit; Vector

Laboratories, Burlingame, CA, USA).

The deparaffinised and rehydrated slides were submitted to heat-induced antigen retrieval

for 20 minutes at 100°C with 1 mM EDTA buffer (pH 8.0). Then, the slides were submitted

to the inhibition of the endogenous peroxidase activity for 1 hour at room temperature (RT)

with 3% hydrogen peroxide in methanol. Subsequently, the slides were washed for 10

minutes for 3 times in phosphate buffered saline (PBS) homemade (pH 7.2). Then, the slides

were incubated with normal goat serum (NGS, dilution 1:75 in 1% bovine serum albumin -

BSA; Sigma-Aldrich, St. Louis, MO, USA-, incubation 20 minutes at RT; Vector

Laboratories). After this, the slides were incubated with the primary polyclonal rabbit

antibody raised against RKIP (dilution 1:500, incubation overnight at 4°C; Merck-Millipore,

Burlington, MA, USA). Afterwards, the slides were washed for 10 minutes for 3 times in PBS

homemade (pH 7.2). Then, the slides were incubated with the secondary biotinylated goat

anti-rabbit antibody (dilution 1:200, incubation 30 minutes at RT; Vector Laboratories). After

this, the slides were washed for 10 minutes for 3 times in PBS homemade (pH 7.2).

Subsequently, the slides were incubated with the streptavidin-biotin peroxidase complex

(dilution 1:100, incubation 1H at RT; Vector Laboratories). Afterwards, the slides were

washed for 10 minutes for 3 times in PBS homemade (pH 7.2). The immune reaction was

visualized by 3,3'-Diamonobenzidine hydrochlorides (DAB, incubation 2 minutes at RT;

Sigma-Aldrich) as a chromogen. All sections were counterstained with Mayer’s

haematoxylin (few seconds; Bio-Optica). For negative controls, primary antibody was

omitted.

Sections were scored by three independent assessors for cytoplasmic expression. The

score was assigned according to the staining intensity (-, negative; +/-, moderate

expression; +, high expression; ++, very high expression).

2.5 Immunohistochemistry analysis of CD68

For the immunohistochemistry analysis of CD68, it was used the same protocol that was

previously described about the immunohistochemistry analysis of RKIP with the following

variations: the deparaffinised and rehydrated slides were not submitted to antigen retrieval;



23

the inhibition of the endogenous peroxidase activity was performed for 5 minutes at RT with

3% hydrogen peroxide in distilled water (dH2O) and after this, the slides were washed for 5

minutes in dH2O; the slides were incubated with normal horse serum (NHS, dilution 2% in

PBS homemade, incubation 20 minutes at RT; Vector Laboratories); the primary monoclonal

mouse antibody raised against CD68 clone KP1 (dilution 1:200, incubation overnight at 4°C;

DAKO, Copenaghen, Denmark) was used; the secondary biotinylated horse anti-mouse

antibody (dilution 1:200, incubation 30 minutes at RT; Vector Laboratories) was used; DAB

(incubation minute at RT; Vector Laboratories) was used; sections were not scored for

CD68 staining because it was performed a qualitative analysis.

2.6 Immunocytochemistry analysis of RKIP

For RKIP immunocytochemical analysis of leiomyosarcoma cell lines, the cells were plated

on 8-chamber slides at a density of 50 or 100 cells per well, allowed to adhere overnight and

then they were cultured to at least 95% of confluence in the complete culture medium as

specified previously. Subsequently, the cells were washed for few seconds in Dulbecco’s

PBS w/o Calcium & Magnesium (EuroClone, Milan, Italy). Then the cells were fixed in

methanol for 20 minutes. After this, the cells were washed for few seconds for 3 times in

Dulbecco’s PBS w/o Calcium & Magnesium (EuroClone), followed by permeabilization with

0.2% Triton X-100 in Dulbecco’s PBS w/o Calcium & Magnesium (EuroClone) for 5 minutes

at RT. Afterwards, the fixed cells were washed for few seconds for 3 times in Dulbecco’s

PBS w/o Calcium & Magnesium (EuroClone). After that, starting from the inhibition of the

endogenous peroxidase activity onwards, for immunocytochemical analysis of RKIP, it was

used the same protocol that was previously described about the immunohistochemistry

analysis of RKIP with the following variations: the inhibition of the endogenous peroxidase

activity was performed for 10 minutes at RT with 0,1% hydrogen peroxide in dH2O; the

primary polyclonal rabbit antibody raised against RKIP (dilution 1:500, incubation 1H at RT;

Merck-Millipore); the washes were carried out in the same phases but using Dulbecco’s PBS

w/o Calcium & Magnesium (EuroClone) for few seconds for 3 times. It was performed a

qualitative analysis.



24

2.7 Generation of stable RKIP knockout SK-LMS-1 cell line and stable RKIP

overexpressing SK-LMS-1 cell line

For generation of stable RKIP knockout SK-LMS-1 cell line, the SK-LMS-1 cell line was

knocked out using the CRISPR/Cas9 technology. For that, the CRISPR/Cas9 knockout kit

(CRISPR/Cas9 KO Plasmid - sc-401270-KO-2 and HDR Plasmid – sc-401270-HDR-2;

Santa Cruz Biotechnology, Dallas, TX, USA) was used. For RKIP knockout, cells were

transfected with both plasmids. As control, other cells were transfected only with HDR

plasmid.

For generation of stable RKIP overexpressing SK-LMS-1 cell line, a pcDNA3 vector (kindly

provided by Dr. Evan Keller, University of Michigan) containing the full cDNA of RKIP was

used in the SK-LMS-1 cell line. The cells were transfected with the empty vector as control

and with RKIP full cDNA containing vector to overexpress it.

For both transfections, the cells were plated into 6-well plates at a density of 5x105 cells per

well, allowed to adhere overnight and transfected in serum free Opti-MEM medium (Gibco,

Invitrogen) for 24 hours. The transfection was done using the FUGENE HD reagent (Roche,

Basel, Switzerland) according to the manufacturer’s protocol, with 2μg of plasmid at a ratio

of 6:2 (reagent:plasmid). Then, the stable transfectants were selected with 1μg/ml

puromycin (Gibco, Invitrogen) for knockout transfection and 1000 μg/ml geneticin (G418;

Santa Cruz Biotechnology) for overexpression transfection.

2.8 Western Blot analysis

The cells (wilde type SK-LMS-1 cells, stable RKIP knockout SK-LMS-1 cells and the

corresponding negative controls cells, stable RKIP overexpressing SK-LMS-1 cells and the

corresponding negative controls cells) were seeded in 6-well plates at a density of 1x106

cells per well and allowed to adhere overnight in DMEM (Gibco, Invitrogen) 10% FBS (Gibco,

Invitrogen) 1% P/S (Gibco, Invitrogen). In the next day, the cells were serum starved for 2

hours before protein isolation. The cells were scraped in cold PBS (Gibco; Invitrogen) and

lysed in buffer containing 50 mM Tris pH 7.6–8, 150 mM NaCl, 5 mM EDTA, 1 mM Na3VO4,

10 mM NaF, 10 mM NaPyrophosphate, 1% NP-40 and 1/7 of Protease cocktail inhibitors

(Roche). Western blotting was done using 10% SDS-PAGE gel, loading 40 μg of total protein

per lane, with detection by chemiluminescence (WesternBright Sirius HRP substrate,

Advansta, San Jose, CA, USA) using Sapphire Biomolecular Imager (Azure Biosystems,

Dublin, CA, USA).
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The expression of the analyzed proteins was assessed using the antibodies that are shown

in the table below (Table A) that includes the names, the characteristics, the dilutions and

the manufacturers of each primary antibody (Ab I) and the information about each

corresponding secondary antibody (Ab II). All the primary antibodies were incubated

overnight at 4°C. α-Tubulin was used as a housekeeping gene.

Protein Ab I Dilution Monoclonal or
polyclonal

Manufacturer Ab II Dilution Manufacturer

RKIP D42F3 1:1000 Monoclonal Cell Signaling
(Danvers, MA,

USA)

Anti-rabbit IgG,
HRP-linked

Antibody
7074

1:2500 Cell Signaling
(Danvers, MA,

USA)

α-Tubulin α Tubulin
Antibody (B-
7): sc-5286

1:5000 Monoclonal Santa Cruz
Biotechnology
(Dallas, TX,

USA)

m-IgGκ BP-
HRP: sc-
516102

1:2500 Santa Cruz
Biotechnology
(Dallas, TX,

USA)

Table A. Antibodies used for western blot analysis

2.9 Cell viability assay

The cells were seeded in 48-well plates in triplicate at a density of 2x104 cells per well and

allowed to adhere overnight in DMEM (Gibco, Invitrogen) 10% FBS (Gibco, Invitrogen) 1%

P/S (Gibco, Invitrogen). In the next day, the cells were submitted to two different medium

conditions – DMEM (Gibco, Invitrogen) 0.5% FBS (Gibco, Invitrogen) 1% P/S (Gibco,

Invitrogen) or DMEM (Gibco, Invitrogen) 10% FBS (Gibco, Invitrogen) 1% P/S (Gibco,

Invitrogen)- and incubated for 24, 48 and 72 hours. The day of conditions imposition was

considered the 0h time point. The viable cells were quantified overtime by Sulforhodamine

B (SRB) assay (Sigma-Aldrich).

The results were calibrated to the starting value (time 0h, considered as 100% of viability)

and expressed as the mean ± SD. The assays were done in triplicate for four times.

2.10 Wound healing migration assay

The cells were seeded in 6-well plates, allowed to adhere overnight and cultured to at least

95% of confluence in DMEM (Gibco, Invitrogen) 10% FBS (Gibco, Invitrogen) 1% P/S

(Gibco, Invitrogen). Monolayer cells were washed with PBS (Gibco, Invitrogen), scrapped

with a plastic 1000 μl pipette tip and then incubated with fresh DMEM (Gibco, Invitrogen)

medium 1% P/S (Gibco, Invitrogen) with either 0.5% FBS (Gibco, Invitrogen) or 10% FBS
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(Gibco, Invitrogen). The “wounded” areas were photographed by phase contrast microscopy

at specific time points: 0, 12, 24, 36, 48 and 72 hours. The relative migration distance was

calculated by the following formula: percentage of wound closure (%) = 100 (A-B)/A, where

A is the width of the cell wounds before incubation (0h) and B is the width of the cell wounds

after incubation. The results are expressed as the mean ± SD. The assay was done in

quadruplicate for three times.

2.11 Clonogenicity assay

The cells were seeded in 12-well plates at a density of 700 cells per well and they were

allowed to adhere overnight in DMEM (Gibco, Invitrogen) 10% FBS (Gibco, Invitrogen) 1%

P/S (Gibco, Invitrogen). Then, they were left to grow for 9-11 days -DMEM (Gibco,

Invitrogen) 10% FBS (Gibco, Invitrogen) 1% P/S (Gibco, Invitrogen)- with medium renewal

after 3 days. The colonies were stained with 0,5% Crystal Violet (Sigma-Aldrich) for 30

minutes and manually counted. Results were expressed as the mean colonies ± SD. The

assays were done in triplicate at least two times.

2.12 Statistical analysis

For in vitro assays, single comparisons between the different conditions studied were done

using Student’s t test. Statistical analysis was performed using GraphPad Prism 6 version.

The level of significance in all the statistical analysis was set at p<0.05.
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3. RESULTS

3.1 Characterization of RKIP expression in five different histological variants of

benign leiomyoma and in malign leiomyosarcoma

In the present study, 39 myometrium lesions belonging to five different histological variants

of benign leiomyoma and to malign leiomyosarcoma were studied for RKIP

immunohistochemical expression. In detail, 27 lesions had been classified as benign

leiomyoma whose 7 as usual leiomyoma, 9 as cellular leiomyoma, 3 as lipoleiomyoma, 4 as

apoplectic leiomyoma and 4 as leiomyoma with bizarre nuclei. The remaining 12 lesions had

been classified as malign leiomyosarcoma (Table 1).

In general, RKIP expression was found in 64,1% (25/39) of all the lesions. Specifically in

81,5% (22/27) of all the benign lesions and in 25% (3/12) of all the malign lesions.

It was noticed that RKIP was moderately expressed in 14,3% (1/7) and highly expressed in

the remaining 85,7% (6/7) of benign usual leiomyomas. Thus, 100% (7/7) of these samples

were classified as positive (Table 1). The positivity was particularly localized in the

endothelial cells (Figure 1B, C and D).

It was observed that RKIP was not expressed in 44,4% (4/9) and, on the other hand, it was

moderately expressed in the remaining 55,6% (5/9) of benign cellular leiomyomas. Thus,

44,4% (4/9) of these samples were classified as negative, while the remaining 55,6% (5/9)

were classified as positive (Table 1). The positivity was particularly localized in the

endothelial cells (Figure 1F, G and H).

It was detected that RKIP was highly expressed in 33,3% (1/3) and very highly expressed

in the remaining 66,7% (2/3) of benign lipoleiomyomas. Thus, 100% (3/3) of these samples

were classified as positive (Table 1). The positivity was particularly localized in adipose

cells with inflammation (Figure 1J, K and L). The presence of inflammation in adipose cells

was confirmed by immunohistochemistry for CD68 (Figure 2A, B, C and D).

It was seen that RKIP was not expressed in only 25% (1/4) and, on the other hand, it was

from moderately expressed to very highly expressed in the remaining 75% (3/4) of benign

apoplectic leiomyomas. Thus, 25% (1/4) of these samples were classified as negative, while

the remaining 75% (3/4) were classified as positive (Table 1) (Figure 1N, O, and P).

Further images about RKIP expression in benign usual leiomyoma, benign cellular

leiomyoma, benign lipoleiomyoma and benign apoplectic leiomyoma are shown in

Supplemental Figure 1.
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It was noticed that RKIP was moderately expressed in only 25% (1/4) and, on the other

hand, it was from highly expressed to very highly expressed in the remaining 75% (3/4) of

benign leiomyomas with bizarre nuclei. Thus, 100% (4/4) of these samples were classified

as positive (Table 1). The positivity was particularly localized in the atypical nuclei (Figure

1R, S and T).

It was detected that RKIP was from moderately expressed to highly expressed (in the

endothelial cells) in only 25% (3/12) and, on the other hand, it was not expressed in the

remaining 75% (9/12) of malign leiomyosarcomas. Thus 25% (3/12) of these samples were

classified as positive, while the remaining 75% (9/12) were classified as negative (Table 1)

(Figure 1V, W and X).

In particular, it was observed that nuclear atypia zones were positive for RKIP in benign

leiomyoma with bizarre nuclei, whereas nuclear atypia zones were negative for RKIP in

malign leiomyosarcoma (Supplemental Figure 2).

Representative negative controls of the immunohistochemistry analysis in the tested tissues

are shown in Supplemental Figure 3.
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Figure 1. Immunohistochemistry analysis of RKIP in five different histological variants of
benign leiomyoma and in malign leiomyosarcoma. Preliminary topographical staining in benign
usual leiomyoma (A), in benign cellular leiomyoma (E), in benign lipoleiomyoma (I), in benign
apoplectic leiomyoma (M), in benign leiomyoma with bizarre nuclei (Q) and in malign
leiomyosarcoma (U). RKIP positive expression in benign usual leiomyoma (B), (C) and (D). RKIP
positive expression in benign cellular leiomyoma (F), (G) and (H). RKIP positive expression in
benign lipoleiomyoma (J), (K) and (L). RKIP positive expression in benign apoplectic leiomyoma
(N), (O) and (P). RKIP positive expression in benign leiomyoma with bizarre nuclei (R), (S) and
(T). RKIP negative expression in malign leiomyosarcoma (V), (W) and (X). All the pictures were
taken with at the magnification specified on the top of each column.

Figure 2. Immunohistochemistry analysis of CD68 in benign lipoleiomyoma. CD68 positive
expression in benign lipoleiomyoma showing the typical structures of the inflamed adipose cells,
the so called "crown like structures"(A), (B), (C) and (D). This result confirmed the presence of
inflammation in the adipose cells of benign lipoleiomyoma. All the pictures were taken with at the
magnification specified on the top of each column.
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Supplemental Figure 1. Additional images about immunohistochemistry analysis of RKIP
in benign usual leiomyoma, benign cellular leiomyoma, benign lipoleiomyoma and benign
apoplectic leiomyoma. RKIP positive expression in benign usual leiomyoma (a). RKIP positive
expression in benign cellular leiomyoma (b). RKIP positive expression in benign lipoleiomyoma
(c). RKIP positive expression in benign apoplectic leiomyoma (d). All the pictures were taken with
at the magnification 60X.
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Supplemental Figure 2. Focus on the comparison between benign leiomyoma with bizarre
nuclei and malign leiomyosarcoma regarding the RKIP expression following the
immunohistochemistry analysis. RKIP positive expression in benign leiomyoma with bizarre
nuclei (a) and RKIP negative expression in malign leiomyosarcoma (b). Black arrows indicate
nuclear atypia zones positive for RKIP in benign leiomyoma with bizarre nuclei (a) and nuclear
atypia zones negative for RKIP in malign leiomyosarcoma (b). All the pictures were taken with at
the magnification 100X.

Supplemental Figure 3. Negative controls for immunohistochemistry analysis.
Representative negative controls of the immunohistochemistry analysis for RKIP in benign usual
leiomyoma (a), benign cellular leiomyoma (b), benign lipoleiomyoma (c), benign apoplectic
leiomyoma (d), benign leiomyoma with bizarre nuclei (e) and malign leiomyosarcoma (f).
Representative negative control of the immunohistochemistry analysis for CD68 in benign
lipoleiomyoma (g). The negative controls were obtained by omitting the primary antibody. All the

pictures were taken with at the magnification 40X.
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3.2 Characterization of RKIP expression in leiomyosarcoma cell line

Before further exploring the biological role of RKIP in leiomyosarcoma cells, the expression

of RKIP was preliminarily assessed in SK-LMS-1 leiomyosarcoma cell line.

By immunocytochemistry, it was found that RKIP was present in SK-LMS-1 cells (Figure 3).

This was confirmed by western blot analysis (data not shown).

Figure 3. Immunocytochemistry analysis of RKIP in leiomyosarcoma cell line. RKIP positive
expression in SK-LMS-1 leiomyosarcoma cell line (A) and (B). The seeding density of the cells
was specified on the top of each column.
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3.3 Effect of RKIP on leiomyosarcoma cell biological behavior in vitro

To explore the biological role of RKIP in leiomyosarcoma cells, the in vitro knockout of RKIP

and also the in vitro overexpression of RKIP were performed in the SK-LMS-1 cell line. The

knockout of RKIP was carried out by stable transfection using the CRISPR/Cas9 technology.

The overexpression of RKIP was carried out by stable transfection using a specific pcDNA3

vector. By western blot analysis (Figure 4), it was confirmed that both the transfections had

successfully occurred. In fact, as shown in Figure 4, RKIP protein expression was efficiently

impaired in the RKIP knockout SK-LMS-1 cells (KO cells) in comparison with the control SK-

LMS-1 cells transfected only with the HDR plasmid (CTR cells). In addition to this, as shown

in Figure 4, RKIP protein expression was efficiently increased in the RKIP overexpressing

SK-LMS-1 cells (RKIP+ cells) in comparison with the control SK-LMS-1 cells transfected

with the empty pcDNA3 vector (Empty cells).

33

Figure 4. In vitro knockout of RKIP and in vitro overexpression of RKIP in the SK-LMS-1 cell
line. Western blot analysis confirming the transfections success. Stable RKIP knockout SK-LMS-1
cells (KO cells) and stable RKIP overexpressing SK-LMS-1 cells (RKIP+ cells) were generated. RKIP
protein expression was efficiently impaired in the KO cells in relation to the control cells transfected
only with the HDR plasmid (CTR cells). RKIP protein expression was efficiently increased in the RKIP+
cells in relation to the control cells transfected with the empty pcDNA3 vector (Empty cells). α-Tubulin
was used as a housekeeping gene.
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Concerning the biological assays, first of all, the effects of RKIP knockout and RKIP

overexpression on leiomyosarcoma cells viability over the time were studied (Figure 5A, B,

C and D). No statistically significant differences were found in the cell viability of KO cells

when compared with CTR cells neither at the 0.5% FBS condition (Figure 5A) nor at the

10% FBS condition (Figure 5B). No statistically significant differences were found in the cell

viability of RKIP+ cells when compared with Empty cells neither at the 0.5% FBS condition

(Figure 5C) nor at the 10% FBS condition (Figure 5D).

In order to study the effects of RKIP knockout and RKIP overexpression on leiomyosarcoma

cellular migration, a wound healing migration assay was performed (Figure 6A, B, C and D).

No statistically significant differences were found in the migration of KO cells when

compared with CTR cells neither at the 0.5% FBS condition (Figure 6A) nor at the 10% FBS

condition (Figure 6B). No statistically significant differences were found in the migration of

RKIP+ cells when compared with Empty cells neither at the 0.5% FBS condition (Figure 6C)

nor at the 10% FBS condition (Figure 6D).

In addition to this, the effects of RKIP knockout and RKIP overexpression on

leiomyosarcoma cells ability to form colonies were evaluated by a clonogenicity assay

(Figure 7A and B). It was found that KO cells formed a significantly (p=0.011) greater number

of colonies than CTR cells (Figure 7A). It was also found that RKIP+ cells seemed to show

a trend in which they formed a smaller number of colonies than Empty cells even if the

difference was not statistically significant (Figure 7B).
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CELLS VIABILITY OVERTIME

A C

DB

Figure 5. In vitro role of RKIP knockout and RKIP overexpression in SK-LMS-1 cells
biological behavior: cells viability overtime. Cells viability in two different growth conditions
(0.5% FBS and 10% FBS) was measured at 24, 48 and 72 hours by SRB assay. KO cells did not
exhibit statistically significant differences in the cell viability overtime when compared with CTR
cells neither at the 0.5% FBS condition (A) nor at the 10% FBS condition (B). RKIP+ cells did not
exhibit statistically significant differences in the cell viability overtime when compared with Empty
cells neither at the 0.5% FBS condition (C) nor at the 10% FBS condition (D). The experiments
were done in triplicate for four times. Results are expressed as the mean ± SD and differences
with a p<0.05 on the Student’s t test were considered statistically significant (indicated as *, while
differences not statistically significant are indicated as ns).
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CELLULAR MIGRATION OVERTIME
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Figure 6. In vitro role of RKIP knockout and RKIP overexpression in SK-LMS-1 cells
biological behavior: cellular migration overtime. Cellular migration in two different growth
conditions (0.5% FBS and 10% FBS) was assessed by wound healing migration assay. A
standardized scratch (wound) was applied to monolayer cells and digital images (representative
images at 0 and 36 hours are presented alongside the graphs) were taken at several time points
(0, 12, 24, 36, 48 and 72 hours). KO cells did not exhibit statistically significant differences in the
cellular migration overtime when compared with CTR cells neither at the 0.5% FBS condition (A)
nor at the 10% FBS condition (B). RKIP+ cells did not exhibit statistically significant differences in
the cellular migration overtime when compared with Empty cells neither at the 0.5% FBS condition
(C) nor at the 10% FBS condition (D). The experiments were done in quadruplicate for three times.
Results are expressed as the mean ± SD and differences with a p<0.05 on the Student’s t test
were considered statistically significant (indicated as *, while differences not statistically significant

are indicated as ns).
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Figure 7. In vitro role of RKIP knockout and RKIP overexpression in SK-LMS-1 cells
biological behavior: ability to form colonies. Ability to form colonies was assessed by
clonogenicity assay manually counting the colonies previously stained with crystal violet
(representative images are shown above the graphs). From the point of view of statistical
significance, KO cells formed a greater (p=0.011) number of colonies when compared to CTR cells
(A). Apparently the RKIP+ cells exhibited a trend to form a smaller number of colonies when
compared to Empty cells even if the difference was not statistically significant (B). The experiments
were done in triplicate at least two times. Results are expressed as the mean ± SD and differences
with a p<0.05 on the Student’s t test were considered statistically significant (indicated as *, while
differences not statistically significant are indicated as ns).

ABILITY TO FORM COLONIES

A

B
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4. DISCUSSION

Benign and malign tumors can afflict the uterus [7]. It is noteworthy that both leiomyoma

which is the most common benign tumor of the uterus [8] and leiomyosarcoma which is the

most common malign tumor among the very rare malign uterine sarcomas and which, above

all, shows a high mortality [9], afflict myometrium. Although leiomyoma causes a very heavy

physical [11] and psychological [11, 14] symptomatology, it is a benign tumor. On the other

hand, malign leiomyosarcoma, even if it is very rare, is characterized by a very poor

prognosis [10].

Nevertheless, the differential diagnosis aimed at discriminating benign from malign lesions

still represents a remarkable problem since sometimes it is hard to discriminate for sure if a

histological preparation is benign or malign and the diagnosis is not answered [97, 103].

This problem is particularly encountered for the histological preparations which could be

classified as benign leiomyoma with bizarre nuclei since this histological variant shows

intermediate features between benign leiomyoma and malign leiomyosarcoma [75, 76].

Therefore, it is important to identify new potential markers that make the differential

diagnosis between the benign leiomyoma, in particular, the benign histological variant

leiomyoma with bizarre nuclei, and malign leiomyosarcoma more accurate and certain in

order to solve the so called STUMP.

Regarding the need to identify new markers for the differential diagnosis, it is noteworthy to

mention RKIP. In fact, RKIP is described as a pleiotropic protein since it is known to maintain

the biological balance of many cellular processes due to its modulating role in several

signaling pathways [139, 140].

In addition to this, since RKIP is downregulated during the metastatic process of several

tumors, it is considered to be a metastasis suppressor gene [178, 179, 181, 191, 192].

In the present study, the protein expression level of RKIP was studied in five different

histological variants of benign leiomyoma (usual leiomyoma, cellular leiomyoma,

lipoleiomyoma, apoplectic leiomyoma and leiomyoma with bizarre nuclei) and in malign

leiomyosarcoma. In general, it was found that RKIP is expressed in 81,5% of all the benign

lesions and only 25% of the malign lesions stain positively. In particular, 0% of the benign

leiomyoma with bizarre nuclei analyzed cases are negative for the RKIP expression,

whereas 75% of the malign leiomyosarcoma analyzed cases are negative for the RKIP

expression. Moreover, it was noticed that nuclear atypia zones are positive for RKIP in

benign leiomyoma with bizzare nuclei, whereas they are negative for RKIP in malign

leiomyosarcoma.
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These data may represent an important feature that differentiates benign leiomyoma with

bizarre nuclei from malign leiomyosarcoma. In fact, both benign leiomyoma with bizarre

nuclei and malign leiomyosarcoma show severe nuclear atypia zones [95] and often it is not

easy to distinguish with certainty on light microscopic examination [89] malign nuclei from

simple degenerative changes in benign cells [107].

Therefore, all these results seem to suggest RKIP as a good candidate to be a marker for

the differential diagnosis within benign leiomyoma and malign leiomyosarcoma. However,

further studies, analyzing a larger number of cases could validate and extend these findings

although it is not easy to find neither many samples of different histological types of benign

leiomyoma nor many samples of malign leiomyosarcoma due to their rarity [85, 86, 93, 96].

Martinho et al reported results very similar to these analyzing cervical cancer: high RKIP

protein levels in benign cervical lesions - cervicitis and squamous intraepithelial lesions (SIL)

- and the significant loss of RKIP expression in malign lesions (adenocarcinomas, squamous

cell carcinomas and adenosquamous carcinomas) [193]. The results obtained by Martinho

et al, confirmed the similar findings that had been previously reported by CJ et al that had

compared RKIP expression in benign SIL with malign cervical cancer lesions [194].

Loss of RKIP protein expression was reported in many studies for several tumor types such

as endometrial cancer [195], ovarian cancer in which it was reported also a correlation with

differentiation [196], thyroid carcinomas in which it was reported also a correlation with

metastasis [197], colorectal cancer in which it was reported also a correlation with

metastasis and recurrence of disease in stage II [180], esophageal cancer with [174, 198]

or without [175] correlations with tumor stage and presence of matastasis, extrahepatic bile

duct carcinoma in which it was reported also a correlation with lymphatic invasion and

presence of metastasis [199], gastric cancer with [178, 200-202] or without [177] correlations

with tumor size, metastasis, recurrence, clinical stage, histological differentiation, vascular

lymphatic and neuronal invasion, and depth of invasion, hepatocellular carcinoma [184, 203]

in which it was reported also a correlation with lack of encapsulation, differentiation, tumor

size and stage [184], NSCLC in which it was reported also a correlation with metastasis

[151], melanoma in which it was reported also a correlation with Clark staging [204],

nasopharyngeal carcinoma (NPC) in which it was reported also a correlation with

radioresistance and metastasis [205], pancreatic ductal adenocarcinoma in which it was

reported also a correlation with stage, presence of metastasis and Kirsten rat sarcoma viral

oncogen (KRAS) expression [186, 187] and renal cell carcinoma (RCC) in which it was

reported also a correlation with tumor grade and presence of metastasis [206].
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Conversely, other tumor types such as bladder cancer [207] and cholangiocarcinoma [208]

were reported to be high RKIP expressing tumor types. In particular, acute myeloid leukemia

(AML) [209], soft tissue sarcoma [210] and gliomas [189] were reported to show only 10–

18% of negative cases.

It is necessary to report that for some tumor types for which multiple studies have been

conducted, these did not always show concordant results. For instance, about GIST,

Martinho et al reported that 8.5% of the tumor tissues demonstrate RKIP negative

expression [182], while, Wang et al reported a 46% negativity [211]. The reason why

conflicting results were obtained may lie in the fact that different antibodies and dilutions

were used and also in the fact that different immunohistochemical protocols were adopted.

Beyond the reason, the important thing to keep in mind is that conflicting results could

contribute to hamper clear conclusions.

In light of all this, it would be very interesting in the future to increase the number of cases

so as to reinforce the fact that in this study it was found that the lesions belonging to the

histological variants of benign leiomyoma tend to be positive for RKIP and, conversely, the

lesions classified as malign leiomyosarcoma tend to be negative for RKIP.

For the time being, the purpose was to relate the loss of RKIP in malign leiomyosarcoma

with a possible biological significance behind this event.

In fact, the involvement of RKIP in the balance of many signal transduction pathways that in

turn regulate growth, motility, invasion and differentiation in cancer cells [139, 140, 145, 146,

158, 212], highlights the importance of functional studies to evaluate its role in tumors where

its expression is downregulated.

To understand the biological role of the loss of RKIP and of the overexpression of RKIP in

malign leiomyosarcoma, in vitro studies with the SK-LMS-1 leiomyosarcoma cell line were

performed. After a preliminary analysis about RKIP protein expression in SK-LMS-1 cells by

immunocytochemistry and subsequent western blot which revealed that SK-LMS-1 cells

express RKIP, transfection was performed to generate stable RKIP knockout SK-LMS-1

cells (KO cells) and stable RKIP overexpressing SK-LMS-1 cells (RKIP+ cells). It was

performed also the overexpression of RKIP in order to be able to study both opposite

features (RKIP knockout and RKIP overexpression) even if the not transfected cells already

showed a high expression of RKIP. In addition, it must be said that there currently no other

suitable leiomyosarcoma cell lines that can be used as a study model.

For knockout CRISPR/Cas9 technology was used and for overexpression a pcDNA3 vector

containing the full cDNA of RKIP was used.
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The confirmation that the transfection successfully occurred was obtained by western blot.

RKIP protein expression was impaired in KO cells if compared to CTR cells (obtained as

already described in the Materials and methods section) that represent the negative control.

On the other hand, RKIP protein expression was increased in RKIP+ cells if compared to

Empty cells (obtained as already described in the Materials and methods section) that

represent the negative control.

Subsequently, the cell viability, the migration and the ability to form colonies were analyzed

in KO cells that do not express RKIP and in RKIP+ cells that, on the contrary, overexpress

the RKIP by comparing them to their respective negative controls (CTR cells and Empty

cells) in which the expression of the RKIP was not modified.

These analyzes were carried out in order to establish whether RKIP plays a biological role

in leiomyosarcoma.

With the analyzes carried out, it was observed that there are no statistically significant

differences in the cell viability of KO cells when compared with CTR cells (used as negative

control) neither at the 0.5% FBS condition nor at the 10% FBS condition. Similarly, there are

no statistically significant differences in the cell viability of RKIP+ cells when compared with

Empty cells (used as a negative control) neither at the 0.5% FBS condition nor at the 10%

FBS condition.

Both the cells after the RKIP knockout, and the cells after the RKIP overexpression seem to

show a behavior similar to that of their respective negative controls (CTR cells and Empty

cells) in which the expression of the RKIP was not modified.

These data do not agree with the results obtained by other authors in some tumor types

such as cervical cancer [193] and gliomas [189], in which it was observed that the RKIP

decrease leads to a viability advantage in cells if compared to cells in which the expression

of the RKIP was not modified. In the cervical cancer, this advantage is due to a higher

proliferation [193], in gliomas this advantage is not due to proliferation [189].

In the present study, it was also observed that there are no statistically significant differences

regarding the migration of KO cells when compared with CTR cells (used as negative

control) neither at the 0.5% FBS condition nor at the 10% FBS condition. Similarly, it was

observed that there are no statistically significant differences in migration of RKIP+ cells

when compared with Empty cells (used as negative control) neither at the 0.5% FBS

condition nor at the 10% FBS condition.

Both the cells after RKIP knockout and the cells after RKIP overexpression seem to show a

behavior similar to that of their respective negative controls (CTR and EMPTY) in which the
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expression of the RKIP was not modified.

These results are in contrast with those obtained by other authors in other tumor types such

as cervical cancer [193], gliomas [189, 213], melanoma [214], NSCLC [151], gastric cancer

[215] and pancreatic ductal adenocarcinoma [187]. In fact, Martinho et al observed that the

RKIP knockdown gives the cervical cancer cells a higher migratory capacity [193] in

accordance with the results previously obtained also in gliomas cells [189]. About gliomas,

also Lei et al reported that RKIP knockdown increases cellular migration and that, on the

other hand, RKIP overexpression could inhibit cellular migration [213]. The results obtained

by Lei et al, in turn, are similar to those obtained by Zhou et al analyzing the effects of RKIP

downregulation and RKIP overexpression in melanoma cells [214]. Wang et al observed

that RKIP overexpression decreases cellular migration in NSCLC cells [151].

Not only by acting directly on the downregulation or overexpression of RKIP, but also by

acting on other molecules that, in turn, are involved in the regulation of the expression of

RKIP, similar results have been obtained regarding the cellular migration of some tumors.

In fact, Li et al reported that acting on the B cell – specific Moloney murine leukemia virus

integration site 1 (Bmi-1)/miR-27a and miR-155 axis, because of the Bmi-1 knockdown, the

RKIP expression is not inhibited and the cellular migration is inhibited in gastric cancer cells

[215]. On the other hand, because of the upregulation of miR-27a and

miR-155, the RKIP expression is inhibited and the cellular migration is increased in gastric

cancer cells [215]. Yang et al, acting on KRAS and RKIP whose expressions are inversely

related in PDAC, demonstrated also that KRAS knockdown inhibits the cellular migration

and that conversely, RKIP knockdown increases the cellular migration. Moreover, they

observed that the RKIP knockdown mitigates the KRAS knockdown and all this leads to an

increase of the cellular migration in PDAC [187].

Conversely, in the present study, it was not observed any RKIP effect on the migration of

the leiomyosarcoma cells. Anyway, it is necessary to bear in mind that, as testified by the

above mentioned studies, there are many molecules and related pathways that may affect

cell viability and cell migration beyond the RKIP signaling, also depending on the different

cellular type and tumor.

On the other hand, the most interesting result obtained in the present study is that it was

shown that there are statistically significant differences in the ability to form colonies

exhibited by the cells after RKIP knockout when compared with CTR cells (used as a

negative control).
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Therefore, RKIP knockout cells seem to show a greater ability to form colonies when

compared with their negative control CTR cells in which the expression of RKIP was not

modified.

These data are in accordance with those obtained by Martinho et al after RKIP knockdown

in cervical cancer cell lines [193].

In addition, these data agree with those of Li et al who obtained similar results about RKIP

effect on the ability to form colonies exhibited by the gastric cancer cell lines after the

knockdown of Bmi-1 [215] whose expression was shown to be inversely associated with

RKIP expression in gastric cancers [201].

Moreover, in the present study it was also noticed that RKIP+ cells that overexpress the

RKIP seem to tend towards a diminished ability to form colonies when compared with the

Empty cells (used as negative control) in which the expression of the RKIP was not modified,

even if the difference is not statistically significant. Anyway, this result agrees with the

studies reported by Wang et al who reported that RKIP overexpression inhibits the number

and size of colonies in a NSCLC cell line [216]. The particular importance of the results

obtained in the present study regarding the ability of leiomyosarcoma cells to form colonies

is due precisely to the relevance of the technique used to obtain them: the clonogenicity

assay. In fact, this in vitro cell survival test assesses the ability of single cells to survive and

reproduce to form colonies [217].

The formation of clones is interpreted as a trait of cancer cells with tumor-initiating

capabilities. In this way, the clonogenicity assay is a standard tool in cancer research to

evaluate cellular growth and it may be fundamental in order to study the malignancy of

tumors as well as the mechanisms underlying the onset of the metastasis that is a distinctive

feature of the leiomyosarcoma [71, 72].

Hence, the findings regarding the clonogenicity of leiomyosarcoma cells after RKIP knockout

and RKIP overexpression suggest that RKIP plays a biological role in leiomyosarcoma cells.

Therefore, considering what has been said and the results of the in vitro experiments

obtained in the present study, it seems that RKIP does not play a fundamental role in the

cellular viability and in the cellular migration in leiomyosarcoma, but, more importantly, it

was also observed that RKIP downregulation seems to favor the clonogenicity in the

leiomyosarcoma.
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5. CONCLUSIONS

In conclusion, the obtained results by immunohistochemistry seem to suggest that there

could be a RKIP loss in the malign leiomyosarcoma and that this may have a significance in

the malignant progression and in the clinical outcome of leiomyosarcoma.

Although following in vitro assays, it was observed that RKIP downregulation does not seem

to play a fundamental role in the cellular viability and in the cellular migration in the malign

leiomyosarcoma, it was also observed that RKIP downregulation seems to favor the

clonogenicity in the malign leiomyosarcoma.

In addition to this, it must be considered that although some malign leiomyosarcoma tissues

were found to be positive for RKIP expression, this positivity was detected only at the

endothelial level.

Altogether these results suggest that RKIP may be a candidate to be considered as an

additional marker for the differential analysis to help discriminating with greater certainty

whether a histological preparation that seems to exhibit the features of a benign leiomyoma

with bizarre nuclei, is not, actually a malign lesion. Anyway, the data need to be further

validated. This, in particular, because it is evident that the number of cases used for RKIP

immunohistochemistry is limited to meaningful statistical conclusions. Nevertheless, it is

important to bear in mind that the low number of cases that it has been possible to study is

due to the fact that, fortunately, both the malign leiomyosarcoma and the histological

variants of benign leiomyoma are very rare pathologies.

Therefore, it is necessary to underline that, in the largest series studied so for, the results

obtained in this study should be proposed as a starting point for further researches. In fact,

since it was observed that, at the morphological level, the benign lesions show the tendency

to be positive for RKIP and that, conversely, the malign lesions show the tendency to be

negative for RKIP, together with the fact that, in vitro, the RKIP loss seems to favor the

clonogenicity in the leiomyosarcoma, can lead to important findings in order to be able to

consider RKIP a reliable marker in all respects.
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Abstract: Uterine fibroids represent the most common benign tumors of the uterus. They are

considered a typical fibrotic disorder. In fact, the extracellular matrix (ECM) proteins—above all,

collagen 1A1, fibronectin and versican—are upregulated in this pathology. The uterine fibroids

etiology has not yet been clarified, and this represents an important matter about their resolution. A

model has been proposed according to which the formation of an altered ECM could be the result

of an excessive wound healing, in turn driven by a dysregulated inflammation process. A lot of

molecules act in the complex inflammatory response. Macrophages have a great flexibility since

they can assume different phenotypes leading to the tissue repair process. The dysregulation of

macrophage proliferation, accumulation and infiltration could lead to an uncontrolled tissue repair

and to the consequent pathological fibrosis. In addition, molecules such as monocyte chemoattractant

protein-1 (MCP-1), granulocyte macrophage-colony-stimulating factor (GM-CSF), transforming

growth factor-beta (TGF-β), activin A and tumor necrosis factor-alfa (TNF-α) were demonstrated to

play an important role in the macrophage action within the uncontrolled tissue repair that contributes

to the pathological fibrosis that represents a typical feature of the uterine fibroids.

Keywords: uterine fibroids; ECM; inflammatory process; tissue repair; macrophages; pathological fibrosis

1. Uterine Leiomyoma: A Typical Fibrotic Pathology

Uterine leiomyomas (leiomyomas, myomas, uterine fibroids, fibroids) are the most
common benign tumors of the uterus. The perimetrium constitutes the more external
layer of the uterus; it equals the peritoneum and is surrounded by a thin connective tissue
layer. The perimetrium resembles a typical serosa/adventitia layer. The endometrium
constitutes the more internal layer. It is formed by a simple columnar epithelium and
contains numerous tubular glands. In addition, a cell-dense connective tissue layer can be
individuated at the level of this structure. Finally, a transition to squamous non-keratinized
epithelium at the portio (squamocolumnar junction) can be appreciated. Functionally,
the endometrium can be divided into two sublayers: the so-called stratum basale, which
represents the basal layer, and the so-called stratum functionale, which is the real functional
layer. The endometrium resembles a typical mucosa layer. Finally, the myometrium
constitutes the intermediate layer between the perimetrium and the endometrium and
represents the muscularis structure of the uterus. The uterine musculature shows properly
the typical characteristics of the smooth muscle tissue. More precisely, the myometrium
is composed of three smooth muscle layers: the subvascular layer, which is quite thin;
the vascular layer, which is rather strong and well-perfused; and the supravascular layer,
which is composed of a complex of crossing muscle fibers. The subvascular layer is
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mainly involved in the separation of the endometrium during the menstrual cycle. The
vascular layer runs around the uterus and, in doing this, it forms a kind of net for the
perfusion of the tissue. It plays a major role during labor within the complex mechanism
that regulates the uterine contractions during the partum [1]. The supravascular, with its
muscle fibers, stabilizes the uterine wall [2,3]. The cells of the myometrium can transform
themselves into uterine leiomyoma cells. So, the uterine leiomyoma is a pathology that
involves, in detail, the myometrium. The uterine fibroids incidence in reproductive age
women is approximately 60%, and if we consider black women, this percentage reaches
80% [4]. The symptomatology of uterine fibroids is very heavy. One of the most relevant
clinical symptoms is prolonged or heavy menstrual bleeding. In addition, the irregular and
excessive bleeding often experienced by the women affected by uterine leiomyomas, a lot
of times, leads to anemia. Other symptoms of the uterine fibroids are represented by pelvic
pain or pressure, pain at the level of the back of the legs, a pressure sensation at the level
of the lower part of abdomen, bowel and bladder dysfunctions and pain during sexual
intercourse.

In addition to all these physical ailments, uterine leiomyomas may also impact the
pregnancy outcome. Depending on their position, size and number, uterine leiomyomas
can be a cause of infertility and recurrent miscarriage [5–9]. Although uterine leiomyomas
are not malignant tumors, they can cause significant morbidity. Thus, this pathology
represents one of the most important public health problems worldwide [10]. This fact
becomes also more relevant if we bear in mind that, at the moment, no long-term medical
treatments are available for fibroids resolution [11].

Considering the role played by estrogens and progesterone in the leiomyoma growth [11,12],
for the treatment of uterine fibroids, the U.S. Food and Drug Administration (FDA) ap-
proved leuprolide acetate, which is a gonadotropin-releasing hormone analog. However,
these kinds of molecules, in particular in young women, can provoke several side ef-
fects, above all, a hypogonadal state; this is the reason why the duration of therapy is
currently limited. Uterine leiomyomas usually start to grow again after breaking off
the treatment [13,14]. Nevertheless, it was demonstrated that leuprolide acetate can be
effectively used in order to decrease the volume of the uterine fibroids with improved
fibroid-related symptoms. [15–17]. Of the treatments that have been studied up to now, the
focus has above all been on those belonging to two categories: antiprogestin and selective
progesterone receptor modulators (SPRMs). Thus, clinical trial results suggested mifepris-
tone, which is an antiprogestinic molecule [18], and asoprisnil [19] and telapristone acetate
(CDB-4124) [20], both belonging to the SPRMs category, as candidate therapeutic drugs
against uterine fibroids (https://clinicaltrials.gov accessed on 7 April 2021). In particular,
17a-acetoxy-11b-(4-N,N-dimethylaminophenyl)-19-norpregna-4,9-diene-3,20-dione, also
referred to as CDB-2914 and ulipristal acetate (UPA) [21–24], is an SPRM molecule, and
it is very interesting to study because of the high affinity that it has shown in binding
progesterone receptor isoforms A and B [25,26].

Currently, in the international literature, there is a debate about the usefulness and
safety of the use of UPA [27].

A few years ago, we demonstrated that UPA can exert a downregulation effect at
the level of the mRNA of activin A, a pro-fibrotic factor for leiomyoma. The UPA causes
a similar impairing effect also on follistatin (FST), activin receptor type II (ActRIIB) and
activin receptor-like kinase 4 (ALK4) mRNAs [28]. All these molecules together represent
the activin pathway and these results consider activin A and its receptors as UPA targets
and at the same time reinforce the validity of UPA as a treatment for uterine fibroids.

In 2012, the European Medicines Agency (EMA) approved the clinical use of UPA
5 mg, sold under the trade name Esmya (or generic medicines), but limited it to a three-
month period and pre-surgery. However, in 2018, other limitations occurred since cases of
severe liver toxicity had been reported. Following cases of liver damage that even required
transplantation, in November 2020, the EMA recommended limiting the prescription of
UPA 5 mg (Esmya or generic medicines) as much as possible. So, currently, Esmya and
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generic medicines containing UPA 5 mg are only allowed to treat uterine fibroids in pre-
menopausal women for whom surgical procedures (including uterine fibroid embolisation)
are not appropriate or have not worked. On the other hand, these medicines must not be
used for controlling the symptoms of uterine fibroids in the pre-surgical phase. Besides,
it had already been demonstrated that in the women that had been pre-surgically treated
with UPA, the myomas appeared softer and showed less clear cleavage planes. So, the
result was that it was less easy to enucleate if compared to the enucleation modalities of
the myomas belonging to women not pre-surgically treated with UPA [29]. In addition
to all this, after the patients stop taking the UPA, leiomyomas revert [30,31]. Nowadays,
hysterectomy remains the definitive treatment against uterine fibroids. In fact, at the
moment, uterine leiomyomas represent the most common indication for hysterectomy in
the world. However, it represents itself an additional problem concerning uterine fibroids
and also the less invasive myomectomy leads to a serious postoperative morbidity [32,33].
Hysterectomy exerts also a very significant economic impact on the healthcare system all
over the world, reaching an amount almost equal to $2.2 billion/year for the United States
of America alone [34].

According to their anatomical location, uterine fibroids can be classified into three
different types: submucosal fibroids, intramural fibroids and subserosal fibroids [35].

Uterine fibroids present themselves as solid, rounded masses, with an inhomogeneous
eco-structure [36].

From a histological point of view, uterine fibroids can be classified into different types:
usual leiomyoma, cellular leiomyoma that shows increased cellularity [37], lipoleiomyoma
that exhibits adipocytes [38], apoplectic leiomyoma that shows stellate zones of recent
hemorrhage [39] and rare, bizarre leiomyoma [40,41]. Among them, the usual leiomyoma
is the most common histological variant with an incidence equal to approximately 94%
and it is what is commonly referred to as a leiomyoma unless otherwise specified.

Usual leiomyomas are the ones considered a fibrotic disorder [42,43].
The leiomyomas were described as typical fibrotic tissues because they exhibit the up-

regulation of the extracellular matrix (ECM) proteins—above all, collagen 1A1, fibronectin
and versican [44]. In particular, numerous authors showed that the uterine fibroids contain
approximately 50% more ECM than the corresponding myometrium [45–49]. In addition,
the ECM was suggested to represent a reservoir for growth factors, cytokines, chemokines,
angiogenic and inflammatory response mediators, and proteases [43,50–53], which are
all molecules thought to be involved in the initiation and development of the uterine
fibroids [11].

In this regard, a very important matter about uterine fibroids is that their etiopatho-
genesis has not yet been clarified [53].

Nowadays, some major risk factors associated with the uterine leiomyomas are known
and, among them, the following are the most important ones: early menarche, nulliparity,
age (meaning late reproductive years), polycystic ovary syndrome, diabetes, hypertension,
obesity, and heredity [10,50,54]. In addition to this, since black women have a high inci-
dence rate of uterine leiomyomas [4], ethnicity may also be considered as a potential risk
factor for this pathology.

Of the most important factors involved in the pathogenesis of uterine leiomyoma, in
the literature, it has been reported that chromosomal abnormalities, both at the level of
alterations of karyotypic character and at the level of alterations of cytogenetic character,
are present in about 50% of leiomyomas [55–57]. In addition, in the leiomyomas, the
chromosomes 2, 3, 6, 7, 8, 10, 11, 12, 13, 14 and 22 were demonstrated to present genetic
alterations with the genes MED12, HMGA2, HMGA1, FH, BHD, TSC2, PCOLCE, ORC5L,
and LHFPL3 supposed to be mutated in some way [50,58–66]. Mutations at the level of
these genes and, in particular, MED12 mutation, FH inactivation and HMGA2 overexpres-
sion, as well as COL4A6-COL4A5 deletion were confirmed also by studies based on the
modern high-throughput sequencing techniques [67].
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Furthermore, as well as genetic factors, molecules and cellular events belonging to
typical epigenetic pathways, such as several microRNAs, DNA methylation and histone
modification, have also been described to be involved in leiomyomas [68–71]. In particular,
uterine leiomyomas have been shown to present a dysregulation about a lot of different
microRNAs and, among them also let7, miR-21, miR-93, miR-106b, and miR-200 and their
predicted target genes. In addition, the same type of dysregulation has not been found
in the healthy myometrium [68,72–78]. In addition, other potential gene-markers for the
uterine leiomyoma can be provided through the use of gene set enrichment analysis [79].

Moreover, it has been clearly highlighted that estrogens and progesterone, the most
important female hormones, as well as their correspondent receptors, exert a very relevant
effect on uterine leiomyoma growth, and it was shown that, in doing this, the action of these
molecules undergoes the mediation of other molecules such as growth factors, cytokines,
and chemokines [11,80]. Sometimes, in the postmenopausal period, women need hormone
replacement treatment (HRT) based on estrogens and progesterone in order to cope with
some of the typical menopausal symptoms. So, also in postmenopausal women affected
by uterine leiomyoma, estrogens and progesterone due to HRT can exert an important
effect on uterine leiomyoma growth. For this reason, the use of these hormones should be
limited [81].

Epidermal growth factor (EGF), heparin-binding epidermal growth factor (HB-EGF),
platelet-derived growth factor (PDGF), insulin-like growth factor (IGF), transforming
growth factor-alfa (TGF-α), transforming growth factor-beta (TGF-β), vascular endothe-
lial growth factor (VEGF), acidic fibroblast growth factor (acidic-FGF), basic fibroblast
growth factor (basic-FGF), activin and myostatin are the most important growth factors
that mediate the estrogens and progesterone action within the uterine leiomyoma physi-
ology [54,80,82–84]. In addition to this, interleukin (IL)-1, IL-6, IL-11, IL-13, IL-15, tumor
necrosis factor-alfa (TNF-α), granulocyte macrophage-colony-stimulating factor (GM-CSF)
and erythropoietin (EPO) are all cytokines that interact with estrogens and progesterone,
playing an important role in uterine leiomyoma growth [85–88]. Additionally, chemokines,
with their receptors and in particular, macrophage inflammatory protein (MIP)-1α, MIP-1β,
regulated on activation normal T cell expression and presumably secreted (RANTES),
Eotaxin, Eotaxin-2, IL-8, chemokine CC-motif receptor (CCR) 1, CCR3, CCR5, C-X-C
chemokine receptor (CXCR) 1, CXCR2 and monocyte chemoattractant protein-1 (MCP-1)
stimulate the uterine leiomyoma growth after the interaction with estrogens and proges-
terone [88,89].

So, not only were growth factors [54,80,82], cytokines [11], chemokines [89], inflamma-
tory response mediators [90], proteases [43,91–93] and the ECM, in particular as a reservoir
of these molecules [43,50–52], shown to represent important actors in the establishment
and in the growth of uterine fibroids [11], but also genetic alterations [50,55,64,94,95] and
epigenetic mechanisms [69,70] as well as estrogens [96,97] and progesterone [97–104] can
be considered as promoters of fibroid growth (Figure 1).

So far, we have discussed the anatomical environment and the histological features
of the uterine fibroids as well as their incidence, their heavy symptoms, the available
treatments and those still under study, the risk factors and also what is known about their
pathogenesis. In this review, we will continue the discussion, thoroughly summarizing the
role of the inflammatory process in uterine fibroid development and growth with particular
regard towards the importance of the macrophages and the immune response in the uterine
fibroids, trying to contribute to shed light on their etiopathogenesis.

The inflammatory process seems to have a noteworthy role in the establishment of the
uterine fibroids [105]. In fact, we have just mentioned that the leiomyomas were described
as typical fibrotic tissues [44] with a great deal of ECM [45–48].

In general, the fibrotic response arises from the recruitment of inflammatory cells such
as monocytes and macrophages by means of inflammatory signals into the site of injury in
every tissue and the consequent activation of fibroblasts that start producing collagen [106].
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Figure 1. Illustration of the promoters of fibroid growth. The blue net represents the typical extracellular matrix (ECM)

proteins: collagen 1A1, fibronectin and versican. The abundant ECM in uterine fibroids (approximately 50% more than the

corresponding myometrium) was suggested to represent a reservoir for the other promoters of fibroid growth.

These fibroblasts are usually activated by inflammatory signals and they differentiate
into myofibroblasts. They head the ECM turnover [107], leading to tissue homeostasis
restoration [108,109]. A dysregulation in the myofibroblasts action can generate pathologi-
cal fibrosis [106]. In fertile women, transient inflammation is a physiological and important
process for the correct achievement of menstruation, ovulation, and parturition. An altered
response can produce chronic inflammation in the uterus, ultimately leading to dysregu-
lated tissue repair [90]. In particular, about leiomyoma development and growth, Leppert
and her group suggested a model according to which, after a tissue injury, an abnormal
response to tissue repair could occur, leading to disordered healing [42]. In a leiomyoma,
smooth muscle cells, as well as fibroblasts or stem cells, can gain a myofibroblastic pheno-
type. In a dysregulated process, after myofibroblast transformation, the myofibroblasts
cannot undergo apoptosis with the consequent formation of an altered ECM [30], which is
a distinctive trait of the leiomyomas [44–48]. About this, it was noticed that fibroids exhibit
a remarkable similarity to keloids, especially because of the disordered appearance of ECM
and dysregulation of many genes in the ECM. In fact, microarray experiments have shown
that fibroids possess gene features that resemble keloids [42]. So, fibroids could represent
a disorder of wound healing and could arise in response to dysregulated extracellular
signals as well as keloids [42]. Additionally, myomectomy and caesarean section, which
have already been demonstrated to be causes of uterine rupture, may themselves represent
a kind of damage followed by a wound healing response. In women showing disordered
extracellular signals because of these alterations, a fibroid may develop [110].

2. The Role of Macrophages in Tissue Repair and Fibrosis in Several Organs

Although a lot of different cellular types such as fibroblasts, epithelial cells, endothelial
cells, stem cells, neutrophils, innate lymphoid cells (ILCs), NK cells, B cells and T cells join to
the complex inflammatory response that leads to tissue repair [109], macrophages develop
a key regulatory role in every stage that characterizes the tissue repair and fibrosis [111].
This capability could be due to the macrophages’ highly flexible programming [112]. In
fact, within the injured tissue, the macrophages can be found in several different pheno-
typic states, and this flexibility allows them to perform many functions beginning from
the promotion and resolution of inflammation, including the removal of apoptotic cells,
up to the support of cell proliferation following injury [113]. After tissue injury, through
chemokine gradients and some different adhesion molecules, a lot of inflammatory mono-
cytes and macrophage precursors are recalled from the bone marrow to the injured site.
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These recruited cells outnumber the resident tissue macrophages [114,115]. At this point,
the release in the local tissue microenvironment of cytokines and growth factors represents
the signal for the proliferation of both the recruited and resident macrophages [116,117]. In
addition, in response to these signals, the macrophages also change their aspect in order
to develop their functions [116,117]. In this way, macrophages assume the phenotype
that could be called “pro-inflammatory macrophages” and so they can lead the initial
phase of the response to injury since they represent an important source of chemokines,
matrix metalloproteinases and other inflammatory mediators such as TNF-α [111]. The
inflammatory process in response to injury goes on because of the macrophages’ high
flexibility [112]. In fact, they assume the phenotype that could be called "wound healing
macrophages", which are specialized in the production and consequent secretion of several
growth factors such as PDGF, transforming growth factor-beta 1 (TGF-β1), insulin-like
growth factor-1 (IGF-1) and vascular endothelial growth factor-alfa (VEGF-α) [118–122].
These molecules stimulate cell proliferation and angiogenesis [118–122]. In addition, under
the effect of the soluble mediators produced by the wound healing macrophages, local and
recruited tissue fibroblasts are induced to differentiate into myofibroblasts that drive the
wound contraction and closure especially through the synthesis of extracellular matrix com-
ponents [123] such as collagen 1A1, fibronectin and versican. Wound healing macrophages
develop their regulatory role [111] also towards neighboring parenchymal and stromal cells’
proliferation and expansion, and they can recruit additional stem cell and local progenitor
cell populations in order to make them join to tissue repair in case of severe injury. At
this point, the macrophages again change their aspect, gaining another phenotype, which
can be called "anti-inflammatory macrophages" [124]. Anti-inflammatory macrophages act
in response to several inhibitory mediators such as IL-10 and in turn they release a wide
range of anti-inflammatory mediators such as IL-10 and TGF-β1 and show as cell surface
receptors the proteins programmed death-ligand 1 (PD-L1) and programmed death-ligand
2 (PD-L2), which represent the principal molecules involved in the immune system sup-
pression and in the resolution of the inflammation [125–128] (Figure 2). Therefore, wound
healing is a process that must be tightly regulated, otherwise it may lead to the formation
of chronic wounds that in turn may facilitate the development of pathological fibrosis [129].
The macrophages, with their great flexibility that allows them to adopt different pheno-
types [112,113], could play a unique, important and critical role at each stage of the wound
healing, from the initiation and maintenance up to the resolution of the tissue repair pro-
cess. Different studies have highlighted the macrophages’ great flexibility. In the literature,
this plasticity is often reported as the M1/M2 dichotomy of macrophages. It describes
the different macrophage subtypes that are involved in the tissue repair process. The
M1/M2 dichotomy describes the macrophage subsets showing the M1 subtypes expressing
higher levels of several pro-inflammatory cytokines, such as TNF-α and interleukin-1 beta
(IL-1β) and the M2 subtypes expressing increased levels of anti-inflammatory cytokines,
such as IL-10 and TGF-β [130–132]. Even if this is a widespread nomenclature, it is now
thought that the M1/M2 dichotomy is not sufficient at all to describe the several differ-
ent phenotypes and functions of macrophages in vivo [133], also because both M1 and
M2 markers can often be expressed at the same time [134]. In addition to this, studies
about tissue repair in skeletal muscle showed that in vivo macrophage activation signaling
pathways do not correspond to in vitro M1/M2 ones. Among them, for example, we can
mention the signal transducer and activator of transcription 1 (STAT1)/interferon gamma
(IFN-γ) receptor [135], canonical M2 markers induced by IL-4 [135], the transducer and
activator of transcription 6 (STAT6) in IL-4 signaling [136], the IL-4/IL-13 signaling [137],
and last but not least, hypoxia-inducible factors (HIFs) in M1/M2 gene expression [138]
and in macrophage accumulation [139] pathways. Therefore, it can be affirmed the M1/M2
macrophage dichotomy was conceived by studying macrophages in culture and it is not
suitable in order to describe macrophages in vivo straightforward [140]. The most note-
worthy concept we have to focus on is that both definitions of M1/M2 macrophages and
pro-inflammatory/wound healing/anti-inflammatory macrophages agree with the fact
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that macrophages have a great flexibility so that they can assume several different phe-
notypes [112,113], and this capability may enable them to lead the tissue repair process.
Indeed, something dysregulated such as macrophage proliferation, accumulation and infil-
tration, within the reported macrophage action could lead to uncontrolled repair tissue and
to the consequent pathological fibrosis. Several studies have been carried out in order to
characterize the macrophages’ behavior within the initiation, maintenance and resolution
of the tightly regulated wound healing response in different organs.

Figure 2. Illustration of the role of the macrophages and their highly flexible programming in tissue repair and fibrosis in

several organs. Macrophages, because of their high flexibility, can play a key regulatory role in every stage that characterizes

the tissue repair and fibrosis from the promotion to the resolution of the inflammation leading to the wound closure.

The figure shows the principal events and principal molecules: chemokines, Matrix metalloproteinases, tumor necrosis

factor-alfa (TNF-α), platelet-derived growth factor (PDGF), transforming growth factor-beta 1 (TGF-β1), insulin-like growth

factor-1 (IGF-1), vascular endothelial growth factor-alfa (VEGF-α), programmed death-ligand 1 (PD-L1) and programmed

death-ligand 2 (PD-L2), interleukin-10 (IL-10) involved in the process, highlighting the different phenotypic states that

the macrophages can assume in the process. The blue net represents the extracellular matrix (ECM) that is produced by

myofibroblasts after that fibroblasts or other cellular types differentiated into them.

3. Macrophages in Uterine Fibroids

As it has been mentioned before, inflammation plays an important role in the patho-
physiology of the uterine leiomyoma [105], which was defined as a typical fibrotic tis-
sue [42,43].

Several studies have highlighted the involvement and importance of the macrophages
in the inflammation and consequent fibrosis that are typical features of leiomyoma tis-
sue [42–48,89,90,105,106].

Through the use of the glycosylated transmembrane glycoprotein antigen (CD68)
that belongs to a family of lysosomal granules [141] as a marker of mature and activated
macrophages, Miura et al. studied the macrophages’ infiltration in different types of uterine
leiomyomas. They demonstrated the myoma nodules and the autologous endometrium of
the submucosal myomas (SMM) and intramural myomas (IMM) show a higher level of
macrophage infiltration compared to the corresponding tissues of the subserosal myomas
(SSM) or to the eutopic endometrium belonging to women without uterine myomas used as
a control [142]. In addition to this, the authors showed a similar pattern also for the MCP-1
concentration. Moreover, MCP-1 concentration was shown to be positively correlated with
the macrophage infiltration in SMM and IMM myoma nodules and endometrium [142]. So,
the overproduction of MCP-1, which is one of the most important chemokines involved in
the monocytes’/macrophages’ migration and infiltration [143], may represent the cause
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of the macrophages’ infiltration in women with SMM and IMM, and this accumulation
of inflammatory macrophages could lead to a negative effect on reproductive outcomes
in women with SMM or IMM [142]. Anyway, the increased infiltration and accumula-
tion of macrophages within some subtypes of fibroid tissue may represent proof of the
macrophages’ importance within leiomyoma pathology.

In support of all this, Khan and colleagues demonstrated that endometria belonging
to women with uterine fibroids undergoing gonadotrophin-releasing hormone agonist
(GnRHa) therapy exhibited decreased values of macrophage infiltration and MCP-1 levels
when compared to corresponding values of macrophage infiltration and MCP-1 levels in
endometria belonging to women with uterine fibroids that had not undergone GnRHa
therapy [144].

On the other hand, a previous study conducted by Sozen highlighted that the my-
ometrium of the women with uterine fibroids taking GnRHa and in particular the en-
dothelial cells of blood vessels in myometrial tissues surrounding the leiomyoma show
higher MCP-1 levels than the myometrium of the women with uterine fibroids not tak-
ing GnRHa [145]. This difference was not accompanied by a significant difference in the
number of tissue macrophages between women who had undergone GnRHa therapy and
women who had not undergone GnRHa therapy [145]. In this study, Sozen and colleagues
expected to detect a macrophage infiltration increase following the MCP-1 increase because
of the GnRHa use, but these results were disproved [145]. It is known that the uterus after
GnRHa exposition shows a reduced arterial blood flow [146,147] and this may impair the
macrophage accumulation, representing the explanation for why a macrophage infiltration
increase does not accompany the MCP-1 increase in the myometrium of the women with
uterine fibroids taking GnRHa [145].

In addition, estrogens and progesterone, which are recognized to be important pro-
moters of the leiomyoma growth [96–104], impair MCP-1 expression [89].

Therefore, the discrepancy between the results obtained by Khan [144] and the results
obtained by Sozen [145] may be due to the use of different tissue types or to the difference
in tissue specificity and number of analyzed samples. The most important point to focus
on is that within the complex network of molecules that are involved in the leiomyomas’
development and growth, MCP-1 can also carry out an important role, taking part in the
regulation of the macrophage infiltration. The MCP-1 regulatory action on macrophage
infiltration may in turn be important for the development of the uterine fibroids. In
addition to this, the cited studies about GnRHa, which is known to be commonly used
for the treatment of uterine myomas, testify in any case that macrophages represent an
aspect to be taken into consideration for the treatment and further clarification of the
etiopathogenesis of uterine fibroids.

In addition, Kitaya and Yasuo have provided further evidence of the involvement
and importance of the macrophages in the pathology of uterine fibroids. They analyzed
the leukocyte density and composition in the human cycling endometrium in women
affected by uterine fibroids. By immunohistochemical analysis, the authors compared en-
dometrium with neighboring nodules with autologous endometrium without neighboring
nodules and with allogeneic endometrium belonging to women without uterine fibroids.
In particular, the macrophage (CD68 positive cells) density is significantly higher in the
endometrium close to the leiomyoma nodules compared to the autologous endometrium
far from the leiomyoma, as well as compared to the allogenic endometrium of women
without uterine fibroids in the mid-to-late secretory phase [148]. The authors reported also
that the endometrium far from the leiomyoma nodules had more macrophages than the
endometrium of women without uterine fibroids in the proliferative and late secretory
phase [148].

In addition, according to the results obtained by Miura et al. [142], the authors high-
lighted that the macrophage density is significantly higher in SMM than in IMM and
SSM [148].
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In addition, Kitaya and Yasuo showed that the whole stromal pan-leukocyte density
is altered in the endometrium containing neighboring nodules of the women affected by
uterine fibroids. Above all, they highlighted that the increased stromal pan-leukocyte
density in endometrium with neighboring nodules during the proliferative phase is largely
due to the increased macrophage density [148]. These findings testify once again that
macrophages represent a very important aspect within the pathology of uterine fibroids.

Another aspect that is important to highlight about the involvement of the macrophages
in uterine fibroids is the GM-CSF expression in leiomyoma and in myometrium. In fact,
this cytokine represents the most important growth factor for macrophage proliferation,
differentiation and functional activation [149].

In addition to this, GM-CSF has been demonstrated to determine the fibrotic reaction
in several tissues [150–154]. In particular, thinking about the association between the over-
expression of TGF-β and the establishment of tissue fibrosis through the stimulation of the
conversion of fibroblasts into myofibroblasts in various sites throughout the body [155–157],
GM-CSF has been shown to be involved in a fibrotic process that includes the accumulation
of α smooth muscle actin-rich myofibroblasts through a mechanism involving TGF-β ex-
pression [150–154,157]. In addition, bearing in mind that it was demonstrated that TGF-β
synthesis and release are increased in uterine fibroids [158], all of this makes GM-CSF one
of the most important cytokines that may be able to play a key role in the initiation and
maintenance of uterine leiomyoma, which is a typical fibrotic disorder [44].

In addition, since GM-CSF is considered to be the most important growth factor for
macrophage proliferation, differentiation and functional activation [149], we could think
that GM-CSF action and macrophage infiltration as they have been previously described
could be interconnected within the development of the uterine fibroid pathology.

Considering the relationship between macrophages and uterine fibroids development,
it is relevant that TGF-β is involved in tissue fibrosis in several sites throughout the
body [155,156], is overexpressed in leiomyomas [158], and at the same time is the most
important growth factor produced by macrophages [159]. In addition, TGF-β contributes
to myofibroblast transformation [159], which represents another important aspect leading
to the development of uterine fibroids [42,53].

It is very important to highlight that macrophages secrete not only TGF-β, which
plays a key role in the progression of the fibrosis [159], but also produce activin A, an
immunoregulator belonging to the TGF-β family [160]. Our group showed that, in pri-
mary leiomyoma cells, activin A acts as a pro-fibrotic factor leading to the expression of
ECM proteins [161] that are upregulated in leiomyoma [44]. In addition to this, we later
demonstrated in leiomyoma that activin A mRNA expression is upregulated by TNF-α [53]
according to the literature, where the same effect is reported also in human bone marrow
stromal cells and monocytes, human bone marrow stromal cell lines, cultured fibroblasts
and keratinocytes [162–165]. The most remarkable aspect about activin A upregulation by
TNF-α is that TNF-α is also mainly produced by macrophages [166] (Figure 3).

Studying leiomyomas, we found, according to the other results reported in this paper,
that macrophage infiltration inside the leiomyoma is significantly higher compared with
autologous myometrium more than 1.5 cm from the leiomyoma [53]. More precisely, by
CD68 staining, our group found that macrophages predominantly localize inside leiomy-
oma and in the myometrium tissue next to leiomyoma. On the contrary, autologous distant
myometrium showed low levels of CD68-positive macrophages [53] (Figure 4a,b). So, these
findings highlight unequivocally the importance of inflammation, and above all, the key
role of the macrophages in the development and growth of uterine fibroids.
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Figure 3. Illustration of the macrophages’ (yellow in the figure) role in uterine fibroids. Monocyte chemoattractant protein-1

(MCP-1) takes part in the regulation of the macrophages’ infiltration. The granulocyte macrophage-colony-stimulating factor

(GM-CSF) is considered the most important growth factor for macrophage proliferation. GM-CSF can establish regulatory

interactions with the transforming growth factor-beta (TGF-β), which was shown to be the most important growth factor

secreted by macrophages. In uterine fibroids, TGF-β is overexpressed and it contributes to myofibroblast differentiation.

Macrophages also secrete activin A, an immuno-regulator belonging to the TGF-β family. Activin A develops a pro-fibrotic

action leading to the expression of the extracellular matrix (ECM) proteins (represented by the blue net in the figure),

which are overexpressed in uterine fibroids. Activin A mRNA expression in uterine fibroids is upregulated by the tumor

necrosis factor-alfa (TNF-α), an inflammatory mediator mainly produced by macrophages. On the right, above the image

that portrays the myofibroblasts, the uterine fibroids (red in the figure) with the myometrium (pink in the figure), the

endometrium (brown in the figure), the macrophages (yellow in the figure) and the overexpressed ECM proteins (blue net

in the figure) are represented. The blood vessels within endometrium are also represented (red lines in the figure).

Figure 4. Macrophages in uterine fibroids. (a) Illustration of uterus showing the macrophage density in uterine fibroids

pathology. (b) Enlargement of the detail showing the macrophage density in uterine fibroids pathology. Macrophages

(yellow in the figure) predominantly localize inside uterine fibroids (red in the figure) and in the myometrium tissue (pink

in the figure) next to them. Autologous distant myometrium shows low levels of macrophage infiltration. The macrophage

density is higher also in the endometrium (brown in the figure) next to uterine fibroids than in the autologous endometrium

far from uterine fibroid nodules. The extracellular matrix (ECM) around and within the uterine fibroids is also represented

(blue net in the figure). The blood vessels within endometrium are also represented (red lines in the figure).

Since these results were obtained by studying different histotypes of leiomyomas,
we could add that the reported macrophage localization is valid for both cellular and
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usual leiomyomas with the cellular leiomyoma showing higher levels of CD68-positive
macrophages compared with usual leiomyoma [53].

So, our group proposed a possible phase mechanism for the leiomyoma develop-
ment. According to this mechanism, cellular leiomyoma histotype, as also suggested by
Dixon et al. [54], could be considered as the first step in the tumoral transformation. In
fact, cellular leiomyomas show low levels of the typical ECM proteins. On the other hand,
our group noticed that cellular leiomyomas, in addition to higher levels of CD68 positive
macrophages, also have an increased number of leukocytes and mast cells that are other
types of inflammatory cells [53]. This aspect could represent a response to an inflammatory
stimulus. As a result, these first step cells of the cellular leiomyoma undergo myofibroblast
differentiation with the consequent upregulation of the typical ECM proteins [53]. In fact,
usual leiomyomas that could be considered as the late-phase tumor show a larger amount
of ECM proteins than we observed [53] (Figure 5).

Figure 5. Illustration of the possible phase mechanism of leiomyoma development proposed by our group. Cellular

leiomyoma is considered as the first step in the tumoral transformation. In fact, cellular leiomyoma shows higher levels of

macrophage (yellow in the figure) infiltration and an increased number of inflammatory cells. This aspect could represent a

response to an inflammatory stimulus that leads some cellular leiomyoma cells to myofibroblast differentiation with the

consequent upregulation of the typical extracellular matrix (ECM) proteins. In fact, usual leiomyoma shows a larger amount

of ECM proteins and low levels of macrophage infiltration. So, usual leiomyoma could be considered as the late-phase

tumor. The blue net represents the typical ECM proteins: collagen 1A1, fibronectin and versican. The red color represents

the uterine fibroids (light red for cellular leiomyoma histotype and dark red for usual leiomyoma histotype). The pink color

represents the myometrium; the brown color represents the endometrium. The blood vessels within endometrium are also

represented (red lines in the figure).

So, the data published by our group provide additional proof of the involvement of
inflammation and the importance of the macrophages’ action in the pathophysiology of
uterine fibroids.

4. Conclusions

About uterine fibroids, whose etiopathogenesis has not yet understood at all, a dereg-
ulated inflammatory process leading to an exaggerated tissue repair may explain the
abundant ECM, a typical feature of the uterine fibroids that, just because of this charac-
teristic, is considered a typical fibrotic tissue. In particular, a key role in this complex
network can be played by the macrophages when a deregulation in their action happens.
In fact, the macrophages are important tissue repair actors by means of their highly flexible
programming and their consequent plasticity. So, during the inflammation process and
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the consequent wound healing that the inflammatory mechanisms lead to, macrophages
have to proliferate and infiltrate within the damaged tissue; then, they assume different
phenotypes and produce molecules that start, drive and finally stop the tissue repair up
to the wound closure. So, there are a lot of critical checkpoints that need to be tightly
regulated. In the uterine fibroids, sufficient proof of deregulated macrophage action was
provided. In fact, increased infiltration and accumulation of macrophages within some
subtypes of fibroid tissue were demonstrated. In addition to this, the importance of cy-
tokines and chemokines such as GM-CSF and MCP-1 for the proliferation and infiltration
of the macrophages in the uterine fibroids was shown. Furthermore, their expression in
leiomyomas has been altered. All this, in turn, has an impact on the molecules that are
secreted by macrophages. Among these molecules, the inflammation mediator TNF-α and
the growth factors activin A and TGF-β can be considered the most important ones because
they are known to be involved in the fibrosis that characterizes the uterine fibroids. In ad-
dition, these molecules, secreted by macrophages, were demonstrated to be interconnected
with each other and with the GM-CSF. In this way, they establish in the uterine fibroids
a complex network that, because of a dysregulation, at one or more levels, may explain
the mechanisms that occur from an excessive wound healing driven by the inflammatory
process to the fibrosis.

Better understanding the process leading to the increased infiltration and accumula-
tion of macrophages in leiomyomas and the molecules involved within the consequent
exaggerated tissue repair that arises from it, may represent proof of the macrophages’
importance for the leiomyoma pathology. All this can also contribute to shed light on
uterine fibroids etiology.

In turn, better understanding the uterine fibroids’ etiology may represent the starting
point to identify possible new therapy targets. This could improve the quality of life of the
women affected by uterine fibroids.

Last but not least, a therapy against this pathology could also bring about better
outcomes for pregnant women affected by this pathology.
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KEY MESSAGE

This study demonstrates the in-vitro anti-fibrotic (reduction of collagen 1A1 and fibronectin) and anti-migratory 

effects of quercetin and indole-3-carbinol in myometrial and leiomyoma cells, as well as the anti-proliferative 

effect in myometrial cells. This demonstrates the scientific basis for the development of new therapeutic, 

preventive agents, or both, for uterine leiomyomas.

ABSTRACT

Research question: What is the effect of quercetin and indole-3-carbinol (I3C) on extracellular matrix expression, cell 

migration and proliferation in human myometrial and uterine leiomyoma cells.

Design: Myometrial and leiomyoma cells were treated with quercetin or I3C at different concentrations (10 µg/ml; 50 

µg/ml; 100 µg/ml; and 250 µg/ml) for 48 h to measure mRNA and protein expressions of extracellular matrix (collagen 

1A1, fibronectin and versican), as well as cell migration and the proliferation rate.

Results: Quercetin decreased mRNA levels of collagen 1A1 in myometrial (P < 0.0001) and leiomyoma cells (P < 0.0001). 

Quercetin reduced mRNA and protein levels of fibronectin in myometrial cells (P < 0.05) and fibronectin protein in 

leiomyoma cells (P < 0.05). I3C reduced collagen 1A1 mRNA levels in myometrial (P < 0.05) and leiomyoma cells at 

higher dose (P < 0.05). The protein levels of fibronectin were also reduced in both myometrial and leiomyoma cells with 

highest dose of I3C (P < 0.05), although mRNA levels were not affected in leiomyoma cells. Neither quercetin nor I3C 

treatment altered versican mRNA levels in both cell types. A significant reduction of the migration of both myometrial 

and leiomyoma cells in response to quercetin was observed (P < 0.05) and I3C (P < 0.05 for myometrial and P < 0.01 for 

leiomyoma cells) treatment. Both quercetin and I3C significantly reduced myometrial cell proliferation (P < 0.05).

Conclusions: The in-vitro anti-fibrotic, anti-migratory and anti-proliferative effects of quercetin and I3C form the 

scientific basis for developing new therapeutic, preventive agents, or both, for uterine leiomyomas.
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INTRODUCTION

U
terine leiomyoma, or uterine 

fibroid, is the most common 

benign tumour in gynaecology, 

and affects many women, 

especially during their fertile years. This 

tumour develops in the myometrium 

or muscular layer of the uterus (Walker 

and Stewart, 2005). Fibroids cause 

pelvic pain, abnormal vaginal bleeding, 

pressure on the bladder, infertility and 

obstetric complications (Ciavattini et al. 

2015; Kashani et al. 2016). Surgery, such 

as hysterectomy and myomectomy, 

has been the definitive treatment for 

symptomatic fibroids. Gonadotrophin-

releasing hormone agonist (Friedman 

et al. 1989; Stovall et al., 1995) and 

ulipristal acetate (Donnez et al., 2015) 

plays an important role as presurgical 

treatments in reducing fibroid size as 

well as its associated symptoms (such as 

abnormal bleeding). The long-term use 

of gonadotrophin-releasing hormone 

agonists, however, is associated with 

menopausal symptoms and bone loss 

(Friedman et al., 1991; Leather et al., 

1993). Recently, concern about the risk of 

rare but serious liver injury with ulipristal 

acetate treatment has been raised 

(Donnez, 2018).

Uterine fibroids consist of an excessive 

amount of extracellular matrix (ECM) 

proteins, including collagen, fibronectin 

and versican (Islam et al., 2017a). The 

growth of fibroids is primarily influenced 

by cell–ECM interaction, and the rigid 

structure of ECM is believed to be 

the cause of abnormal bleeding in the 

uterus (Islam et al., 2017a). Therefore, 

compounds that can regulate ECM 

production could be an ideal way to 

control fibroid growth.

Dietary phytochemicals are plant 

origin chemical compounds that have 

disease-controlling properties (Islam 

et al., 2014a; 2017c). Quercetin is a 

flavonoid, found in most edible fruits 

and vegetables, such as tea, lemon, 

tomato, onion leaves and strawberry. This 

flavonoid is known to exert antifibrotic 

effects in hepatic fibrosis (Lee et al., 

2003), pulmonary fibrosis (Baowen 

et al., 2010) and kidney fibroblasts (Hu 

et al., 2009). Quercetin suppresses 

collagen production in lung fibroblasts 

induced by transforming growth factor 

beta (Nakamura et al., 2011), as well as 

collagen and fibronectin production, and 

transforming growth factor beta/Smad-

signalling pathway in keloid fibroblasts 

(Phan et al., 2003a; 2003b).

Epidemiological studies have reported 

that intake of quercetin-rich foods 

reduces the risk of gastric cancer by 43% 

and colon cancer by 32%. Consumption 

of quercetin was also reported to reduce 

lung cancer risk by 51% and even in 

heavy smokers by 65% (Dunnick and 

Hailey, 1992; Pereira et al., 1996).

Indole-3-carbinol (I3C) is produced 

from naturally occurring glucosinolates 

contained in a wide variety of plants, 

including members of the Cruciferae 

family and particularly members of the 

genus Brassica. I3C has been reported 

to inhibit cell proliferation as well as 

expression levels of alpha-smooth muscle 

actin, type I collagen in hepatic stellate 

cells (Ping et al., 2011). The combination 

of epidemiological and experimental data 

provides suggestive evidence that a high 

intake of cruciferous vegetables protects 

against some cancers at various sites. In 

a nationwide study of postmenopausal 

women in Sweden, consumption of 

cruciferous vegetables was inversely 

associated with breast cancer risk (Terry 

et al., 2001). Cruciferous vegetables, 

however, have a number of cancer-

preventing compounds; I3C alone 

showed efficacy for the prevention of 

breast (Bradlow et al., 1991), endometrial 

(Kojima et al. 1994) and cervical cancers 

(Jin et al. 1999) in animal models. 

Importantly, I3C showed efficacy for 

treatment of precancerous lesions 

of the cervix in translational human 

studies (Auborn et al., 2003). The aim 

of the present study was to investigate 

the effects of quercetin and I3C on 

extracellular matrix expression as well 

as the cell migration and proliferation of 

myometrial and leiomyoma cells.

MATERIALS AND METHODS

Primary cell cultures

The present study included samples of 

myometrial and usual type of leiomyoma 

tissue excised from 21 women undergoing 

hysterectomy for symptomatic fibroids. 

The most homogeneous sample possible 

was included considering the high 

variability; for example, differing ages 

(range 41–49 years), race, hormonal 

milieu, tumour size and location of 

tumours. In fact, all patients were 

white and in the proliferative phase 

of the menstrual cycle. The location 

of leiomyomas was intramural and 

measured 7–10 cm in diameter. All 

patients who had not received exogenous 

hormones in the previous 3 months 

were considered. All patients provided 

informed consent and the permission of 

the Human Investigation Committee was 

granted on 10 February 2016 (reference 

number: 2015 0486 OR).

After surgery, the myometrial and 

leiomyoma samples were collected in 

Hank's Balanced Salt Solution (Euroclone, 

Milan, Italy), and immediately transported 

to the laboratory. The samples were 

washed several times with Dulbecco's 

phosphate buffered saline (PBS) 

(Invitrogen, ThermoFischer, Carlsbad, 

CA, USA) to remove excess blood. After 

cutting tissue into small pieces, the 

samples were mixed in 0.1% collagenase 

type 8 (Serva Electrophoresis GmbH, 

Heidelburg, Germany) in serum-free 

Dulbecco Modified Eagle Medium 

(DMEM) (Lonza, Walkersville, MD, 

USA), and incubated at 37°C for 3–5 

h in a water bath with manual shaking. 

After digesting the cell suspension, it 

was centrifuged at 250 g for 10 min, 

and the collagenase was inactivated 

with fetal bovine serum (FBS) (Gibco, 

ThermoFischer Scientific).

Finally, the cell pellet was dispersed in 

DMEM containing 10% FBS (Gibco) 

(ThermoFischer, Waltham, MA, USA), 

1% antibiotic (penicillin-streptomycin) 

(Euroclone SpA, Milan, Italy), 1% 

fungizone (Amphotericin B) (Lonza 

Group Ag, Basel, Switzerland), and 1% 

glutamine (Gibco) (ThermoFischer, 

Waltham, MA, USA) in plastic dishes, 

and incubated at 37°C in 95% air, 5% 

CO2. The growth medium was changed 

after 24 or 48 h to remove unattached 

cells and subsequently twice a week. The 

purity of cells was assessed by staining 

with a specific smooth muscle cells 

marker (anti-alpha-smooth muscle actin) 

(Sigma-Aldrich, Milan, Italy). Almost all 

cells were strongly positive for alpha-

smooth muscle actin.

The lower passage number (P0–P4) 

of cells was used for experiments to 

avoid changes in phenotype and gene 

expression. Myometrial and leiomyoma 

cells were treated with quercetin and 

I3C (10 µg/ml; 50 µg/ml; 100 µg/ml; 

and 250 µg/ml) (Sigma-Aldrich, Milan, 

Italy) for 48 h. After treatment, the 

cells were detached from the petri dish 

by the TRIzol® reagent (Invitrogen), 

ThermoFisher, Waltham, MA, USA). 
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This reagent produces three phases: the 

upper white transparent phase containing 

the RNA, a white disk with the DNA 

and a lower pink phase containing the 

proteins.

RNA extraction and real-time 

polymerase chain reaction

Total RNA was extracted using the white 

transparent phase from TRIzol® reagent 

(Invitrogen, ThermoFisher, Waltham, MA, 

USA), according to the manufacturer's 

instructions. Samples were digested with 

a ribonuclease-free deoxyribonuclease 

(Promega Corporation, Madison, WI, 

USA), and the RNA was cleaned up 

and concentrated using ReliaPrep™ 

RNA Cell Miniprep System (Promega 

Corporation, Madison, WI, USA). Reverse 

transcriptase was carried out using the 

high-capacity cDNA reverse transcriptase 

kit (Applied Biosystems, ThermoFischer, 

Foster, CA, USA) with 1 µg RNA, and 

the TaqMan real-time polymerase chain 

reaction (PCR) was carried out for 

all the genes analysed. TaqMan gene 

expression assays were used (Applied 

Biosystems), (ThermoFischer, Waltham, 

MA, USA): collagen 1A1 (Hs00164004_

m1), fibronectin (Hs00365052_m1), 

versican (Hs00171642_m1) and the 

housekeeping genes, hypoxanthine 

phosphoribosyltransferase 1 (HPRT1), 

(Hs99999909_m1) and β-actin (ACTB) 

(Hs99999903_m1). The following 

thermal cycle protocol was used (initial 

denaturation at 95°C for 20 s, followed 

by 40 cycles of 95°C for 1 s and 60°C 

for 20 s) using 100 ng cDNA in a final 

reaction volume of 10 µl. The blank for 

each reaction, consisting of amplifications 

carried out in the absences of reverse 

transcriptase enzyme, was measured.

Western blotting

Proteins were extracted using the pink 

phase from TRIzol® reagent (Invitrogen) 

(ThermoFisher, Waltham, MA, USA), 

following the manufacturer's instructions. 

Soluble protein was quantified using a 

Bradford protein assay (Bio-Rad, Milan, 

Italy), and equal amounts of proteins 

were loaded to 4–12% NuPAGE gels 

(Invitrogen) (ThermoFischer, Waltham, 

MA, USA), and resolved by SDS-

PAGE under reducing conditions. 

Proteins were transferred to 0.2 µm 

nitrocellulose membranes in an X-cell II 

apparatus (Invitrogen) (ThermoFischer, 

Waltham, MA, USA) according to the 

manufacturer's instructions. Ponceau S 

solution (Euroclone) was used to detect 

proteins on nitrocellulose membranes. 

After blocking the membrane with 5% 

(weight by volume) non-fat milk powder 

in Tris-buffered saline with Tween 20 

(TBST); 50 mm Tris-HCl, pH 7.4, 150 

mm NaCl, 0.05% Tween 20), the 

membrane was incubated overnight with 

a primary antibody 1:30000 dilution 

for mouse monoclonal anti-fibronectin 

(Sigma-Aldrich, Milan, Italy), and 1: 3000 

dilutions for mouse monoclonal anti-β-

tubulin (Sigma-Aldrich, Milan, Italy). The 

next day, the membrane was washed 

four times in TBST and incubated with 

1:10000 dilution horseradish peroxidase 

conjugated anti-mouse immunoglobulin 

antibody from sheep (Amersham) for 2 

h. The membrane was washed four times 

in TBST, and immunoreactive proteins 

were visualized using ClarityTM western 

enhanced chemiluminescence substrate 

(Bio-Rad Laboratories, Hercules, CA, 

USA). Protein levels were measured using 

Image J 1.49n software (National Institutes 

of Health, http://imagej.nih.gov/ij).

Immunocytochemistry

A total of 1000 myometrial and 

leiomyoma cells were seeded in each 

chamber of tissue culture slides with 

eight wells and allowed to divide. 

Myometrial and leiomyoma cells were 

treated with quercetin and I3C (10 µg/

ml; 50 µg/ml; 100 µg/ml; and 250 µg/

ml) (Sigma-Aldrich, Milan, Italy) for 48 

h; at the end of treatment, cells were 

washed three times with PBS, treated 

with 0.2% Triton X-100 in PBS for 5 min 

and washed three times with PBS. To 

inhibit endogenous peroxidase activity, 

cells were incubated for 10 min with 3% 

hydrogen peroxide in deionized water. 

Cells were washed three times with PBS 

and, to block non-specific background, 

cells were incubated for 20 min at room 

temperature with normal horse serum 

diluted 1:75 in 1% bovine serum albumin 

in PBS. Cells were then incubated with 

Fibronectin mouse monoclonal antibody 

(Sigma-Aldrich, Milan, Italy) at 1:600 

and alpha-smooth muscle actin mouse 

monoclonal antibody (Dako) (Agilent 

Technologies, Santa Clara, California, 

USA) at 1:1000 dilution for 1 h at room 

temperature. After washing with PBS, 

cells were incubated with biotinylated 

anti-mouse immunoglobulin made in 

horse diluted 1:200. The peroxidase ABC 

method was carried out for 1 h at room 

temperature using 3,3′-diaminobenzidine 

as chromogen. Sections were 

counterstained in Mayer's haematoxylin, 

dehydrated and mounted with Eukitt 

solution.

Wound closure assay

Myometrial and leiomyomas cells 

were grown to confluence and then 

scratch wounded with a sterile plastic 

micropipette tip. Cells were rinsed three 

times with warm media to wash away 

scraped off cells in the wound and then 

kept in serum-free media in the absence 

or presence of quercetin or I3C (250 µg/

ml) for 48 h. Digital images were taken 

of the initial wound and at 12 h, 24 h and 

48 h (Rodriguez et al. 2005; Liang et al., 

2007; Wright et al., 2012). The area 

(mm2) of the wound not occupied by 

cells was measured using a morphological 

imaging system Image J 1.49n software 

(National Institutes of Health, http://

imagej.nih.gov/ij). Closure percentage 

was calculated as:

−








 ×1

area of remaing wound

area of initial wound
100

Cell proliferation assay

Cellular growth curves were 

measured using the CyQuant cell 

proliferation assay kit according to the 

manufacturer's instructions (Invitrogen, 

Life Technologies, Carlsbad, CA, USA). 

Myometrial and leiomyoma cells were 

seeded in 96-well plates at various initial 

density of cells: 150 cells/well, 100 cells/

well, 50 cells/well in a total volume of 

300 µl DMEM supplemented with 10% 

FBS. Cells were treated with quercetin 

or I3C at 250 µg/ml, and left untreated 

(Invitrogen, Life Technologies, Carlsbad, 

CA, USA), and allowed to divide for the 

number of days indicated (days 1, 2 and 

4). At the indicated times, media were 

discarded, and plates were frozen at 

–80°C. On the day of the assay, plates 

were thawed, cells were lysed and total 

cellular nucleic acid was measured using 

fluorescence at 520 nm emission after 

excitation at 480 nm (Ciarmela et al., 

2008; Ciarmela et al., 2009; Islam et al. 

2014b).

Data analysis

GraphPad Prism version 6.01 for 

Windows (GraphPad, San Diego, 

CA) was used for statistical analyses. 

The data were analysed using non-

parametric Kruskal–Wallis analysis 

of variance, followed by post-hoc 

Dunn test for multiple comparisons. 

Differences were considered significant 

when P < 0.05. All experiments were 

carried out in triplicate, except for the 

real-time PCR and the cell proliferation 

assay (n = 6).
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RESULTS

Effects of quercetin and indole-3-

carbinol on extracellular matrix mRNA 

expression in primary myometrial and 

leiomyoma cells

To determine the antifibrotic effect of 

quercetin and I3C, primary myometrial 

and leiomyoma cells were treated 

with either compounds at different 

concentrations: 10 µg/ml; 50 µg/ml; 

100 µg/ml; and 250 µg/ml for 48 h. The 

mRNA expression was measured by real-

time PCR. Quercetin reduced collagen 

1A1 mRNA in primary myometrial and 

leiomyoma cells at all concentrations. 

In myometrial cells, fibronectin mRNA 

was significantly reduced at all doses 

of quercetin (P < 0.05 to P < 0.01), 

whereas, in leiomyoma cells, a significant 

reduction only took place at the lowest 

dose (P < 0.05).

I3C reduced collagen 1A1 mRNA levels 

in both myometrial and leiomyoma cells 

at higher dose. Fibronectin mRNA was 

reduced only in myometrial cells with 

highest dose of I3C. The versican mRNA 

expression levels were affected by neither 

of these compounds in both cell types 

(FIGURE 1).

Effects of quercetin and indole-3-

carbinol on protein expression of 

fibronectin in primary myometrial and 

leiomyoma cells

Data from western blotting showed that 

protein expression levels of fibronectin 

were reduced after treatments with 

quercetin or I3C in primary leiomyoma 

and myometrial cells compared with 

untreated controls (FIGURE 2).

Immunocytochemistry micrographs also 

showed decreased expression levels of 

fibronectin in primary leiomyoma and 

myometrial cells in response to quercetin 

or I3C treatment (FIGURE 3).

Effect of quercetin and indole-3-

carbinol on migration of primary 

myometrial and leiomyoma cells

To evaluate the effect of quercetin 

and I3C (250 µg/ml) on cell migration, 

myometrial and leiomyoma cells were 

treated with these compounds at 250 µg/

ml or left untreated for 48 h, and digital 

images were captured from the initial 

wound and after 12 h, 24 h (data not 

shown) and 48 h. Results showed that 

quercetin and I3C significantly reduced 

the migration of both myometrial (both 

quercetin and I3C; P < 0.05) and 

leiomyoma cells (P < 0.05 and P < 0.01, 

respectively, for quercetin and I3C) 

(FIGURE 4A and FIGURE 4B).

Effect of quercetin and indole-3-

carbinol on proliferation of primary 

myometrial and leiomyoma cells

To demonstrate the antiproliferative 

effect of quercetin and I3C, myometrial 

and leiomyoma cells were treated with 

these two compounds at 250 µg/ml or 

left untreated for different days of interval 

(days 1, 2 and 4). Results showed that 

leiomyoma cell proliferation was not 

affected by quercetin and I3C, but they 

reduced myometrial cell proliferation 

(FIGURE 5).

DISCUSSION

Uterine leiomyoma is not a malignant 

disease; however, it is associated with 

several reproductive and gynaecological 

problems, including menorrhagia, 

dysmenorrhoea, chronic pelvic pain, 

infertility, recurrent miscarriage, 

premature birth and postpartum 

haemorrhage (Buttram and Reiter, 1981). 

Compared with the burden of disease to 

women's health, medical treatments are 

limited, so the present study focuses on 

seeking preventive therapies.

The role of cell proliferation, and of ECM 

proteins, in producing the leiomyoma 

bulk structure and growth provides an 

important target to control this tumour 

by developing anti-fibrotic and anti-

proliferative agents.

Recent studies have reported the 

importance of the role of phytochemical 

agents on uterine leiomyomas. The 

present results suggest that quercetin, the 

main active compound of the onion, may 

be a potential adjuvant for the treatment 

of uterine disorders, in line with a previous 

study conducted in vivo on rats (Wu et al., 

2015). In addition, the following effects 

have been shown: isoliquiritigenin, a 

licorice flavonoid, induced antiproliferative 

effects on Eker rat uterine leiomyoma 

ELT3 cells (Lin et al. 2019a); resveratrol, 

a polyphenol was found to be a potent 

anti-proliferative agent against human 

leiomyoma cells in vitro and in murine 

models (Chen et al., 2019); and an anti-

proliferative effect of adlay seeds was 

demonstrated on rat uterine leiomyoma 

ELT3 cells (Lin et al. 2019b).

In the present study, the in-vitro 

anti-fibrotic, anti-migratory and 

anti-proliferative effects of two 

phytochemicals (quercetin and I3C) in 

myometrial and leiomyoma cells were 

evaluated. We demonstrated anti-fibrotic 

effects of quercetin and I3C by assessing 

the expression levels of three major ECM 

components (collagen 1A1, fibronectin 

and versican). Collagen acts as a central 

structural component of the ECM that 

maintains cellular morphology. It plays 

important roles in regulating proliferation, 

migration, differentiation, survival, 

and wound healing and the fibrotic 

processes (Pickering, 2001). Leiomyoma 

cells demonstrate an overexpression of 

collagen types I mRNA in leiomyomas 

compared with the adjacent myometrium 

(Leppert et al., 2006). Fibronectin, a 

glycoprotein of the ECM protein, plays 

an important role in cell adhesion, 

migration, growth and differentiation 

as well as in fibrosis. Leiomyoma cells 

expresses elevated levels of fibronectin 

compared with myometrial cells (Arici 

and Sozen, 2000). Versican, a large 

chondroitin sulphate proteoglycan, 

plays an important role in cell migration, 

cell adhesion, cell proliferation, tissue 

stabilization, tissue homeostasis and 

inflammation (Islam et al., 2016). The 

up-regulation of versican expression 

has been reported in leiomyoma cells 

compared with healthy counterparts 

(Norian et al. 2009).

We found that quercetin and I3C 

reduced collagen 1A1 mRNA expression 

in myometrial and leiomyoma cells, as 

well as fibronectin mRNA expression 

in myometrial cells. Quercetin was 

effective at all doses used (10 µg/

ml; 50 µg/ml; 100 µg/ml; 250 µg/ml), 

whereas I3C was effective only at 250 

µg/ml. Although fibronectin mRNA 

reduction was not statistically significant 

in leiomyoma cells after quercetin 

(apart from at the lowest dose) or 

I3C treatment, Western blotting 

analysis showed a significant reduction 

of fibronectin protein expression in 

myometrial and leiomyoma cells. 

The visible reduction of fibronectin 

protein expression was also observed 

in myometrial and leiomyoma cells, 

compared with untreated controls, as 

measured by immunocytochemistry. 

In addition to antifibrotic effects of 

quercetin and I3C, they also reduced 

cell migration of myometrial and 

leiomyoma cells. Both compounds were 

unable to inhibit growth of leiomyoma 

cells whereas myometrial cells were 

affected.
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The anti-fibrotic effects of quercetin and 

I3C have been demonstrated in different 

cell types (Phan et al. 2003a; 2003b; Hu 

et al. 2009; Nakamura et al. 2011; Ping 

et al. 2011). The present study further 

confirms their anti-fibrotic potential. In 

our previous study, we demonstrated that 

strawberry extracts were able to inhibit 

expression of ECM protein components, 

including collagen 1A1, fibronectin and 

versican in leiomyoma cells (Islam 

et al., 2017b; Giampieri et al. 2019). 

Strawberries contain several bioactive 

compounds, such as ellagic acid, 

kaempferol, catechins, anthocyanins, 

including quercetin. As expected, 

similar to strawberry extract, quercetin 

also inhibited expression of ECM 

FIGURE 1 Effect of quercetin and indole-3-carbinol on extracellular matrix expression in myometrial and leiomyoma cells. Results of real-time 

polymerase chain reaction for relative amounts (versus HPRT 1) of collagen 1A1, fibronectin and versican in myometrial and leiomyoma cells treated 

for 48 h with different concentrations of quercetin at 10 µg/ml (Q-10), 50 µg/ml (Q-50), 100 µg/ml (Q-100), 250 µg/ml (Q-250), or indole-3-carbinol 

at 10 µg/ml (I-10), 50 µg/ml (I-50), 100 µg/ml (I-100), 250 µg/ml (I-250) compared with negative control (untreated cells). Data are expressed as 

median, first quartiles, third quartiles and minimum and maximum value (n = 6; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). NC, negative 

control.
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FIGURE 2 Effect of quercetin and indole-3-carbinol on fibronectin protein expression in myometrial and leiomyoma cells. Western blotting showing 

the protein expression of fibronectin in myometrial and leiomyoma cells treated for 48 h with quercetin at 250 µg/ml (Q-250) and indole-3-carbinol 

at 250 µg/ml (I-250) or left untreated. Representative gels and data analysis showing the decrease expression of fibronectin after treatment with 

quercetin or indole-3-carbinol compared with negative control (untreated cells). Data are expressed as mean ± SD (n = 3, *P < 0.05). NC, negative 

control.
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components, collagen 1A1 and fibronectin 

in leiomyoma cells, demonstrating that 

quercetin is one of the active antifibrotic 

compounds of strawberry fruit.

Because of their therapeutic potential, 

quercetin and I3C are now under clinical 

trial for different pathologies. Phase I and 

phase II clinical trials of quercetin have 

been completed or are now recruiting for 

multiple conditions, including squamous 

cell carcinoma (NCT03476330). 

Quercetin was administered twice daily 

at an adjusted dose based on weight 

for a maximum total daily dose of 4000 

mg/day. If the patient is 70 kg or more, 

the dose is automatically assigned 

at the maximum dose of 4000 mg/

day. For patients with type 2 diabetes 

(NCT01839344), the maximum dose of 

quercetin is 250 mg capsules, whereas, 

for patients with chemotherapy-induced 

oral mucositis, the single oral dose is 

2000 mg (NCT01732393). Patients in the 

intervention group were administered 

two, 250-mg quercetin capsules daily 

for 3 weeks. Patients in the placebo 

group received two placebo capsules 

containing lactose. Patients were 

examined every other day for evaluation 

FIGURE 3 Effect of quercetin and indole-3-carbinol on fibronectin expression in myometrial and leiomyoma cells. Immunocytochemical staining 

showing the effects of quercetin and indole 3-carbinol on fibronectin expression in myometrial and leiomyoma cells in response to treatments of 

quercetin at 250 µg/ml (Q-250) and indole-3-carbinol at 250 µg/ml (I-250) after 48 h compared with untreated cells (negative control). Microscope 

observation showing the decrease expression levels of fibronectin after treatments with quercetin and indole 3-carbinol compared with negative 

control (untreated cells) (n = 3). NC, negative control.
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FIGURES 4 a and b: Effect of quercetin and indole-3-carbinol on migration of myometrial and leiomyoma cells. Representative photographs, and 

graphs showing the effects of quercetin at 250 µg/ml (Q-250) or indole-3-carbinol at 250 µg/ml (I-250) treatments on wound closure of scratch-

wounded confluent myometrial and leiomyoma cells; both treatments significantly inhibit wound closure in myometrial and leiomyoma cells. Image 

J software was used analyse images. Data are expressed as mean ± SD (n = 3). *P < 0.05; **P < 0.01. NC, negative control.
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of initiation and severity of oral mucositis. 

In addition, a phase III, randomized, 

double blind clinical trial of quercetin for 

coronary artery disease progression has 

recently been listed (not yet recruiting) 

(NCT03943459). In a 60-day trial, 60 

postmenopausal women with coronary 

artery disease were divided into three 

groups with 20 women assigned to each 

group. Group 1 were given quercetin 

(500 mg/day). Furthermore, a phase 

IV clinical trial of quercetin containing 

onion peel extract has been completed 

on endothelial function (NCT02180022). 

A phase I clinical trial of I3C has been 

completed for preventing cancers in 

healthy participants (NCT00100958 

and NCT00033345). In addition, 

clinical trial phases II and III of I3C on 

prostate-specific antigen recurrence 

in patients who have undergone 

prostatectomies have also been 

completed (NCT00579332). Advanced 

clinical trials of quercetin and I3C 

support the possible use of these two 

compounds or their dietary sources, and 

also as preventive, therapeutic agents, or 

both, for uterine fibroids. In particular, 

patients could benefit most from these 

therapeutic agents in the following 

circumstances: while seeking pregnancy 

or during the pregnancy itself; when a 

significant growth of fibroids has been 

identified; with the possible onset of 

adverse obstetric outcomes (Ciavattini 

et al. 2016); and when use of other 

pharmacological agents is considered 

impossible. Moreover, as the severity 

of fibroid-related symptoms is reduced 

after the menopause, these compounds 

may be used in perimenopausal women, 

potentially avoiding the need for surgery.

In conclusion, the present data support 

the hypothesis that the two natural 

compounds quercetin and I3C can be 

developed as therapeutic interventions 

and preventive dietary supplements, or 

as locally administrated phytochemicals 

for uterine fibroids.
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Abstract: In recent years, there has been an increasing interest in natural therapies to prevent or

treat female diseases. In particular, many studies have focused on searching natural compounds

with less side effects than standard hormonal therapies. While phytoestrogen-based therapies have

been extensively studied, treatments with phytoprogestins reported in the literature are very rare.

In this review, we focused on compounds of natural origin, which have progestin effects and that

could be good candidates for preventing and treating female diseases. We identified the following

phytoprogestins: kaempferol, apigenin, luteolin, and naringenin. In vitro studies showed promising

results such as the antitumoral effects of kaempferol, apigenin and luteolin, and the anti-fibrotic

effects of naringenin. Although limited data are available, it seems that phytoprogestins could be a

promising tool for preventing and treating hormone-dependent diseases.

Keywords: female disease; progesterone; phytoprogestins; phytochemical compounds

1. Introduction

In recent years, there has been an increasing interest in alternative and natural methods
for the prevention or treatment of female diseases. In particular, many studies have focused
on searching for adequate compounds with less side effects than standard hormonal
therapies. Although the etiopathogenetic mechanisms of many gynecological diseases,
such as endometriosis [1] and uterine fibroids [2] are still not clear, the role of steroid
hormones is undoubted. Indeed, there is an important hormonal imbalance, for example,
in endometriosis [3], uterine leiomyomas [4], ovarian cancer [5], and breast cancer [6].

The father of medicine, Hippocrates, proclaimed “Let food be the medicine and
medicine be the food” around 25 centuries ago. In recent studies, there is a high interest in
dietary phytochemicals. Phytochemicals are chemical compounds of natural origin that
can be used as therapeutic or preventive agents.

Nutraceutical compounds can exert their effects on health in different ways, including
through hormonal activity. Their mechanism of action is: 1. Competition with the hormone
for binding to the corresponding receptor, thanks to a structural similarity; 2. Influence on
the activity of key enzymes of the biosynthetic pathway, such as in the case of isoflavones,
which are moderate aromatase inhibitors, thus reducing estrogen synthesis; 3. Influence on
the epigenome by affecting DNA methylation activity, histone modification, and microRNA
regulation [7].

Phytoestrogens and phytoprogestins are phytochemical compounds of natural origin,
which have estrogenic and progestagenic effects, respectively [8,9]. While phytoestrogen-
based therapies have been extensively studied in the clinical setting, treatments with

Nutrients 2021, 13, 4326. https://doi.org/10.3390/nu13124326 https://www.mdpi.com/journal/nutrients
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phytoprogestin are still in the preclinical stage, and their potential remains unexplored [8].
Therefore, we decided to review the current evidence supporting the preventive and
therapeutic effects of phytoprogestins in female diseases.

2. Methods

In this narrative review, we performed a bibliographic search of studies evaluating
the effects of dietary phytoprogestins on reproductive cells and tissues and the possible
association of these nutritional compounds with gynecological diseases. The search was
carried out on Pubmed using combinations of the following terms: phytochemicals [MeSH],
flavonoids [MeSH], kaempferol, apigenin, naringenin, luteolin, women, uterine fibroids,
endometriosis, ovarian cancer, and breast cancer. The search was narrowed to studies in
humans or relevant animal models of human diseases and complemented by screening
the reference lists of the selected articles. We also briefly review the pharmacological
mechanisms of progesterone receptor activation and progesterone-based therapies in order
to provide a background to the discussion of phytoprogestins.

3. Progesterone

Progesterone is a sex steroid hormone essential in female reproduction, including the
menstrual cycle and the establishment and maintenance of pregnancy [10]. The etymology
of the name derives from the Latin “pro gestationem” [11], as it allows the endometrium to
pass from the proliferative to the secretory stage, facilitating the nesting of the blastocyst
and is essential for maintaining pregnancy; in fact, it promotes the uterine growth and
suppresses the contractility of the muscular tissue of the uterus (myometrium). In the
mammary gland, it promotes the development of the gland for the secretion of milk. In
addition, progesterone plays an essential role in the physiology of non-reproductive tissues,
such as the cardiovascular system, the central nervous system, and bone tissue. In the
brain, progesterone is neuroprotective, and its metabolite allopregnanolone is a GABAergic
agonist [12,13] (Figure 1).

Steroids are ancestral molecules [11] characterized by a common base structure of
cyclopentane–perhydro–phenanthrene, a polycyclic complex of 17 carbon atoms making a
four-ring system. Based on the number of carbon atoms, sex steroids can be categorized
into three groups: progesterone and progestins, with 21 carbon atoms, androgens, which
have 19 carbon atoms, and finally estrogens, with 18 carbon atoms.

The biosynthesis of steroid hormones is the same in all organs where they are pro-
duced, such as the ovary, testis, adrenal cortex, brain, and placenta. The gonadal proges-
terone is mainly transported by blood to reach the target cells, while the progesterone
produced by adrenal gland is mostly locally converted into glucocorticoids and andro-
gens [14]. Progesterone circulates in the bloodstream bound to cortisol-binding globulin
(approximately 10%) and serum albumin and has a relatively short half-life of only five
minutes. The metabolites mainly produced in the liver are sulfates and glucuronides,
which are excreted in the urine. Circulating progesterone is converted by the kidney into a
mineralocorticoid, deoxycorticosterone (DOC). During the luteal phase, pregnancy, and
administration of exogenous progesterone, most circulating DOC arises from this pathway
and may bring unbearable side effects [14].

Progesterone exerts its physiological effect by binding to target cells via specific nuclear
progesterone receptors (PR) or by binding to membrane receptors (progesterone receptor
membrane component, PGRMC, or mPR). The binding with the nuclear receptors gives
rise to a genomic pathway that requires a much longer response than the non-genomic one,
which is triggered when progesterone binds to membrane receptors.

PRs are expressed in the human ovary [15], uterus [16], testis [17], brain [18], pan-
creas [19], bone tissue [20], mammary gland [21] and urinary tract [22]. PRs, together with
the receptors for estradiol, mineralocorticoids, glucocorticoids, and androgens, belong to
the superfamily of nuclear receptors. The nuclear progesterone receptor consists of a central
binding domain for DNA (DBD) and a carboxylic terminal binding domain for the ligand
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(LBD). In addition, the receptor has transcription activation function (TAF) domains that
interact with coactivators and corepressors to regulate the downstream target genes [23]
(Figure 2). The newly transcribed progesterone receptor is assembled into an inactive
multiprotein chaperone complex in the cytoplasm [24]. The receptor at this level must be
inactive [25] since its activation occurs only in the presence of a link with the hormone,
which induces a conformational change of the receptor [26].

Figure 1. Schematic representation of the organs in which progesterone performs functions. Progesterone acts in reproduc-

tive as well as in non-reproductive tissues. NOS = nitric oxide synthase, NO = nitric oxide.

Two isoforms of PR are transcribed from a single gene by alternative splicing from
two distinct promoters [27,28], giving rise to transcripts that encode, respectively, for the
protein isoforms A (PRA) and B (PRB) (Figure 2). PRA and PRB are identical in sequence,
except that PRA lacks 164 amino acids at the N-terminal, making it the shorter of the two
proteins [28].

Progesterone may act through a genomic (slow process) or a non-genomic (fast process)
pathway. The classical pathways of progesterone actions are mediated via nuclear receptors.
Progesterone enters the cell and binds PRs, inducing their conformational change and
dimerization. The complex of progesterone with PR translocates to the nucleus and interacts
with DNA-binding elements in the genome, activating the transcription of progesterone-
responsive genes (Figure 2). The non-genomic (also called non-classical or extranuclear)
progesterone action initiates at the cell surface with the activation of the cytoplasmic PRs or
membrane-bound PRs (mPRs) and determines an intracellular signaling that elicits a rapid
response [29]. These proteins include the progesterone receptor membrane component 1
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(PGRMC1), its counterpart PGRMC2, and the family of membrane progesterone receptors
(mPR), also known as PAQR (progestin and adipoQ) receptors [30].

Studies in mice have shown that the elimination of the PRB isoform resulted in
the unhealthy development of the mammary gland [31], while the elimination of PRA
caused an abnormal development of the uterus and impaired its reproductive function [32].
Therefore, in animals, a dominant expression of one of the two isoforms seems to be
necessary for the normal functioning and development of some organs. On the other
hand, in humans, all healthy tissues, including those of the mammary gland and uterus,
have epithelial cells that express PR with the co-expression of both the PRA and PRB
isoforms [33,34]. This condition suggests that the colocalization and thus the cooperative
activity of PRA and PRB mediate the action of PR in humans. Although the two isoforms
are expressed in the same way in most human tissues, there is a different expression in the
endometrium. In fact, during the secretory phase of the menstrual cycle, when there are
high levels of circulating progesterone, the PRA isoform is poorly expressed, resulting in a
clear predominance of PRB [33].

In breast and endometrial cancers, there are substantial differences in progesterone
levels and its isoforms compared to normal tissues. In fact, in healthy tissues deriving
from the mammary gland, epithelial cells equally express both PR isoforms [34], while in
neoplastic biopsies, it is possible to see a significant increase in the expression, alternatively,
of PRA or PRB [34,35]. Similarly, in endometrial cancer, it is common to find only one of
the two isoforms expressed, either PRA or PRB, suggesting that the lack of co-expression
of both isoforms is an early event of the onset of endometrial cancer [36].

A third isoform (PRC) has been identified in the human placenta [37]. PRC is an
isoform with a truncated N-terminal domain, with a molecular mass of approximately
60 kDa, present in the cytoplasm. PRC lacks the first zinc finger of the DBD, but it can still
bind progesterone. The actions of PRC are not clear, but it can form heterodimers with PRA
and PRB and, in this way, regulate the transcriptional activity of the PR isoforms [37,38].

Figure 2. Progesterone receptors and their activation. The nuclear receptor is formed by two promoter regions on the PR

gene, one for PRA and one for PRB, and these two promoters allow the synthesis of the two separate mRNA transcripts that

code for the two different isoforms PRA and PRB. DBD = DNA-binding domain, H = hinge, LBD = ligand-binding domain,

SPRM = selective progesterone receptor modulator, PRE = progesterone responsive element, TF = transcription factor.
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4. Progesterone-Based Drug Therapy

Progestogens are the most common compounds used as drug therapy for the treatment
of women’s diseases. Many gynecological diseases are treated with synthetic progestin-
based drugs. In the United States, endometrial cancer is one of the most common gyneco-
logical cancers, with 46,470 new cases and 8,120 deaths in 2011 [39]. Even if the molecular
mechanisms involved in endometrial carcinogenesis are not clear, it seems that chronic
exposure to estrogen and its metabolites without sufficient counterbalance of progesterone
has proliferative effects [40,41] and is harmful to DNA [42,43]. Based on the antiestrogenic
role of progesterone, many patients affected by endometrial cancer may have an indica-
tion to progesterone-based therapy, particularly in case of contraindications to surgery
or desire for fertility maintenance. Indeed, women with endometrial hyperplasia and
well-differentiated endometrial adenocarcinoma show a good response to progestogen
therapy [44]. However, as the severity of the disease increases, the efficacy of progestogens
decreases [45].

Other estrogen-dependent female pathologies with a high social impact, such as
endometriosis, are often treated with progestin therapies [46,47], including synthetic pro-
gestins such as medroxyprogesterone acetate or dienogest [48,49]. Uterine fibroids may
also be treated with progestins. Since the first reports of decades ago [50], studies have fo-
cused on the effects of different progestins on uterine fibroids, with different drug dosages
and regimens. For example, medroxyprogesterone acetate [51] and dienogest [52,53] have
shown a regressive effect on uterine fibroids.

Moreover, progestogens are widely used as a contraceptive method and in menopausal
hormone therapy, in combination with estrogens. These therapies may also have an effect
of prevention of ovarian cancer, but they increase the risk of venous thromboembolism
and present side effects [54,55]. Therefore, the identification of alternative progestogens
is clinically significant. Numerous studies in the literature indicate a great interest in
developing phytoprogestogens, such as botanical extracts or food supplements, hoping to
provide the beneficial effects of progestins while avoiding the side effects.

Selective progesterone receptor modulator (SPRM) is a class of synthetic ligands that
act on the PR and tend to be more tissue-specific than progestins. The mechanism of
action of SPRMs occurs through binding to PR, resulting in a conformational change of the
receptor. The action can be agonistic, antagonistic, or mixed. The agonist action of SPRMs
involves the recruitment of different coactivators to induce transcriptional activity and
occurs in tissues where high levels of coactivators are present, while antagonist activity
occurs where corepressors are in excess (Figure 2).

When the PR is inactive, SPRMs bind to the receptor and activate it. The binding
involves nuclear import, which gives the receptor the property of dimerization. In the nu-
cleus, the dimer interacts with the response element in the DNA, causing the up-regulation
or down-regulation of the gene [56,57]. The action of SPRMs also depends on the ratio
of PR-A and PR-B in the tissue and on the specific binding affinity of the SPRMs for each
receptor isoform [58]. SPRMs have been developed for clinical applications, considering
their tissue selectivity and low rate of side effects [59]. Their application is principally for
the treatment of uterine fibroids [60], endometriosis [61], and breast cancer [62].

Despite having beneficial effects, for example, in the treatment of uterine fibroids,
the prolonged use of SPRMs may lead to endometrial hyperplasia and other side effects.
Indeed, it has been shown that long-term use of the SPRM asoprisnil results in long-term
damage to the endometrium. Ulipristal acetate has been approved in Canada and Europe
as a presurgical therapy for patients with uterine fibroids to control bleeding, and in the
United States for emergency contraception. However, it has raised concerns due to liver
toxicity [63], as well as telapristone acetate, which was stopped in 2009. Vilaprisan is still
under study, and its possible collateral effects are not yet known [64].
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5. Phytoprogestins

Phytoprogestins are chemical compounds of vegetal origin that have progesterone-
like activity and can function as non-steroidal SPRMs. Unlike estrogenic counterparts,
which have been extensively studied, the literature reports much fewer studies on phy-
toprogestins. The following phytoprogestins have been identified: kaempferol, apigenin,
luteolin, and naringenin (Figure 3).

Figure 3. Chemical structure of phytoprogestins.

5.1. Kaempferol

Kaempferol (KP: 3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) is
a flavonoid found in several botanical families, including Pteridophyta, Pinophyta, and
Magnoliophyta (Figure 3). Flavonoids are a group of secondary metabolites widespread in
nature. These substances are known for the benefits of their consumption, which seems to
reduce the risk of cancer and cardiovascular diseases [65]. A case–control study showed
a 40% reduction (adjusted odds ratio 0.60) in breast cancer risk in Chinese women in the
upper quartile of serum KP levels [66]. The risk of epithelial ovarian cancer was also
decreased by 40% among women in the highest quintile of KP dietary intake of a large
prospective cohort in the USA, the Nurses’ Health Study [67]. Several studies have shown
that KP has excellent antioxidant properties. In fact, it is able to decrease, even at low
concentrations, the levels of the hydroxyl radical and peroxynitrite, highly reactive species
capable of causing severe damage to DNA, proteins, and lipids [68]. In addition, KP has
anti-inflammatory properties not only in vitro but also in vivo [69,70].

KP inhibits estrogen receptor-α, causing antiestrogenic effects, depending on the
concentration of endogenous estrogens. The antiestrogenic activity of KP results in the
inhibition of the growth of hormone-dependent tumors; this activity has been demonstrated
in numerous in vitro studies, for example, in endometrial carcinoma cells [71] and two
lines of breast cancer cells [72].

In uterine fibroids, despite being hormone-dependent tumors with severe symptoms,
the effects of KP have not been extensively studied. KP treatment reduces the expression
of the estrogen receptor, thus inhibiting the cell proliferation of human uterine leiomyoma
cells in vitro [73], although its therapeutic effect in vivo remains unknown (Table 1).
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Table 1. Effects of phytoprogestins that suggest their potential to treat women’s diseases.

Substance Study Design Effects Significance References

Kaempferol Experiments in mice and rats Anti-inflammatory
Could be useful to treat
chronic pelvic pain and

its causes
[69,70]

In vitro culture of human neutrophils Antioxidant
Another potential

therapeutic mechanism
to treat endometriosis

[68]

In vitro culture of endometrial
cancer cells

Growth inhibition
and apoptosis

Could be effective
against endometrial

hyperplasia and cancer
[71]

Apigenin
In vitro culture of human cancer

cell lines

Growth inhibition
and apoptosis

VEGF inhibition

Could be effective
against endometrial

hyperplasia and cancer
[74,75]

Luteolin
Human breast tumor xenografts in

nude mice

Inhibition of tumor
growth

and angiogenesis

Could be an adjuvant
therapy of breast cancer

[76,77]

Naringenin Mouse model in vivo
Analgesic,

anti-inflammatory and
antioxidant

Could be useful to treat
chronic pelvic pain and

its causes
[78]

Rat model of hepatic injury in vivo Antifibrotic
Could be effective to
treat uterine fibroids

[79]

5.2. Apigenin and Luteolin

Apigenin (4’,5,7-trihydroxyflavone) is found in a wide range of plants, including
chamomile (Matricaria recutita). The traditional use of chamomile as a treatment for in-
somnia and anxiety has led to investigations of its active constituents, including apigenin.
Apigenin is mainly present as a glycosylated compound in significant quantities in veg-
etables (parsley, celery, onions), fruit (oranges), herbs (chamomile, thyme, oregano, basil),
and vegetable drinks (tea, beer, and wine) [80]. Apigenin is considered a phytoestrogen,
although it has a much lower potency than other phytoestrogens such as genistein [81].
However, in recent studies, it has emerged that apigenin is also a phytoprogestin. A study
found that apigenin reduces the risk of breast tumors in women exposed to prolonged
treatment with medroxyprogesterone acetate [82,83]. A study by Horwitz and Sartorius
showed that prolonged progestogen therapy could lead to the development of breast cancer
through the activation of stem cells that differentiate into cancer cells [84]. In animals sub-
jected to medroxyprogesterone therapy, apigenin administration decreased the incidence
of tumors by 50% [82].

Apigenin has an antitumor effect by acting through a variety of mechanisms, includ-
ing the induction of cell cycle arrest and apoptosis [74], attenuation of phosphorylation
of MAP kinase [85] and inhibition of the proinflammatory cytokine interleukin-6 [86].
In vitro studies have shown that treating human breast cancer cell lines [75] with apigenin
significantly reduced the expression of vascular endothelial growth factor (VEGF) and its
receptor VEGFR-2 [87]. The significant reduction in VEGF disadvantages the tumor growth
and development in breast tissue.

Apigenin taken orally is detectable in peripheral blood at concentrations sufficient
to be biologically effective [88]. Immediately after ingestion, its concentration increases,
and it remains in circulation for a long time, suggesting that it can accumulate within
tissues to levels sufficient to exert chemo-preventive effects [89]. Furthermore, apigenin
increased the endometrial expression of Hand2, which is a transcription factor stimulated
by progesterone. The activation of Hand2 by progesterone allows an antiproliferative
action in the endometrium, further suggesting that apigenin is a phytoprogestin. Apigenin
appears to be non-toxic even at high doses, as suggested by a study in which it was
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repeatedly administered to animals up to 50 mg/kg per 10–13 days, and no signs of
toxicity were observed. Apigenin seems to reduce endometrial (Ishikawa) cell proliferation
regardless of progesterone [90]. In vivo, apigenin is rapidly metabolized to luteolin.

Luteolin, a flavonoid found in more than 300 plant species, many of which are read-
ily available in the human diet, has been demonstrated to be an excellent progesterone
antagonist [91] (Figure 3). A study showed that luteolin effectively inhibits the growth of
progestogen-dependent human xenograft tumors, inhibiting angiogenesis and limiting the
conversion of breast cancer cells to stem cell-like cells [76,77]. Interestingly, preliminary
results suggest that luteolin may inhibit the growth of endometriotic lesions in a mouse
model [92].

5.3. Naringenin

Naringenin (4,5,7-dihydroxy-2-(4-hydroxyphenyl)-2,3-dihydrochromen- 4-one) be-
longs to the subclass of flavanones (Figure 3). It is a colorless compound that gives the
typical bitter taste in citrus, including grapefruit, orange, and lemon [93].

Naringenin has antioxidant, immunomodulatory, anti-inflammatory, nephroprotec-
tive, hepatoprotective, neuroprotective, antidiabetic, antitumor, and anti-atherosclerotic
properties. In addition, naringenin has a high bioavailability [94,95].

Naringenin is able to inhibit the recruitment and generation of reactive oxygen species
(ROS), thereby reducing oxidative stress [78,96]. Moreover, it acts directly on the NF-KB
pathway in vitro and in vivo [97]. This signaling pathway is known to be activated by
external agents such as pathogens. In the presence of external agents, pro-inflammatory
cytokines such as IL-1 and TNF-α are recalled [98]. This stimulation and this recall in-
volve the activation of the IKB kinase complex (IKK), which eventually phosphorylates
IKK β. The phosphorylated IKB allows NF-KB to translocate into the nucleus, causing
inflammatory responses [99]. Naringenin can prevent the degradation of IKB, inhibiting
the transcription activity of NF-KB [98].

In numerous studies, it has emerged that naringenin is also an excellent anti-fibrotic
agent [79]. In fact, naringenin was able to decrease the expression of collagen, fibronectin,
and Smad3 induced by TGF-β and to inhibit Plasminogen Activator-1 (PAI-1) in hepatic
cells [100]. Some of these mechanisms are similar to those fueled by progesterone in uterine
fibroids [4].

In a study by Rosenberg et al. [101] it emerged that naringenin may also have progestin-
like activity. More specifically, the study showed that the progestin activity of naringenin
is weak and acts at concentrations around 10−5–10−6 M. These concentration levels are
similar to those deemed necessary for the action of resveratrol as a weak estrogen [102],
but not for the activity of synthetic progestins such as norgestrel and norgestimate. In fact,
the biological activity of naringenin compared to norgestimate is about 104-fold lower.

The effects that naringenin as a phytoprogestin could have on diseases such as en-
dometriosis and uterine fibroids remain to be investigated. An in vitro study found that
naringenin induced apoptosis and inhibited the proliferation of immortalized cell lines
derived from the endocervical epithelium of a premenopausal woman undergoing hys-
terectomy for endometriosis [103].

6. Conclusions

There is large unexplored potential in using plant-derived substances to treat human
diseases. Some of these phytochemicals have been characterized as phytoprogestins,
based on their similarity with progesterone and their pharmacological interaction with PR,
functioning as agonists, partial agonists, or antagonists. At least four phytoprogestins have
been studied in vitro with promising results such as the antitumoral effects of KP, apigenin,
and luteolin, and the anti-fibrotic effects of naringenin. Although there are limited data
in the literature, it appears that phytoprogestins could be a good tool for preventing and
treating hormone-dependent diseases such as endometriosis, uterine fibroids, ovarian
cancer, and breast cancer, with potential reduction in the side effects of currently available
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hormone treatments. The next step is to proceed with tests in well-characterized animal
models to define the therapeutic mechanisms and safety of these substances, along with
observational human studies correlating the dietary ingestion of phytoprogestins with the
prevalence and incidence of gynecologic diseases.
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Uterine leiomyoma (myoma or fibroid) is the most common benign smooth muscle tumor in women pelvis caus-
ing significant morbidity in a large segment of reproductive-aged women1,2, including significant impact on the 
reproductive healthy status and on the pregnancy outcome of affected patients3,4.

Fibroids remain the leading indication for hysterectomy5,6 especially during the peri-menopause period, 
although the assumption that leiomyoma symptoms will resolve with the onset of the menopause is too simplistic 
and may not be always valid7. Medical treatments for leiomyoma are still very limited and no preventative thera-
pies have been developed8.

"e precise pathogenesis of uterine leiomyoma is not well understood. Genetic alterations, epigenetic mech-
anisms, steroids, growth factors, cytokines and chemokines provide the clue of initiators and promoters of leio-
myoma growth9. Uterine myoma is thought to be a consequence of myofibroblasts activation and extracellular 
matrix (ECM) production, following an improper inflammatory response inside the myometrium10–12. Excessive 
accumulation of ECM components including collagens, fibronectin and proteoglycans are the major structural 
part of leiomyoma tissue that are abnormally orientated modifying mechanical stress on cells and leading to acti-
vation of internal mechanical signaling and dynamic reciprocity13–15. "e ECM stiffness causes the rigid structure 
of the leiomyoma and it is thought to be a cause of abnormal bleeding and pelvic pressure and pain16.

"e role of inflammation and reparative processes as well as the effect of some potential therapeutic com-
pounds (tranilast, strawberry extracts, omega-3 fatty acids, genistein, natural fitoterapeutics, vitamin D) on uter-
ine leiomyoma are currently under in vitro investigation17–29.
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At the moment, structural laboratory studies of myometrial and fibrotic tissue are limited to the 
two-dimensional (2D) morphological investigation. Only an advanced three-dimensional (3D) characterization 
of the fibrotic tissue structure can enhance our knowledge of the tissue architecture, significantly supporting the 
development of an effective therapeutic solution. For example, the in-vivo efficiency of therapeutic compounds 
could be hampered, even if delivered locally, by their inability to reach the leiomyoma cells due to the fibrotic hard 
and perhaps not permeable tissue architecture. "erefore, it would be essential to evaluate the whole 3D tissue 
structure.

Nowadays, X-ray tomography (CT) is not the method of choice for the characterization of pelvic masses; 
indeed, uterine fibroids are detected incidentally by CT scans, o&en performed for other reasons. Medical ultra-
sonography (USG) is usually the initial investigation tool to examine the female pelvis, performing both transab-
dominal and transvaginal scans. Magnetic resonance imaging (MRI) is the favourite method for an accurate 
characterization of pelvic masses. Indeed, MRI was shown to be more sensitive in identifying uterine fibroids than 
USG, and it has the advantage, respect to CT, that it does not involve the use of ionizing radiation30,31.

However, up to now, literature has not definitely clarified if the discrimination between healthy and patho-
logic myometrium is just a matter of stiffness or there are also any density variations. For instance, the typical CT 
images show fibroids that may appear morphologically complex, with hypodense, though they may be isointense, 
and rarely hyper intense areas. Calcification is seen in approximately 4% of fibroids: it is typically dense and amor-
phous, sometimes confined to the periphery of the fibroids. As such, the CT appearance of leiomyomas cannot 
reliably be distinguished from uterine or cervical neoplasms32.

X-ray phase-contrast imaging (XRPCI) techniques may constitute a potential powerful tool for non-invasive 
myometrium imaging, in healthy and pathologic conditions and without the use of any contrast agent. Indeed, 
differently from the X-ray absorption-based imaging, where the contrast originates from attenuation mismatches 
between different tissues inside a sample, in the XRPCI the contrast is due to the phase-shi& δ of the refractive 
index n = 1 − δ + iβ, describing the interaction of the X-ray beam throughout the material33,34. "is δ value, in 
non-mineralized biological tissues like the myometrium, can be up to three orders of magnitude larger than 
attenuation values β35,36, achieving an highly increased contrast, as observed investigating several organs/tissues, 
including brain37,38, vessels39–41, kidney42, neuronal system43, cartilage44,45 and breast tissues46,47. Moreover, ten 
years ago, synchrotron radiation-based high resolution phase-contrast tomography (SR-PhC-microCT) was also 
used, in a pioneering way, for the study of the ECM organization within polymeric scaffolds48.

No XRPCI studies, to the proponents’ best knowledge, have been performed so far on the uterine myome-
trium and leiomyomas without the use of a contrast agent. "us, in the present demonstrative study, we aimed 
to test the use of the propagation-based phase-contrast imaging to discriminate healthy and pathologic uterine 
tissues.

Taking into account that the slight nominal mismatch between collagen (1.41 g/cm3)49 and muscle 
(1.055 ÷ 1.112 g/cm3)50 mass densities would have prevented, most likely, a reliable analysis by absorption-based 
imaging, all the 15 biopsies were investigated by PhC-microCT and subsequently reconstructed exploiting the 
Paganin’s method51 for the phase retrieval processing.

Representative 2D slices of healthy myometrium (Ctr) and leiomyoma (L) tissues are shown in Fig. 1 (panels a–d)  
for both patients P1 and P2. Stack-sequences of 2D axial slices (subvolumes, each with a final volume of 600 × 
600 × 400 µm3) have been reported for representative samples of P1 in Movies 1 and 2 in the Supplementary 
Material section. 3D reconstructions of the same volumes are shown in Fig. 1 (panels e,f), where all the tissues 
but the collagen phase have been made virtually transparent. Morphological dissimilarities were clearly found 
between Ctr and L samples of the same patient (P-Ctr vs. P-L) and between pathologic tissues of the two patients 
(P1-L vs. P2-L). "e analysis was also able to reveal differences between the healthy tissues of the two patients 
(P1-Ctr vs. P2-Ctr).

In agreement with previous literature, mainly based on histologic findings, the pathologic biopsies revealed an 
higher amount of collagen than the healthy myometrium. Moreover, distribution and orientation of the collagen 
bundles were very varied in the different samples, suggesting the need for a detailed morphometric analysis.

"e quantitative analysis was performed with an approach based on two levels of investigation.
In the first level, the application of the Mixture Modeling algorithm52 to the histograms (based on an unsigned 

8-bit scale of grey) of the full set of samples indicated a threshold of 110 between muscle and collagen grey levels, 
achieving the collagen morphometric quantification, as detailed in Table 1 and illustrated in Fig. 2.

"e specific surface (CollS/CollV) and the mean distance between the collagen bundles (Sp) in the leiomyoma 
were lower than in the healthy myometrium. Coherently, the specific volume (CollV/TV), the mean thickness 
(") and the mean number (Nr) of collagen bundles were higher than in the healthy myometrium.

Unexpectedly, three other results were obtained, as detailed in Table 1:

 (1) although the number of samples analyzed was comparable, the standard deviation of data obtained for P1-
Ctr was always higher than for data related to P2-Ctr;

 (2) the Nr was higher in P1-Ctr than in P2-Ctr;
 (3) the Connectivity Density (Conn.D) was comparable between P1-Ctr and P1-L but lower in P2-Ctr than in 

P2-L.

In general, these three results, revealed large structural inhomogeneity inside myometrial and leiomyoma 
tissues.

Moreover, up to now, literature has not definitely clarified if the discrimination between healthy and patho-
logic myometrium is just a matter of stiffness or there are also density variations. Consequently, we achieved the 
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second level of the quantitative analysis. It was based on the approach designed by Roschger53 and, to date, it was 
succesfully used to evaluate the mineral density distribution in bone (BMDD)54,55. Indeed, the Roschger method 
delivered fundamental descriptors of the mineral density distribution of the bone matrix throughout a sample: 

Figure 1. (a–d) Representative 2D slices of healthy myometrium (Ctr) and pathologic (L) tissues. (a,b) 
Patient 1 (P1): healthy myometrium (a: P1-Ctr) and leiomyoma (b: P1-L) tissues; (c,d) Patient 2 (P2): healthy 
myometrium (c: P2-Ctr) and leiomyoma (d: P2-L) tissues. Morphological dissimilarities were found not only 
between Ctr and L samples of the same patient and between pathologic tissues of the two patients (P1-L vs. 
P2-L) but also between the healthy tissues of the two patients (P1-Ctr vs. P2-Ctr). (e,f) Representative 3D 
volumes of healthy myometrium (e: P1-Ctr) and pathologic (f: P1-L) tissues: all the tissues but the collagen 
phase have been made virtually transparent. "e bright spots that we found in all the samples were due, most 
likely, to the presence of blood clots residues, not removed by washing because of the structure tortuosity.
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thus, it was shown to play a fundamental role in testing if either diseases and/or treatments might be of significant 
biological and clinical relevance53.

"us, starting from the rational that the leiomyoma pathology was shown to be connected to the excessive 
accumulation of collagen, the study of fibrosis mass density distribution by the Roschger’s approach was supposed 
to help in clarifying if distribution deviations from healthy conditions were involved. We tested the Roschger 
method descriptors (Fig. 3a) to evaluate, for the first time to the authors’ knowledge, the apparent uterine mass 
density distribution (MDDr). Similarly to the previous studies, absolute values of mass density could not be 
retrieved because they might have been biased by the used constant delta-over-beta ratio in the Paganin phase 
retrieval56. However, being the different biopsies comparable in terms of size and composition, the quantitative 
comparison of the relative difference in mass density distribution between the samples is feasible. "us, hereinaf-
ter the superscript r will denote relative values for all mass density distribution parameters.

"e quantitative data obtained in the investigated biopsies were reported in the box plots of the Fig. 3b–f. 
Median values of the relative mass density distribution in P1-Ctr were found lower than in P1-L; on the contrary, 
the fwhm and the high (99.5th percentile) values were higher in the leiomyoma in comparison to the healthy 
controls for both the patients. However, as expected a&er the morphometric analysis of collagen, the fwhm and 
the high values of P1-Ctr were higher than those obtained in P2-Ctr. "erefore, it must be concluded that some 
or all the biopsies derived from patient 1, clinically considered non-pathological tissue portions, were actually 
composed by very heterogenic samples, in terms of stiffness and density distribution.

"e role of the extracellular matrix (ECM) in the biomechanics of the human uterus has just been begun to be 
studied in recent years. "e ECM does not only surround cells, but its rigidity stresses them mechanically, pro-
ducing signals that depend on the amount of collagen, its cross-linking and hydration. "erefore, the ECM can 
induce the so-called mechano-transduction process, namely cells convert a mechanical stimulus into an electro-
chemical activity. Indeed, the etiology of uterine fibroids indicates that its growth is due to an increase not only 
of the cell number but also of the ECM amount, both promoted by endocrine and autocrine growth factors. In 
turns, the alterations in ECM volume and distribution can modify mechanical stress on cells, leading to activation 
of specific cell’s signaling that contribute to leiomyoma growth16,57. "erefore, alterations of morphology and/or 
composition of the ECM can be important signals of the onset and of the evolution of this pathology.

Previous studies showed an impaired expression of collagen, fibronectin and proteoglycans in leiomyoma 
compared to normal myometrium58–61: in particular, leiomyoma was shown to contain an abnormal collagen 
fibril structure and orientation, suggesting that the well-regulated fibril formation in myometrium is altered in 
leiomyomas. In fact, an important study showed that the interaction of two or more different types of fibrillar 
collagen chains may interact and result in the formation of heterotypic fibrils, missing in leiomyomas, that in 
myometrium would assist in regular fibril formation in normal uterine tissue. In this context, alterations in colla-
gen may play a role in the pathogenesis of leiomyomas62. "us, the study of specific collagen parameters, such as 
the size of collagen bundles, orientation and interconnectivity, turns out to be particularly interesting because its 
morphometry should determine specific cellular behaviors. "is is similar to what happens in bone sites, although 
the interpretation of what morphometric measurements mean for collagen masses in the myometrium must be 
related to the specific myometrial tissue and its function.

"erefore, we have focused our analysis on the study of collagen. "e propagation-based phase-contrast 
microCT was used, for the first time to the authors’ knowledge, to evaluate the collagen amount and distribution 
in intramural fibroids excised from the uterus of two fertile women.

In our study, we observed higher volumes, thickness and number of collagen bundles in the leiomyoma com-
pared to normal adjacent myometrium. In the case of patient 1, the interconnectivity of the collagen structure 
was also increased in the pathological tissue compared to the control. "ese data obtained on collagen networks 
justify the increase in the rigidity of the pathological tissue compared to the healthy one and they are in agreement 
with the observation performed with conventional 2D techniques, like histology and electron microscopy, in 
several studies found in literature.

"e specific surface (CollS/CollV), defined as the surface area per unit volume, is an architectural parameter 
that can contribute to determine type and properties of a material. "is measure is strongly dependent from 
shape: if volume is held constant, matrix of different shapes will typically adopt different specific surface values. 
Interestingly, we found that collagen specific surface in leiomyoma is lower than in normal counterpart. Certainly, 

P1-Ctr P1-L P2-Ctr P2-L

CollS/CollV [mm−1] 388 ± 213 63 ± 20 422 ± 117 200 ± 71

CollV/TV [%] 15.0 ± 24.4 70.5 ± 10.9 3.1 ± 2.1 32.6 ± 15.8

" [µm] 7.8 ± 6.8 35.4 ± 13.1 5.0 ± 1.2 11.4 ± 4.9

Nr [mm−1] 13.0 ± 10.7 21.1 ± 3.8 6.0 ± 3.2 28.7 ± 4.4

Sp [µm] 145.9 ± 125.2 13.9 ± 3.7 211.3 ± 126.4 23.9 ± 7.1

DA 0.378 ± 0.081 0.632 ± 0.089 0.399 ± 0.166 0.378 ± 0.081

Conn.D [×10−7 pixel−3] 234.6 ± 368.5 259.4 ± 52.5 45.0 ± 58.3 741.9 ± 472.2

Table 1. Collagen three-dimensional morphometric analysis in the retrieved biopsies. Mean values ± standard 
deviation. P1-Ctr: heathy myometrium in patient 1; P1-L: leiomyoma in patient 1; P2-Ctr: healthy myometrium 
in patient 2; P2-L: leiomyoma in patient 2.
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this is due to the fragmentation of collagen in myometrium versus the aggregation of collagen in leiomyoma. To 
the authors’ knowledge, collagen specific surface has never been measured in myometrium or leiomyoma tissue, 
although it could represent an important index to study, due to relevant clinical implications. "e presence of 
focal nodal collagen distribution in the myometrium, as in the case of uterine fibroids, could alter the normal 

Figure 2. 1st level analysis: study of the collagen morphometric quantification. (a) Sampling 2D slice of 
a pathologic biopsy where the histogram has been segmented according to the application of the Mixture 
Modeling algorithm. Blue phase: smooth muscle; graded grey phase: collagen bundles. (b–h) Box-plots 
graphically depicting groups of the extracted collagen morphometric parameters through their quartiles, as a 
function of the selected groups of samples P1-Ctr, P1-L, P2-Ctr and P2-L.
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uterine peristalsis through mechanical interference. Indeed, it was reported that patients with intramural fibroids 
may present abnormal uterine peristalsis during the mid-luteal phase. Since uterine peristalsis is involved in 
normal reproductive processes, this condition seems to reduce the possibility of obtaining spontaneous preg-
nancy63. Moreover, the study from Yoshino and colleagues highlighted how myomectomy reduced the frequency 
of abnormal peristalsis in all patients64. Collagen specific surface may become a useful parameter to perform 
further studies, i.e. comparing normal myometrial tissues versus fibroid tissues, as well as to study different type 
of fibroids (i.e. large vs small or pre-menopausal vs post-menopausal or benign vs malignant).

Although the present study should be considered prevalently as a set-up of a new study methodology, we con-
sider appropriate to point out that the structural properties of fibroids and even of healthy myometrium tissues 
differ widely within the same tissue and among the different patients.

We and others have recently observed that the amount of collagen inside tissues within and between biopsies 
is heterogeneous mainly in leiomyoma, but also in myometrial tissue. For example, morphometric analysis of 
Masson’s trichrome stained tissue reported values of collagen in leiomyoma ranging from 4.7% to 31,3% in our 
previous study11; from 37% to 77% in Jayes65 study and from 3.9% up to 70% in a large study of brazilian cases 
(n = 150) performed by Da Silva66. Flake and colleagues categorized uterine leiomyoma in 4 different phases on 
the basis of percent collagen content ranging from none (phase 1) up to 72% (>50%, phase 4) independently of 

Figure 3. 2nd level analysis: study of the Relative Mass Density Distribution (MDDr). (a) "e parameters derived 
from the profile fitting are indicated. (b–f) Box-plots graphically depicting the extracted MDDr parameters 
through their quartiles as a function of the selected groups of samples P1-Ctr, P1-L, P2-Ctr and P2-L.
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the tumor size67. "e collagen content in myometrium ranged from 0.3% to 23% in our previous samples11 and 
from 1.6% up to 20.70% in Da Silva’s study66. Interestingly, the leiomyoma tissues appeared inhomogeneous also 
in stiffness, quantified through rheometry by measuring complex shear moduli of the tissues. Fibroid tissues, with 
stiffness of 8014 ± 798 Pa (mean ± SEM), were stiffer than myometrial samples (3630 ± 276 Pa)65. With the same 
indication, evidence of biomechanical and biochemical heterogeneity in uterine fibroids has just been reported. 
"e authors observed heterogeneity in structure, collagen content, and stiffness highlighting that fibroid regions 
differ in biochemical status and they suggest that these differences might be associated with variations in local 
pressure, biomechanical signaling, and altered growth68.

All this opens new prospective to understand uterine fibroids and to explain how it is possible that, despite of 
the same hormonal milieu, different fibroids of the same subject have a different fate and degree of growth. "ese 
differences in fibroids structure could also explain the heterogeneous effect of fibroids of the same dimensions, 
number, and localization on fertility, on response to medical therapy, and on pregnancy outcomes.

"erefore, the present and all these recent studies, provide novel evidences that structural properties of uterine 
leiomyoma and, even if less pronounced, also of the myometrium are widely heterogeneous. "e variability within 
and among tissues should be considered in order to characterize the samples, to design and conduct studies to 
understand the pathobiology as well as to test potential treatments.

Moreover, it has to be stressed that physical, topological, and biochemical composition of the ECM is not only 
tissue-specific, but it is also markedly heterogeneous: ECM is a highly dynamic structure that is constantly being 
remodeled, as it happens in bone sites. For instance, collagen density distributions in human knee ligaments were 
documented to quantify differences in density within and between these ligaments69. Very recently, heterogeneity 
in structure, collagen content, and stiffness in uterine fibroids was reported68. "us, it is interesting to evaluate if 
this heterogeneity is expressed also in terms of density distributions, as it was shown in human knee ligaments.

In our study, we performed the analysis of fibroid mass density distribution by the Roschger’s approach. We 
found that the full width at half maximum and the 99.5th percentile values were significantly higher in the lei-
omyoma in comparison to the healthy adjacent controls for both the patients. "is means that, in pathological 
biopsies, not only the amount of collagen is greater (as found out by the morphometric analysis) but also its den-
sity distribution is wider than in controls, with presence of highly fibrotic and high-density areas.

Another remark that deserves to be made concerns the density variability of healthy myometrial tissue.
Indeed, using the Roschger approach we showed that, comparing healthy myometrial tissues, the full width 

at half maximum and the 99.5th percentile values of patient 1 were higher than the respective ones obtained in 
patient 2, confirming that some tissue portions clinically classified as healthy, showed not only differences in ECM 
volume but also in density distribution.

On the other hand, it should not be surprising to realize that myometrium of fibromatous uterus is not a 
homogeneous tissue; it presents structural and functional alterations and consequently it cannot be considered 
completed healthy. For example, just consider that in the myometrium surrounding the leiomyoma there is accu-
mulation of inflammatory cells11. Furthermore, irregular thickening of the endomyometrial junctional zone due 
to inordinate proliferation of the inner myometrium, junctional zone hyperplasia, is a common MR finding in 
women suffering from menstrual dysfunction70,71.

In this context, a textural analysis would have been additionally informative; however, its application in this 
demonstrative study would have been challenging and perhaps not completely reliable. Indeed, in order to have 
a reliable textural analysis, the pixel size should be decreased to at least 500–600 nm, in order to fully resolve the 
texture also in the healthy myometrium (in Fig. 1e the spotty-signal reveals only the larger nodes of the collagen 
structure).

In conclusion, the propagation-based phase-contrast microCT was shown to be a powerful method in study-
ing uterine leiomyomas, detecting also small signs of the ECM alteration.

In general, the PhC-microCT was shown to provide 3D images of intact tissues as well as a wide range of 
numerical indices that can be calculated and used to identify mismatches between different tissues. "is is of fun-
damental importance with a view to follow up these studies in various directions: first of all, to visualize the 3D 
structure of the ECM in myometrium and pathologic tissues (different forms of leiomyoma, as well as leiomyo-
sarcoma); secondly, to test ex-vivo in toto tissue the efficacy of innovative therapeutic treatments for leiomyomas; 
more generally, to offer new methodological possibilities for future studies on ECM in so& tissues of different 
body districts.

Samples of myometrial tissue and leiomyoma were excised from two 
fertile women submitted to hysterectomy. "e patients were Caucasians (age: 49 years and 43) and the position 
of the leiomyomas was intramural: the former with a single mass of 10 cm, the latter with two masses of 4 cm and 
2 cm. Both patients displayed good general condition; none of them had a history of myomectomy or uterine sur-
gery, had received medical therapy or oral contraceptives in the previous three months, or had evidence of genital 
tract infection, endometriosis, or ovarian disease. Patients gave their informed consent and the permission of 
the Human Investigation Committee was granted (Ethics Committee of Marche Region, Prot. N 2015 0486OR).

All experiments were performed in accordance with relevant guidelines and regulations.
The samples, immediately after hysterectomy, were collected in Hanks’ Balanced Salt Solution (HBSS) 

(Euroclone, Milan, Italy) and transferred to the laboratory for washing them with Dulbecco’s PBS (Invitrogen, 
Life Technologies, Carlsbad, CA, USA) in order to remove excess of blood and cutting them into small pieces.

In the former patient (P1), four pieces were taken from the fibrotic tissue (P1-L) and other four from the 
healthy myometrium (P1-Ctr); in the latter patient (P2), four pieces were taken from the leiomyoma (P2-L) and 
other three from the healthy myometrium (P2-Ctr).
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"e SR-microCT experiments were performed at the 
SYRMEP beamline of the ELETTRA Synchrotron Facility (Basovizza, TS, Italy).

SR-microCT in its simplest form is based on the inversion of the Radon transform of the experimental pro-
jections. A&er the so-called flat fielding of the projection, the filtered back projection (FBP) algorithm is applied 
to the corrected data in order to reconstruct the stack of 2D slices72. "e conventional x-ray imaging approach is 
based on the discrimination of the different attenuation properties of the elements composing the imaged object, 
that are related to β, the complex part of the index of refraction n = 1 − δ + iβ. In this case, image contrast is gener-
ated by differences in x-ray absorption. However, because of the coherence of SR, also the electron density, related 
to the phase shi& term δ, might be exploited leading to phase-contrast imaging33. With this approach, applicable 
only if X-ray wavefield has high coherence characteristics, the setup is sensitive to detect not only the absorption 
differences but also the phase shi&s occurring to x-rays crossing the sample. "is approach becomes fundamental 
when the discrimination between two materials having similar electron densities or negligible X-ray absorption 
is required. Indeed, the reconstruction of δ distribution improves the image contrast, thus simplifies the image 
segmentation and the subsequent quantitative analysis.

We used this last method to investigate the 3D morphology of the fibrotic tissue and the mass density distri-
bution in the biopsies retrieved from patients affected by leiomyoma.

"e scans were performed using the pink SR beam provided by the machine, filtered by 0.5 mm Silicon and 
corresponding to an average energy of 19 keV; we used 0.2 s of exposure time per projection over a total range of 
180°; the sample-detector distance was set to 100 mm, resulting in 1 µm3 isotropic voxel size in the reconstructed 
3D images. "e tomographic reconstruction was performed using the SYRMEP Tomo Project (STP) open source 
so&ware72. Including the intensity of the recorded radiographs a phase contrast signal, a phase retrieval algorithm, 
exploiting the Paganin’s method51, was applied to the (flat-corrected) projection data in order to reconstruct the 
decrement δ of the refractive index n. In the Paganin’s method, the phase is retrieved by simply assuming a linear 
relationship between the absorption index β and the refractive index decrement δ. "e approximation is valid for 
homogenous samples and propagation distances in the near field regime51, conditions fulfilled for the considered 
samples and the adopted scans geometries. "e δ/β ratio was set to 100.

A&erwards, the commercial so&ware VG Studio MAX 1.2 (Volume Graphics, Heidelberg, Germany) was used 
to generate 3D images, where grey levels were proportional to the phase distribution. Optimal image quality was 
achieved by setting the Scatter HQ algorithm with an oversampling factor of 5.0.

"e presence of different phases within the biopsies translated into different peaks in the 
gray-level scale. "us, the volume of each phase was obtained by multiplying the volume of a voxel by the number 
of voxels underlying the peak associated with the relevant phase. "e Mixture Modeling algorithm, implemented 
as plugin in the NIH ImageJ so&ware (https://imagej.net/Mixture_Modeling_"resholding and https://imagej.
nih.gov/ij/plugins/mixture-modeling.html)73, was chosen to threshold the portion of the histograms related to 
the two adjacent main tissues, namely the smooth muscle and the fibrotic collagen-based phase. "e Mixture 
Modeling algorithm is a histogram-based technique that assumes that the histogram distribution is represented 
by two Gaussian curves. It calculates the image threshold as the intersection of these two Gaussians, finding a 
threshold that is, in several cases, very close to real world data. In our histogram data, the Gaussian curve on the 
le& was representative of the smooth muscle, the second curve on the right of the collagen-phase. Indeed, in this 
range of densities should be included also the endothelial signal but the thickness of vessels, if excluding the preg-
nancy period, is negligible, not affecting the segmentation process. "erefore, we analyzed in each pathological 
biopsy, with the aforementioned algorithm, a dozen slices, uniformly selected in the axial direction: the selected 
threshold value was the average of all those obtained. Notably, for the selection of this threshold value, control 
biopsies were not examined because they were considered unreliable due to their low collagen content. An exam-
ple of histogram segmented by the Mixture Modeling algorithm has been reported for a representative sample of 
P1-L in Fig. 4 of the Supplementary Material section.

For each biopsy, several subvolumes were analyzed: each of them was a 3D portion fully included in the sam-
ple bulk and the complete set of them allowed to achieve the complete sample mapping.

"e quantitative analysis was performed in two steps.
In the first step, the morphometric evaluation of the fibrotic collagen-based phase was made using the struc-

tural indices usually measured for bone samples74: the collagen specific volume (CollV/TV, expressed as a per-
centage), its specific surface (CollS/CollV, per millimeter), the mean collagen bundles thickness (", expressed 
in micrometers), the mean collagen bundles number (Nr, per millimeter) and the mean collagen bundles spacing 
(Sp, expressed in micrometers). Furthermore, as collagen bundles could vary their orientation depending on the 
pathology, we also extracted information about the anisotropy of the collagen structure, i.e. the presence of prefer-
ential orientation(s). "e anisotropy degree index (DA) measures the similarity of a fabric to a uniform distribu-
tion and varies between 0, representing all observations confined to a single plane or axis, and 1, corresponding to 
the perfect isotropy. "e DA analysis was performed using the BoneJ Plugin75 of the ImageJ so&ware73, version 3.  
"e morphometric analysis was also extended to the inclusion of a descriptor for the interconnectivity of the 
collagen bundles: its connectivity density (Conn.D – pixel−3) does not carry information about positions or size  
of connections, but it is a simple global measure of connectivity that gives higher values for better-connected 
structures, i.e. more entangled fibrotic tissues, and lower values for poorly connected ones, i.e. well-oriented 
bundles.

In the second step, the reconstructed complex refractive index distribution was exploited54; indeed, it is line-
arly related to the mass density and was assessed computing the relative mass density distribution (MDDr) of each 
sample, as shown in Fig. 3a. In each slice-image, the individual grey level voxels reflect the average density found 
in the corresponding volume elements of the investigated sample region: consequently, the acquisition of grey 
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level voxel images provided the information on the local variation of density throughout the tissue. "is variation 
in density is best described and quantified by a frequency distribution (histogram), as shown in the Fig. 3a. In 
order to compare different mass density distributions between biopsies, a reduction of the huge amount of histo-
gram data to only few characteristic parameters is necessary. Briefly, the MDDr was calculated within the overall 
tissue domain and was normalized by the area under the curve.

"e absolute values of mass density could not be retrieved because the reconstructed complex refractive index 
might be biased by the chosen δ/β ratio used in the Paganin phase retrieval processing56. "us, being the different 
samples comparable in terms of size and composition, the superscript r was used to denote relative values for all 
mass density distribution parameters. "e Roschger approach53 was used, for the first time to the authors’ knowl-
edge, to study tissues different from bone.

Five parameters were extracted from the MDDr profile of each sample: MDDr
peak, the peak position of the 

histogram, which indicates the most frequently measured density (density with the highest number of pixels); 
MDDr

mean, the mean relative mass density obtained from the integrated area under the curve; MDDr
fwhm, the full 

width at half maxima of the distribution, describing the variation in density; MDDr
low, the percentage of the area 

that has a density below the 5th percentile of the reference range; and the MDDr
high, the percentage of the area 

that has a density above the 95th percentile of the reference range. "e threshold of P = 0.005 was arbitrarily cho-
sen because it was considered a good compromise between maintaining good sensitivity for low and high values 
in the MDDr and minimizing potential artifacts due to partial volume effect in the evaluation of MDDr

low. "is 
post-processing calculation of the MDDr parameters was performed using the PeakFit so&ware (Systat So&ware, 
San Jose, CA).
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KEY MESSAGE

Microscopic and macroscopic vascular aspects of uterine fibroids need further investigation to understand the 

pathogenesis of the disease and to develop new treatments. Vascularization is important for understanding 

clinical manifestations, for predicting the effectiveness of non-surgical treatments and to enable differential 

diagnosis to be made with benign conditions or malignancy.

ABSTRACT

Uterine fibroids are the most common cause of solid pelvic tumours, occurring in 20–30% of fertile women and 

presenting clinical complications that seriously affect women's health. They commonly cause severe symptoms, such 

as heavy, prolonged menstrual bleeding and anaemia. The study of microscopic and macroscopic vascular aspects 

of uterine fibroids is important for understanding the clinical manifestations of uterine fibroids, for predicting the 

effectiveness of alternative treatments to surgery, i.e. uterine artery embolization, for improving surgery outcomes 

and for carrying out a differential diagnosis with other benign conditions, e.g. adenomyosis, or malignancy, e.g. 

leiomyosarcoma, and to develop new therapeutic approaches. In this review, current knowledge of how the vascular 

network and angiogenesis are implied in the formation of uterine fibroids and in the pathogenesis of related 

symptoms is explored, and evidence on the role of ultrasound in evaluating fibroid vascularization is summarized. 

This review combines anatomical, morphological and biomolecular information related to angiogenic mechanisms 

with diagnostic and clinical information, highlighting the various interconnections. Uterine and fibroid vascularization 

need further investigation to gain a deeper understanding of the pathogenetic elements that lead to the formation of 

uterine fibroids and their clinical manifestations.
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INTRODUCTION

U
terine fibroids are the most 
frequent benign uterine 
tumours, with an age-specific 
cumulative incidence of about 

70% among white women and over 80% 
among black women (Baird et al., 2003). 
Even if asymptomatic in most cases, 
they can be associated with symptoms 
that can significantly affect quality of 
life, such as abnormal uterine bleeding 
(AUB), heavy uterine bleeding, pelvic 
pain, pressure symptoms or infertility 
(Ciavattini et al., 2017; Rakotomahenina 
et al., 2017; Critchley et al., 2020). In 
particular, AUB and associated iron 
deficiency anaemia may have the most 
significant effect on the physical, social 
and emotional health of affected women 
(Critchley et al., 2020). In the USA, the 
annual direct costs of uterine fibroids and 
AUB are estimated to range from $4.1 to 
$9.4 billion (Cardozo et al., 2012).

Different mechanisms have been 
proposed to explain the association 
between uterine fibroids and AUB. 
These may interfere with myometrial 
contractions (especially of the inner 
junctional zone), cause endometrial 
ulcerations, compression of the venous 
plexus, determine abnormal paracrine 
signalling or alter the haemostatic 
regulation of the endometrium. In 
addition, uterine fibroids and the 
surrounding myometrium often 
present rich vascularity, which could be 
implicated in the pathogenesis of AUB 
(Ikhena et al., 2018).

MACROSCOPIC UTERINE AND 
FIBROID VASCULARIZATION

The main blood supply of the uterus is 
provided by the uterine artery, which 
arises from the first or second branch 
of the anterior division of the internal 
iliac artery (hypogastric artery), and 
it is usually dilated in the presence of 
uterine fibroids. During its initial course, 
the uterine artery is found lateral and 
superior to the ureter for about 2.5 cm 
and then crosses the ureter anteriorly 
to its medial side to reach the cervix of 
the uterus. The relationship between 
the uterine artery is remembered by 
the phrase ‘water (ureter) under the 
bridge (uterine artery)’ (FIGURE 1). The 
uterine artery presents three segments: 
a descending segment, which runs 
parallel to the lateral pelvic wall; a 
transverse segment, which crosses the 

ureter at the level of the cervix; and an 
ascending segment along the margin 
of the uterus at the medial edge of 
the broad ligament, up to the uterine 
cornua where it joins the ovarian artery 
via the ovarian branch and the tubal 
branch (Pelage et al., 2005; Bhatt 
et al., 2006) (FIGURE 2). Branches of the 
uterine artery are the cervicovaginal 
artery and arcuate or intramural arteries 
that penetrate the outer third of the 
myometrium and generate a ‘spoke 
wheel’, with anastomosis between left 
and right uterine arteries (Pelage et al., 
2005; Bhatt et al., 2006; Secil et al., 
2008). Radial branches run through the 
myometrium generating the basal and 
spiral arterioles within the endometrium. 
The terminal branches of the uterine 
artery are the fundus uteri arteries and 
the artery for the round ligament (Pelage 
et al., 2005; Bhatt et al., 2006).

The arterial pattern presented in FIGURE 2 
is the most common (around 90% of 
woman), although alternative blood 
flow supplies can be present. In about 
50% of cases, the ovaries receive the 
entire blood supply through the ovarian 
artery. In fact, in about 56% of cases, the 
ovaries receive the blood supply from the 
ovarian and uterine artery, 40% of cases 
come from the ovarian artery and 4% of 
cases from the uterine artery (Standring, 
2008) (FIGURE 3).

In most cases, the main peripheral blood 
supply of uterine fibroid origin from 
the uterine artery is often distorted and 
enlarged. Arteries supplying the fibroid 
periphery are usually larger than those 
supplying the normal myometrium and 
generate a rich perifibroid plexus (Secil 
et al., 2008). Fibroid parenchyma is 
hypovascular, with small centripetal 
arteries supplying the internal portion. 
Pedunculated fibroids present a feeding 
artery through the stalk. Additional blood 
supply may arise in 5–10% of cases from 
the ovarian arteries, more frequently in 
women with large subserosal fibroids, in 
women who have had previous pelvic 
surgery or in those with ovarian or tubal 
pathologies (Secil et al., 2008).

Greyscale ultrasound characteristics 

of uterine fibroids

Fibroids are usually homogeneously 
hypoechoic nodular areas, with sharp, 
well-defined margins at the greyscale 
ultrasound examination (Oh et al., 2019). 
The ecostructure is influenced by the 
different relationship between fibrous 

and muscular components, by possible 
degenerative phenomena, e.g. hyaline, 
cystic, myxomatous, lipomatous and 
calcific degeneration, and by infectious 
or ischaemic events. In larger fibroids, 
the evolution towards degenerative-
necrotic phenomena is more frequent 
owing to inadequate vascular supply. In 
these cases, irregular anechoic areas 
are found inside the fibroid. A massive 
colliquation can result in a completely 
cystic ultrasound image and create 
diagnostic-differential difficulties with 
an adnexal mass. The thickening of the 
connective matrix surrounding the fibroid 
constitutes the so-called ‘pseudocapsule’, 
and its identification is crucial for 
ultrasound diagnosis of fibroids. The 
pseudocapsule is represented by a 
hypoechoic zone interposed between the 
fibroid and the surrounding myometrium, 
sometimes presenting characteristics of 
hyperechogenicity caused by calcification 
phenomena of the myometrium (Tinelli 
et al., 2014).

INTRATISSUTAL 
VASCULARIZATION IN THE 
MYOMETRIUM AND FIBROIDS

The microscopic anatomy of the 
vasculature of fibroids and the 
myometrium in patients with uterine 
fibromatosis has been studied with 
different techniques, ranging from 
Doppler ultrasound, for clinical 
assessment, to immunohistochemistry 
and electron microscope for the 
morphological study of tissues. The 
attention to this aspect derives from the 
awareness that, as in all expansive lesions, 
an increase in cellularity is generated 
by an increase in vascularization 
through neo-angiogenic stimulation 
and that, when this does not occur, 
hypoxic conditions and tissue necrosis 
are generated (Konarska et al., 2016). 
The vascularization of fibroids derives 
from branches of the uterine arteries 
that can undergo alterations caused by 
the increased demand for blood flow. 
A diffuse uterine hypervascularization 
is visible with multiple fibroids. The 
reported increased size and tortuosity 
of these vessels, is due to the fact that, 
in addition to normal myometrium, they 
must also compensate for the presence 
of fibroids neoformations (Pelage 
et al., 2005). The capillaries present in 
fibroids, on the contrary, are of normal 
appearance, different from those typical 
in malignant tumours, which are irregular 
and tortuous because of an important 
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FIGURE 1 The uterus and its vascularization. The virtual dissection table 3D anatomy platform (Anatomage) was used to process the images and 

was supplied by the Faculty of Medicine and Surgery, Università Politecnica della Marche, Ancona, Italy. The images show the abdominal aorta 

(pink), the ovarian artery (red) and the uterine artery (yellow), which is the first or second branch of the anterior division of the internal iliac artery 

(green).

FIGURE 2 The origin of the uterine artery, branches and related anastomoses. In this image, 

the uterine artery and its branches (yellow) show a transverse segment that crosses the ureter 

at the level of the cervix, a descending segment that runs parallel to the lateral pelvic wall, an 

ascending segment along the edge of the uterus at the medial border of the broad ligament, 

where it joins the ovarian artery indicated in red, and the terminal branches of the fundus artery 

and the artery of the round ligament of the uterus. The vaginal artery is represented by two or 

three branches that anastomose with the branches of the uterine artery (purple).

and rapid proangiogenic stimulus 
(Walocha et al., 2003).

Extensive studies show that fibroids 
have a mainly peripheral vascularization 
surrounding the tumour, the so-
called ‘perifibromal vascular capsule’, 

whereas the tumour itself is relatively 
hypovascularized. Small centripetal 
vessels originate from the perifibromal 
plexus that spread into the fibroid 
(Pelage et al., 2005). The presence of 
this ‘capsule’ or ‘vascular pseudocapsule’ 
is demonstrated by Doppler ultrasounds 

and by the detection of increased 
activity of various vascular growth factors 
in this site (Bereza et al., 2013). The 
vascular system of intramural fibroid 
was described by Walocha et al. (2003) 
who analysed the vascularization of 
fibroid tissues by scanning electron 
microscopy by the observation of 
vascular corrosion casting of injected 
resin fills of all blood vessels, including 
cappilaries of uterine fibromatosis 
(FIGURE 4A). The observation showed 
the existence of two different types of 
vascular arrangement: one in the form 
of a dense peripheral ‘vascular capsule’ 
and a hypovascularized core, and the 
other consisting of hypovascularization 
with lateral branches that separate ‘foci 
of intensive tumour regression’. In these 
areas, multiple tumours are characterized 
by the presence of intratumoral septa 
of connective and vascular tissue, 
which separate the foci with increased 
proliferation. The vascular patterns 
observed in Walocha's study of fibroids 
of various sizes allow us to propose a 
development pathway of the vascular 
system in these tumours. In fact, small 
fibroids (1–3 mm) are almost avascular, 
being surrounded by a relatively dense 
myometrial vascular network composed 
mainly of capillaries, and containing a 
few larger vessels, both arteries and veins 
(Walocha et al., 2003). Fibroids with 
larger dimensions (up to 1 cm), however, 
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FIGURE 3 Arterial vascularization of the female genital organ. (A–C) Variants of ovarian vascularization.

FIGURE 4 (A) The square shows the vascular architecture of a fibroid characterized by a vascularized area surrounding the avascular ‘core’. This 

image is representative and reproduces the scanning electron microscopy observation of the vascular corrosion casting (adapted from Walocha 

et al., 2003); (B) A possible explanation of the vascularization structure of fibroid. This tissue shows an avascular core inside a vascularized capsule 

(red lines). Even if fibroids are hypoxic, they do not express hypoxia inducible factor 1α (HIF-1α). On the other hand, HIF-1α (light blue lines) is 

over-expressed by the myometrium cells (dark pink in the figure) next to fibroid cells (light pink area). In addition to this, several angiogenic factors, 

such as basic fibroblast growth and adrenomedullin (both represented by the small purple and light green triangles in the figure) and also vascular 

endothelial growth factor (VEGF) (dark green triangles in the figure) are expressed by myometrium cells and also by fibroid cells. In particular, a 

VEGF concentration gradient establishes within the fibroid. This gradient increases from the inner part to the periphereal zone of the fibroid. The 

HIF-1α, expressed only by the fibroid cells, could lead the action of these angiogenic factors. All this may explain the vascularized capsule growing 

around the avascular fibroid. Moreover, this condition can account for the abnormal uterine bleeding phenomenon. The black arrows show the 

whole process from hypoxia to abnormal uterine bleeding. Oxygen is also represented (light blue).
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are characterized by a greater density 
of surrounding vessels and by few small 
blood vessels (capillaries, arterioles and 
small arteries) that invade the lesion. 
A feature of larger (>1 cm) fibroids is 
the presence of a ‘vascular capsule’, a 
dense vascular network at the border 
between the tumour and the surrounding 
myometrium, often separated from the 
unchanged myometrial tissue by a narrow 
avascular clust. Capillaries, arterioles 
and venules, tend to form parallel arrays, 
and are the predominant components 
of this network. This vascular capsule 
arises from small fibromatous foci, which 
compress the pre-existing blood vessels, 
inducing the regression of the vessels, 
leading to the formation of avascular 
regions within these. Subsequently, the 
density of the blood vessels increases 
near adjacent fibroids and, as the fibroid 
increases in size, new blood vessels 
penetrate the area in which the fibroid is 
present, leading to the formation of the 
‘vascular capsule’. The small avascular 
areas that are observed in larger 
fibroids could probably represent foci of 
necrosis or neo-fibroids (Walocha et al., 
2003). Furthermore, several studies 
have shown that the vascularization of 
these tumours largely depended on the 
size and position of the fibroid and on 
secondary degenerative changes (Kurjak 
et al., 1992; Sosic et al., 1996). The 
differences in vascular density between 
the myometrium and the fibroid can 
represent an important difference in 
angiogenesis and vascular remodelling. 
These differences in angiogenesis 
may be the result of changes in the 
balance between factors that promote 
or inhibit angiogenesis. Fay (1993) 
studied the vascular density of fibroids 
by scanning electron microscopy and 
by immunohistochemistry of factor 
VIII, an important factor involved in 
the coagulation cascade that forms a 
part of von Willebrand factor complex, 
and with reduced expression in smaller, 
less mature blood vessels. The factor 
VIII seemed to be lower or similar to 
that of myometrial tissue. Furthermore, 
both techniques showed and confirmed 
the presence in all fibroids of a 
greater density of peripheral vessels 
and, therefore, the presence of the 
‘vascular capsule’. Furthermore, it has 
been observed that some large fibroids 
do not produce excessive collagen 
deposition, unlike small fibroids, 
which, on the contrary, are capable of 
producing large amounts of collagen, 
resulting in interstitial ischaemia. The 

formation of a fibroid seems to follow 
this sequential pattern, in which more 
balanced progressive growth initially 
occurs as a result of the proliferation 
of transformed myocytes and the 
production and deposition of collagen, 
until the tumours evolve as a result of the 
accumulation of collagen in the stroma 
with secondary interstitial ischaemia. 
An inverse relationship exists between 
the percentage of collagenous tumour 
matrix and the density of microvessels, 
which can lead to myocyte atrophy 
and eventual tumour involution, 
through interstitial ischaemia and with 
vascular ischaemia. Flake et al. (2013) 
hypothesized that many fibroids undergo 
progressive involution, largely owing to 
excessive production of collagen in the 
interstitial matrix, thus increasing the 
distance between tumour myocytes 
and their blood supply. As the smooth 
muscle cells of the blood vessels of 
fibroids are similar to the phenotypic 
transformation changes of tumour 
myocytes, the blood vessels of fibroids 
also become progressively more fibrotic 
and hyalinized. Therefore, tumour 
myocytes are subject to a reduced supply 
of essential nutrients and oxygen because 
of vascular and interstitial ischaemia. If 
vascular and interstitial ischaemia develop 
within these tumours with increased 
collagen deposition, the proliferative 
capacity of myocytes may decrease, as 
the diffusion of nutrients and oxygen is 
hindered by thickened fibrotic vessels 
and by fibrotic interstitium. Furthermore, 
if the angiogenesis rate is not equivalent 
to, or higher than, the fibrogenesis rate, 
the tumour myocytes would have the 
additional stress of a greater distance 
between myocytes and capillaries 
(reduced microvascular density). A 
consequence of the increased diffusion 
distance between myocytes and blood 
vessels is the density of the fibrotic 
interstitial tissue and vessel walls, and a 
reduction in the supply of nutrients and 
oxygen to the cells. Decreased blood flow 
could cause necrosis, and a lower degree 
of ischaemia or hypoxia could induce an 
apoptotic reaction, and both types of cell 
death could be seen in fibroids (Flake 
et al., 2013).

IMPLICATION OF ANGIOGENESIS 
IN FIBROID PATHOGENESIS

The pathogenesis of fibroids is unclear. 
Extensive studies have established 
that ovarian steroids (oestrogen and 
progesterone) significantly affect the 

growth of fibroids, and their actions are 
partly mediated by local production of 
growth factors. In particular, steroids 
may modulate the production of 
different growth factors. These include 
epidermal growth factor, platelet-
derived growth factor, insulin-like growth 
factor-1, transforming growth factor alfa, 
transforming growth factor beta, vascular 
endothelial growth factor (VEGF), acidic 
fibroblast growth factor, basic fibroblast 
growth factor, activin-A and myostatin 
(Sozen et al., 2002; Ciarmela et al., 
2011), cytokines (interleukin [IL]: IL-1, IL-6, 
IL-11, IL-13, IL-15, tumour necrosis factor 
alfa, granulocyte-macrophage colony-
stimulating factor and erythropoietin) as 
well as chemokines and their receptors 
(macrophage inflammatory proteins 
alfa, macrophage inflammatory proteins 
beta, RANTES, eotaxin, eotaxin-2, 
IL-8, chemokine receptor [CCR] 
CCR1, CCR3, CCR5, CXCR1, CXCR2, 
monocyte chemoattractant protein-1 
(Sozen et al., 1998; Syssoev et al., 
2008), which are involved in fibroid 
biology. Furthermore, it would seem 
that the pathogenesis is also linked to 
vascularization and angiogenesis; in 
fact, they seem to play an important 
role in the development and growth 
of fibroids (Leppert et al., 2013), even 
if the mechanism is not clear. Fibroids 
are considered benign tumours differing 
from malignant ones in angiogenesis and 
consequent vascularization. In fact, the 
fibroids show reduced vascularization 
compared with malignant tumours. 
It is known that hypoxia inducible 
factor 1α (HIF-1α) causes the tissue 
to adapt to hypoxia (Vincent et al., 
2002). Interestingly, Mayer et al. (2010) 
demonstrated that HIF-1α, is not 
expressed in fibroid tissue, although it 
is overexpressed in leiomyosarcoma 
(malignant countpart). Such findings 
could represent an explanation of the 
vascular architecture of the fibroid, 
consisting of an avascular core inside a 
vascularized capsule (Tal et al., 2014). 
It has, however, been shown that the 
fibroid is a hypoxic tissue (Mayer et al., 
2008) and, therefore, should be highly 
vascularized (Tal et al., 2014). The 
suppression of HIF-1α expression (Mayer 
et al., 2010) in fibroid tissue suggests an 
inadequate response of fibroid tissue to 
hypoxia (Tal et al., 2014). This may lead 
to a not sufficient angiogenic response 
in fibroids so that they appear avascular 
(Tal et al., 2014). These results are 
compatible with the findings of Carmeliet 
et al. (1998), who showed that disruption 
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of HIF-1α impairs the formation of large 
blood vessels, interfering with vascular 
function so that, within the tumour mass, 
a hypoxic microenvironment establishes. 
It is known that most fibroids arise within 
the areas of myometrial hyperplasia, 
which are characterized by hypoxia 
and by an overexpression of the HIF-
1α (Cramer et al., 2009). Fibroids are 
hypoxic, but do not express the HIF-1α, 
suggesting that the lack of expression 
of the HIF-1α could lead to reduce 
vascularization in the fibroid tissue. 
Therefore, the hypoxia of the fibroid 
tissue could drive the vascularization 
from the periphery of the tumour into 
the surrounding myometrium making 
the vascular capsule responsible for the 
blood supply to the growing tumour. The 
aberrant response of hypoxia and the 
lack of activation of the HIF-1α in fibroid 
tissue suggests that this factor could be 
involved in the pathophysiology of the 
fibroid, and reduced vascularization, 
growth, invasion and metastasis of the 
tumour. In addition to this, the formation 
of the vascularized capsule surrounding 
the avascular fibroid that could be 
interconnected with the vascular 
density in the normal myometrium 
encompassing the tumour may, in 
turn, provide an explanation about 
the menorrhagia that afflicts women 
with uterine fibroids and it also may 
explain the recurrent bleeding during 
myomectomy (Tal et al., 2014) (FIGURE 4B).

Another possible explanation for the 
avascular structure of fibroids could 
be represented by genetic aberrations 
that lead to an insufficient response to 
the stimuli of pro-angiogenic factors 
(Tal et al., 2014). In fact, fibroids are 
characterized by cytogenetic anomalies 
in about 40% of cases (Levy et al., 2012) 
and by an abnormal pattern of DNA 
methylation (Yamagata et al., 2009). A 
further explanation could be that the 
upregulation of angiogenic inhibitors 
reduce the microvascularization of 
fibroids through their counteracting 
action against angiogenic promoters 
(Leppert et al., 2013). In support of 
this hypothesis, it has been shown that 
collagen 4A2, the precursor of the 
angiogenic inhibitor canstatin (Kamphaus 
et al., 2000), is upregulated in fibroid 
tissue compared with myometrial tissue 
(Weston et al., 2003). Other studies 
suggest that fibroids overexpress and 
release angiogenic factor that can 
stimulate angiogenesis of adjacent 
myometrium, forming the vascular 

capsule that surround the avascular 
fibroid (Hague et al., 2000; Walocha 
et al., 2003). This hypothesis is supported 
by Wei et al. (2006), who showed an 
increasing concentration gradient of 
VEGF from the centre of the fibroid to its 
peripheral area. Furthermore, it has been 
shown that, in myometrial tissue affected 
by fibromatosis compared with healthy 
myometrial tissue, an overexpression 
of several growth factors is involved 
in angiogenesis, such as VEGF, basic 
fibroblast growth and adrenomedullin 
(ADM) (Hague et al., 2000). In particular, 
it has been shown that the vascular 
density of the fibroid and the adjacent 
myometrium correlates with the 
expression of the angiogenic factor ADM 
induced by hypoxia (Hague et al., 2000). 
Therefore, ADM could be an important 
molecule involved in the development of 
the well-vascularized capsule surrounding 
the avascular core of the fibroid (Hague 
et al., 2000). Furthermore, it has 
been shown that fibroids with larger 
dimensions (>1 cm), even if with a lower 
vascular density compared with healthy 
myometrium, are more vascularized 
than small fibroids (1–3 mm) (Walocha 
et al., 2003). Fibroids, which are 
characterized by overexpression of the 
high mobility group AT-hook 2 (HMGA2), 
representing about 10–15% of cases 
(Mehine et al., 2016; Makinen et al., 
2017), are usually larger than fibroids 
without HMGA2 overexpression (Gross 
et al., 2003; Griffin et al., 2019). Fibroid 
variant that usually presents HMGA2 
overexpression, such as the intravascular 
leiomyomatosis (Ordulu et al., 2016), 
the hydropic fibroid (Griffin et al., 2019) 
and the lipoleiomyoma (Pedeutour et al., 
2000), usually have a high cellular and 
hypervascular appearance (Li et al., 2020) 
with high vessel density and increased 
vessel proliferation (Griffin et al., 2019). 
Indeed, fibroids showing overexpressed 
HMGA2 have been shown to be 
characterized by increased expression 
and secretion of angiogenic factors, such 
as IGF2, bFGF, tumour necrosis factor 
alfa, VEGFR1 and VEGFR2 compared 
with MED12 fibroids (Li et al., 2020). 
As HMGA2 expression has been shown 
to correlate with all these upregulated 
genes, it has been suggested that 
HMGA2 overexpression is associated 
with up-regulation of angiogenesis 
factors (Li et al., 2020). Angiogenesis 
factors may play an important role in the 
pathophysiology of fibroids, particularly 
in abnormal vascularization, survival and 
growth of fibroids (Leppert et al., 2013).

Konarska et al. (2016) addressed this 
topic by attempting to clarify how 
pro-angiogenic factors play a role in 
the growth of fibroids. Although a high 
expression of pro-angiogenic factors 
would expect a flourishing tumour neo-
angiogenesis, this does not happen in the 
fibroma but rather in the surrounding 
healthy myometrium. This seems to be 
caused by chromosomal alterations, 
induced by cell replication, which make 
tumour cells insensitive to these factors, 
as well as to oestrogenic hormonal 
stimuli. The latter are favourable to 
neovascularization and have less action 
on the fibroma because there are fewer 
receptors (Konarska et al., 2016). In the 
study by Casey et al. (2000), analysis of 
immunohistochemical vascular factors 
and microscopic microvessels counting, 
was used to show that the myometrium is 
increasingly vascularized compared with 
fibromas of any size: small fibromas with 
CD31; large fibromas in both central and 
peripheral areas using factor VIII; and 
any fibromal or peripheral areas using 
lectin Ulex europaeus. The myometrium 
has larger vessels and large fibroids 
compared with small ones using CD34, 
factor VIII and U. europaeus lectin.

The myometrium responds to the 
presence of proangiogenic factors 
produced by small fibroids, which 
increase the vessels and hmicrovascular 
density. This can generate capillaries 
that feed the small fibroids, promoting 
their growth and increasing their size. 
Probably symptoms such as menorrhagia 
or increased risk of bleeding during 
myomectomy surgery depend on 
this increased myometrial vascular 
density. Alternatively, the fibroids may 
have reduced angiogenic response or 
increased angiogenesis inhibitors, such 
that the myometrium responds by 
increasing peri-fibroid vascular growth 
and blood flow (Casey et al., 2000).

The excessive bleeding that may occur 
mainly with menstruation in women with 
uterine fibroids depends on a complex 
interaction of different factors. First, the 
amount of menstrual bleeding seems 
to be related to the location of the 
fibroids, with submucosal fibroids that 
are more likely to disrupt endometrial 
integrity rather that subserosal fibroids 
(Ikhena et al., 2018). In addition, fibroids 
may increase the surface area of the 
endometrium, and, consequently, the 
amount of bleeding (Critchley et al., 
2020). Large fibroids may interfere with 
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myometrial contractions that normally 
occur during menstruation to reduce 
bleeding and with the vasoconstriction 
of the spiral arteriole, through an 
abnormal expression of endothelin 
receptors A and a consequent alterated 
effect of the endothelin 1– endothelin 
receptors A axis and also endothelin 
1, 2, 3 isoforms action via endothelin 
receptors B, which play an important 
role in the vasoconstriction of uterine 
vessels (Salamonsen et al., 1999; 
Tanfin et al., 2012). Moreover, fibroids 
also seem to increase the levels 
of prostaglandin F2 alpha, altering 
the inflammatory milieu of normal 
endometrium during menstruation, with 
subsequent disordered contractility 
and increased blood loss (Kitaya et al., 
2010).

ULTRASOUND STUDY OF 
UTERINE AND FIBROID 
VASCULARIZATION

Ultrasound is the primary imaging 
modality used to evaluate patients in 
whom uterine fibroids are suspected 
(Van den Bosch et al., 2015). Doppler 
ultrasound can be used to study uterine 
and fibroid vascularization (Van den 
Bosch et al., 2015). Colour Doppler, 
power Doppler, pulsed-wave Doppler 
and three-dimensional power Doppler 
are reported to be effective for the 
visualization of the fibroid flow pattern 
and the study of Doppler parameters 
(Fleischer, 2003; Stepniak et al., 2017). 
Contrast-enhanced ultrasound (CEUS) 
is an additional tool that can be used for 
evaluating the macro- and the micro-
vascularization of the uterus and fibroids 
(Stoelinga et al., 2018; Chhabra et al., 
2020).

Acquisition technique

Doppler ultrasound examination of the 
uterus and fibroids can be carried out 
using transabdominal or transvaginal 
probes. Transvaginal probes perform 
better than transabdominal probes for 
the examination of pelvic organs, and the 
use of transabdominal probes should be 
considered as complementary in the case 
of large lesions extending beyond the 
small pelvis (Van den Bosch et al., 2015).

The paracervical vascular plexus can be 
identified in a side-to-side (lateral-to-
lateral) scan of the uterus. The uterine 
artery can then be visualized at the 
junction between the uterine body and 
the cervix, where it ascends into the 
uterine body; at approximately 2 cm from 
the cervix, the uterine artery crosses 
the ureter to become medial to it. With 
their descending cervical and ascending 
uterine branches, the arcuate arteries can 
be visualized in the outer myometrium, 
often close to the uterine border. Doppler 
waveforms of uterine artery typically 
present a high-velocity, high-resistance 
pattern, and an identifiable dicrotic notch 
(Bhatt et al., 2006; Secil et al., 2008; 
Idowu et al., 2017).

The acquisition should be optimized by 
adjusting specific settings. In particular, 
the colour box should be kept small, 
covering the area of interest, improving 
frame rate and colour resolution; the 
focal zone should be placed where 
vessels are expected; the angle of 
insonation should be less than 60° 
(30–60°); the pulse repetition frequency 
should be set to low values to evaluate 
slow flow vessels, i.e. such as those of 
fibroids, with adjustments to obtain 
a colour or a spectrum just over the 

aliasing limit; the colour and spectral 
gain should be set just below the noise 
level until all colour artifacts disappear; 
the colour and spectral wall filter should 
be set between 50–100 Hz; the sample 
gate size for pulsed-wave doppler should 
be set to about two-thirds of the vessel 
lumen; for the evaluation of artery 
supplying fibroids, the gate sample could 
be set to 1 mm (Fleischer, 2003; Bhatt 
et al., 2006; Secil et al., 2008; Van den 
Bosch et al., 2015; Idowu et al., 2018).

Colour Doppler and power Doppler

Colour Doppler converts the Doppler 
measurements into an array of colours 
and is combined with standard ultrasound 
to show the speed and direction of blood 
flow through a blood vessel. Pulsed-wave 
Doppler is used to acquire images that are 
difficult to obtain using colour Doppler 
and provides greater blood flow details. 
Power Doppler is less angle-dependent 
(Stepniak et al., 2017) and superior to 
colour Doppler for detecting small vessels 
with low blood-flow velocities but provides 
no information about flow direction. 
Pulsed-wave Doppler, however, is more 
susceptible to movement artifacts than 
colour Doppler and requires a longer 
acquisition time.

The fibroid vascular pattern includes 
a circumferential rim of vascularity in 
the pseudocapsule and a pronounced 
intralesional flow in most cases 
(Sladkevicius et al., 1996; Fleischer, 
2003). A few vessels may arise from the 
peripheral rim and penetrate the centre of 
the fibroid (Fleischer, 2003). It is reported 
that about one-half of the fibroids may 
only present peripheral vascularity with 
decreased or avascular core (FIGURE 
5A) (Weintraub et al., 2002), and only 

FIGURE 5 Power-Doppler imaging of uterine vascularization. (A) Typical fibroid vascularizazion, with peripheral flow (colour score 2) and avascular 

core (colour score 1); (B) atypical fibroid vascularization, with increased central flow (colour score 3). Colour score: (1) no flow, (2) minimal flow, (3) 

moderate flowh and (4) high vascular flow. Images obtained from the Gynaecologic Section, DISCO, Università Politecnica delle Marche, Ancona, Italy.
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a small fraction (about 2–5%) may be 
avascular (Idowu et al., 2018). Colour 
Doppler and power Doppler can also 
help the differential diagnosis between 
a pedunculated subserosal fibroid and 
ovarian masses by identifying the ‘vascular 
bridging sign’ or the ‘vascular pedicle sign’. 
‘Vascular bridging sign’ is defined as the 
presence of multiple vessels originating 
from the uterine arteries feeding the 
uterine fibroid that confirms the uterine 
origin of the evidenced mass, whereas, 
in the case of ovarian neoformation, it 
is absent (Bhatt et al., 2006). ‘Vascular 
pedicle sign’ may indicate the existence 
of a solitary vessel originating from the 
uterine artery that supplies a subserosal 
fibroid through its peduncle (or stalk), 
demonstrating a common source of blood 
supply between the mass and the uterus 
(Bhatt et al., 2006).

In clinical practice, the degree of 
vascularization should be reported using 
a subjective colour score that includes 
the percentage of vascularization and 
the colour hue. A colour score of 1 
represents no colour and a score of 4 
abundant colour signals. The score may 
be assigned separately to circumferential 
and intralesional vascularity (Van den 
Bosch et al., 2015).

Pulsed-wave Doppler

Pulsed-wave Doppler can be useful in 
evaluating blood flow of the uterine 
arteries of patients with fibroid and 
arteries supplying fibroids, distinguished 
in peripheral (or perifibroid) and 
intrafibroid (or core). The most 
frequently studied pulsed-wave Doppler 
parameters are the

Resistance Index, defined as:

Peak systolic velocity – end-diastolic 
velocity/peak systolic velocity; and

Pulsatility Index, defined as:

Peak systolic velocity – end-diastolic 
velocity/(Peak systolic velocity + end-
diastolic velocity)/2.

Uterine vascularity seems to be globally 
increased in women with uterine 
fibroids, as expressed by lower values 
of Resistance Index (0.60–0.77) and 
Pulsatility Index (1.67-2.50) of uterine 
arteries of affected women compared 
with controls (Resistance Index 0.82–
0.84, Pulsatility Index 1.97–3.40) (Alatas 
et al., 1997; Alcázar et al., 1997).

Fibroid vascularization present low values 
of Resistance Index and Pulsatility Index 
both on vessels surrounding the lesion 
(fibroid border/wall/pseudocapsule) and 
in the inner part (fibroid center/core): 
Resistance Index 0.54–0.60 /Pulsatility 
Index 0.81–1.10 and Resistance Index 
0.44–0.50/Pulsatility Index 0.66–0.80, 
respectively (Weiner et al., 1993). The 
interpretation of these parameters 
demonstrates a low impedance to flow 
and a high velocity (Huang et al., 1996), 
which increases local vascularity and 
blood flow (Sosic et al., 1996; Farmakides 
et al., 1998).

Available evidence suggests that 
those parameters may be negatively 
correlated with fibroid size and volume 
(Huang et al., 1996), with increased 
vascularization for greater lesions 
(Idowu et al., 2018). Submucosal and 
subserosal fibroids may present lower 
Resistance Index values than intramural 
fibroids (Sosic et al., 1996). Moreover, 
Resistance Index and Pulsatility Index may 
also be lower in cases of necrosis and 
secondary degenerative or inflammatory 
changes (Kurjak et al., 1992). The 
association with the possibility of fibroid 
growth seems to be less clear as some 
investigators have reported a higher 
possibility of growth over time in cases 
of higher vascularization, and others 
have reported no association between 
fibroid vascularization and proliferative 
histopathological parameters (Huang 
et al., 1996; Testa et al., 2003).

Three-dimensional power Doppler

The combination of three-dimensional 
(3D) imaging and power Doppler 
has been reported to improve the 
assessment of the vascularity of a 
volume (Alcazar, 2008), and it has 
proven effective and reproducible in 
the evaluation of fibroid vascularization, 
with an inter-observer agreement 
between 0.56 and 0.89 (Nieuwenhuis 
et al., 2015). A 3D grayscale and a 3D 
power Doppler volume of the region of 
interest can be acquired and stored. A 
manual or automatic contour is then 
traced and analysed with dedicated 
software (VOCAL), which generates three 
vascular indices of the selected volume, 
the vascularization index, the flow Index 
and vascularization flow index (VFI). 
Vascularization Index is defined as the 
number of colour voxels divided by the 
total number of colour and grey voxels, 
and reflects the proportion of blood 
vessels within the tissue. Flow Index 

is determined as the average colour 
value of all colour voxels, indicating the 
average flow velocity. Vascularization 
Index and Flow Index are unit-less and 
expressed as a value ranging between 0 
and 100 (Stepniak et al., 2017). The VFI 
is the average colour value of all grey 
and colour voxels within the volume, 
a product of the Vascularization Index 
and the Flow Index divided by 100 
(Nieuwenhuis et al., 2015; Stepniak et al., 
2017).

Those indices may be determined for 
the total volume of fibroid, for the ‘shell’ 
volume (peripheral portion of the fibroid), 
and for the most vascularized portion 
of the fibroid, subjectively identified 
and reconstructed as a sphere (Minsart 
et al., 2012). The most vascularized area 
is usually localized at the periphery of 
the fibroid rather than at the centre, 
which is often hypovascularized and the 
site of necrosis (Minsart et al., 2012). 
The limitations of this technique are 
that the Vascularization Index decreases 
as the distance between the probe and 
the vessels increases. Moreover, the 
sample size, the machine settings and 
the patients' parameters, such as heart 
pulsatility, may interfere with volume 
acquisition and determination of vascular 
indices (Stepniak et al., 2017).

A positive correlation between 
the fibroid cellular activity and the 
Vascularization Index or VFI of the most 
vascularized portion of the fibroid has 
been described, as well as a negative 
correlation between histopathological 
evidence of ischaemic necrosis and 
Vascularization Index or VFI of the total 
fibroid volume (Minsart et al., 2012).

Vascularization Index also seems to 
be related to fibroid growth over 
time, with a 7.0 cm3 increase in fibroid 
volume over time for each 1% increase 
of Vascularization Index at baseline 
(Nieuwenhuis et al., 2018).

Response to treatment

Doppler ultrasound can provide clinically 
useful information for evaluating the 
response to conservative treatments 
for uterine fibroids, such as medical 
treatment (gonadotrophin-releasing 
hormone analogues or ulipristal acetate) 
or uterine artery embolization (UAE), 
in which the vascular component plays 
a crucial role (Stepniak et al., 2017). 
Patients with uterine fibroids treated 
with gonadotrophin releasing hormone 
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analogues (leuprolide acetate, triptorelin, 
buserelin or goserelin) show an increase 
in pulsed-Doppler parameters after 
3–6 months of treatment for uterine 
arteries and fibroid-supplying arteries 
compared with baseline (Resistance 
Index 0.52–0.73 versus 0.87–1.05 for 
uterine artery and Resistance Index 
0.48–0.55 versus 0.71–0.91 for fibroid 
artery; Pulsatility Index 1.48 versus 2.31 
for uterine artery and Pulsatility Index 
0.90–0.96 versus 1.48–1.60 for fibroid 
artery), demonstrating a reduction in 
blood flow,which seems to contribute 
to symptom control and fibroid volume 
shrinkage (Creighton et al., 1994; 
Aleem et al., 1995; Matta et al., 1988; 
Kanelopoulos et al., 2003). Also, the 
analysis of 3D Power doppler parameters 
of fibroid vascularization after 3 months 
of treatment with leuprolide acetate 
confirms a reduction in fibroid blood flow 
(shell Vascularization Index 4.30 versus 
0.93 and inner Vascularization Index 6.34 
versus 1.28) (Frijlingh et al., 2020).

Baggio et al. (2018) analysed the effect 
of ulipristal acetate by studying uterine 
and fibroid vascularization. They found 
an increase in the Resistance Index and 
Pusatility Index of the fibroid core artery 
after 3 months of treatment (Resistance 
Index 0.71 versus 0.95 and Pulsatility 
Index 1.31 versus 1.41). A non-significant 
increase in the Pulsatility Index and 
Resistance Index of uterine arteries 
was noted, assuming that the effect of 
ulipristal acetate in fibroid shrinkage 
was mainly caused by the reduction of 
fibroid vascularization rather than the 
effect on the entire uterine blood flow 
(Baggio et al., 2018). The reduction of 
fibroid vascularization after 3 months 
of treatment with ulipristal acetate was 
also assessed by 3D Power Doppler, 
with a reduction of Vascularization Index 
(4.16 versus 0.54), Flow Index (26.10 
versus 16.30) and VFI (0.82 versus 0.12) 
(Czuczwar et al., 2015). These results, 
however, were not confirmed in the 
study by Frjlingh et al. (2020), in which 
the difference in 3D Power doppler 
parameters did not reach statistical 
significance (Frijlingh et al., 2020).

The response to UAE can be evaluated 
by assessing the vascularization 
parameters before the procedure, in the 
hours after the procedure and up to 3–6 
months, with an accuracy comparable 
to that of arteriography (Muniz et al., 
2002). The subjective assessment 
of fibroid vascularity (hypervascular, 

isovascular or hypovascular compared 
with normal myometrium) by colour 
Doppler shows the most significant 
reduction in vascularity 1 day after 
the procedure (Fleischer et al., 2000; 
Weintraub et al., 2002), and a slight 
increase at 6 months; moreover, 
hypervascularized fibroids seem to 
have the greatest reduction in size after 
the procedure (Fleischer et al., 2000). 
The reduction in fibroid vascularity 
after UAE seems to precede the 
decrease of fibroid volume at 3 months; 
indeed, fibroids without detectable 
vascularization are those with the most 
significant volume reduction (Tranquart 
et al., 2002). The Resistance Index of 
uterine arteries may predict volume 
reduction at 3 months after UAE as it is 
reported that a Resistance Index value 
between 0.82 and 0.88 immediately 
after the procedure is associated with 
a 38–61% reduction in fibroid volume 
at 3 months (Naguib et al., 2012). In 
addition, 3D power Doppler fibroid 
vascularization parameters seem to 
reduce after 3 months from UAE 
(Vascularization Index 1.44 versus 0.12, 
Flow Index 24.01 versus 10.44 and VFI 
0.24 versus 0.01) (Czuczwar et al., 
2015).

Conservative treatments

Other conservative treatments are 
available for uterine fibroids, such as 
radiofrequency ablation, magnetic 
resonance-guided high-intensity focused 
ultrasound, and ultrasound-guided 
high intensity focused ultrasound. 
Radiofrequency ablation can be 
delivered by a laparoscopic, transvaginal 
or transcervical approach into the 
uterine fibroid to induce coagulative 
necrosis (Bradley et al., 2019). Magnetic 
resonance-guided high-intensity focused 
ultrasound is a non-invasive procedure 
that destroys uterine fibroid by thermal 
ablation, combining magnetic resonance 
imaging and high-intensity focused 
ultrasound (Pron, 2015). In the case of 
ulatrasound-guided high intensity focused 
ultrasound, ultrasound is used to focus 
high intensity ultrasound in the target 
(Zhang et al., 2015). Magnetic resonance 
or ultrasound are used to visualize the 
patient anatomy, map the volume of 
tissue to be treated, allow treatment 
adjustment and enable treatment results 
to be evluated. The Doppler ultrasound 
study is of limited use, considering 
that those techniques rely less on the 
vascularity of fibroids in their therapeutic 
mechanism, and the degree of response 

to treatment is better evaluated by 
measuring the size of uterine fibroids 
after treatment.

Differential diagnosis

In clinical practice, Doppler ultrasound 
may help the differential diagnosis 
between uterine fibroids and other 
conditions, such as endometrial polyps 
(in the case of submucosal fibroids), 
adenomyosis or leiomyosarcomas (LMS).

The power Doppler examination 
of uterine intracavitary lesions can 
highlight some typical features that can 
distinguish endometrial polyps from 
submucosal fibroids. Endometrial polyps 
present in most cases a single feeding 
vessel originating from the base and 
going through the central part of the 
endometrium (pedicle artery sign or 
single-vessel pattern) (Alcazar et al., 
2003; Timmerman et al., 2003), whereas 
submucosal fibroids have a ‘rim-like 
pattern’ of vascularization, with circular 
or semicircular vessels surrounding 
the focal endocavitary lesion (Cil et al., 
2010).

Adenomyosis is characterized by the 
presence of endometrial glands in the 
thickness of the myometrium and can 
be associated with symptoms such as 
pelvic pain, AUB and infertility, similar to 
those of uterine fibroids. The distinction 
between the two entities is essential for 
the correct treatment choice (Chiang 
et al., 1999; Exacoustos et al., 2011; 
Van den Bosch et al., 2015). At the 
Doppler examination, the vascularization 
of adenomyosis is typically diffuse, 
with multiple scattered vessels and a 
translesional flow (Chiang et al., 1999; 
Exacoustos et al., 2011; Sharma et al., 
2015; Van den Bosch et al., 2015). 
In contrast, fibroids typically had a 
circumferential flow, with peripheral 
vessels and outer feeding vessels (Chiang 
et al., 1999; Van den Bosch et al., 2015). 
Pulsatility Index and Resistance Index 
are generally higher in adenomyosis 
compared with uterine fibroids (Pulsatility 
Index 1.5 versus 0.9 and Resistance Index 
0.9 versus 0.5) (Sharma et al., 2015). 
Also, 3D power Doppler may be useful in 
discriminating fibroids from adenomyosis, 
with Vascularization Index, Flow Index 
and VFI usually higher in the case of 
fibroids (Cheng et al., 2012; Elkattan 
et al., 2016).

Surgical planning and preoperative 
diagnosis are of crucial importance 
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when approaching patients with uterine 
masses, as a misdiagnosis of LMS as 
benign fibroid can result in inadequate 
treatment. For example, conservative 
treatment such as UAE or mini-invasive 
approaches with morcellation of 
malignant masses can significantly worsen 
a patient's prognosis (Ludovisi et al., 
2019; Sun et al., 2019).

At the subjective assessment of 
vascularity, LMS mostly present moderate 
(colour score 3) or rich (colour score 4) 
vascularization in the inner part of the 
lesion (colour score 3–4 in 55.1–87.5% 
of cases) and the circumference (colour 
score 3–4 in 40.8–100% of cases) 
(FIGURE 5B) (Exacoustos et al., 2007; 
Ludovisi et al., 2019). The vascularity of 
LMS is increased in the central portion 
compared with the circumference, 
an opposite condition to that found 
in fibroids, in which the peripheral 
vascularity is increased (Exacoustos 
et al., 2007). Up to one-third of LMS, 
however, may have an absent or minimal 
vascularization that can be explained by 
necrotic phenomena occurring in the 
centre of the lesion (Ludovisi et al., 2019). 
The finding of a marked vascularization of 
a myometrial neoformation presents high 
sensitivity (up to 100%) for a malignant 
diagnosis, but a limited positive predictive 
value (19–44%), which can be improved 
by combining other sonographic features, 
such as lesion diameter (>8 cm) or cystic 
degeneration, reaching values of 57–60% 
(Exacoustos et al., 2007).

Doppler flow indices of LMS typically 
demonstrate low impedance to flow 
(Resistance Index 0.41–0.49) (Szabo 
et al., 1997; Aviram et al., 2005) and high 
peak systolic velocity (sensitivity of 80% 
and false-positive rate of 2.4% for LMS 
diagnosis if velocity is greater than 41 
cm/s (Hata et al., 1997). These findings, 
however, are of limited use in clinical 
practice as significant overlap occurs with 
uterine fibroids (Amant et al., 2009; Sun 
et al., 2019).

In summary, LMS may present typical 
vascularization features that are not 
specific enough when considered alone 
for the differential diagnosis of benign 
conditions. Doppler findings should 
be evaluated in conjunction with other 
ultrasound features (tumour dimension, 
inhomogeneous echogenicity, internal 
irregular cystic areas, absence of shadows 
and absence of calcifications) (Ludovisi 
et al., 2019), symptoms (AUB) and 

laboratory examinations (neutrophil-to-
lymphocyte ratio), number of platelets 
and lactate dehydrogenase (Kohler et al., 
2019; Zhang et al., 2020).

Contrast-enhanced ultrasound

Contrast-enhanced ultrasound is an 
imaging technique that allows the 
visualization of the macro- and micro-
vasculature using an intravenous 
contrast agent composed of gas-filled 
microbubbles (1.5–5 µm) stabilized by 
a protein or lipid shell (Stoelinga et al., 
2018; Chhabra et al., 2020). Stoelinga 
et al. (2018) reported CEUS features 
of normal myometrium, endometrium 
and uterine fibroids. In normal 
myometrium and endometrium, the 
contrast enhancement is firstly observed 
in the outer layer of the myometrium, 
subsequently in the inner layer and 
finally in the endometrium. On the 
other hand, the wash-out occurs first 
in the endometrium and then in the 
myometrium. Uterine fibroids present 
a contrast wash-in that begins from 
the pseudo-capsule (allowing a clear 
definition of fibroid compared with 
the surrounding myometrium) and 
continues through branched vessels 
with a heterogeneous enhancement 
of the inner part of the lesion; areas 
of absence of vascularization can be 
detected inside the fibroid parenchyma. 
Fibroid wash-out begins from the centre 
and gradually involves the remaining part 
and the adjacent myometrium (Stoelinga 
et al., 2018). The performance of CEUS 
is similar to magnetic resonance in the 
study of uterine fibroids, and can be 
proposed as an alternative for patients 
with contraindications to magnetic 
resonance. Indeed, high levels of 
correlation between CEUS and magnetic 
resonance have been reported for 
the number of identified fibroids, for 
fibroid size (91% of agreement), fibroid 
location (93% of agreement) and the 
presence of enhancement (100% of 
agreement) (Chhabra et al., 2020). 
The systematic review by Torkzaban 
et al. (2021) has highlighted that CEUS 
performs similarly to magnetic resonance 
in evaluating the therapeutic effect of 
high-intensity focused ultrasound ablation 
or percutaneous microwave ablation, and 
it is helpful in determining the end point 
of the UAE procedure and in the follow-
up after UAE (Torkzaban et al., 2021). Li 
et al. (2021) proposed that CEUS may 
help distinguish between different types 
of fibroids (common uterine fibroids, 
cellular uterine fibroid, hysteromyoma 

with hyaline degeneration and uterine 
leiomyosarcomas) by evaluating specific 
CEUS parameters, such as enhanced 
time, enhanced level, enhanced 
morphology, rise time, peak intensity, 
time to peak and mean transit time (Li 
et al., 2021).

Magnetic resonance

Even if ultrasound is the imaging tecnique 
of choice for the evaluation of uterine 
fibroids, magnetic resonance may be 
useful for further characterization or 
differential diagnosis in the case of 
coexisting pelvic disease, severe uterine 
abnormalities, very large masses or 
when leiomyosarcoma is suspected. 
Fibroids without sign of degeneration 
are well-delineated round or ovoid 
lesions homogeneously hypointense 
on T2-weighted imaging (T2WI) 
related to the outer myometrium and 
isointense on T1-weighted imaging 
(T1WI), with heterogeneous and variable 
enhancement (Nougaret et al., 2020). 
It has been reported that magnetic 
resonance has a sensitivity of 94.1% 
and a specificity of 68.7% for uterine 
fibroids identification (Murase et al., 
1999). Magnetic resonance may also 
be helpful in distinguishing between 
cellular fibroids and lipoleiomyomas, 
the first with higher signal intensity 
on T2WI and avid enhancement 
(Deshmukh et al., 2012), and the latter 
with high signal intensity of the fat 
components on T1WI and T2WI with 
loss of signal intensity on fat-saturated 
sequences (DeMulder et al., 2018). 
Magnetic resonance may also identify 
typical features of fibroid degeneration 
(hyaline, cystic, myxoid, haemorrhagic 
or calcific) (Nougaret et al., 2020). 
No specific magnetic resonance 
features have been identified for the 
diagnosis of uterine leiomysarcoma, 
making differential diagnosis difficult; 
however, an association between a 
diagnosis of leiomyosarcoma and the 
following features have been reported: 
identification of nodular borders, 
haemorrhage (high signal intensity on 
T1WI), T2-weighted (T2W) dark areas, 
central areas of non-enhancement, 
rapid early enhancement of the solid 
components or restricted diffusion 
(Bolan et al., 2016; Lakhman et al., 2017; 
Fujii et al., 2021).

CONCLUSIONS

Uterine and fibroid vascularization 
are crucial aspects that need to be 
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further investigated to gain a deeper 
understanding of the pathogenetic 
elements that lead to the formation 
of uterine fibroids and their clinical 
manifestations. The ultrasound study of 
uterine and fibroid vascularization may 
be carried out in different ways to obtain 
multiple clinical information and provide 
individualized treatment. In particular, an 
ultrasound scan may help to evaluate the 
response to conservative treatment and 
accurately plan the surgical approach, 
intensifying the prevention procedures 
in patients at high-risk for blood loss. 
Regarding the differential diagnosis with 
malignant pathology, the evaluation 
of vascularization alone may not be 
enough to discriminate between benign 
and malignant conditions, but it should 
be related to other clinical features. 
Future research should focus on new 
ultrasonographic techniques and new 
applications of the existing techniques to 
improve our diagnostic and therapeutic 
capacity. Because the contribution of 
fibroids to heavy menstrual bleeding 
or AUB also depends on localization, 
it will be interesting to focus on 
submucosal or intramural fibroids and 
compare their vascularization and 
cellularity with subserosal fibroids, and, 
in the same patients, the thickness of 
endometrial layer. In addition, as the 
differential diagnosis with myosarcoma 
is a current clinical question, it is worth 
investigating different techniques for 
imaging vascularization in these patients 
compared with benign fibroids.
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Uterine leiomyomas (fibroids or myomas) are the most common benign tumors of

premenopausal women and new medical treatments are needed. This study aimed to

determine the effects of omega-3 fatty acids on the lipid profile, membrane

architecture and gene expression patterns of extracellular matrix components

(collagen1A1, fibronectin, versican, or activin A), mechanical signaling (integrin β1,

FAK, and AKAP13), sterol regulatorymolecules (ABCG1, ABCA1, CAV1, and SREBF2),

and mitochondrial enzyme (CYP11A1) in myometrial and leiomyoma cells. Myometrial

tissues had a higher amount of arachidonic acid than leiomyoma tissues while

leiomyoma tissues hadahigher level of linoleic acid thanmyometrial tissues. Treatment

of primary myometrial and leiomyoma cells with eicosapentaenoic acid (EPA) or

docosahexaenoic acid (DHA) reduced themonounsaturated fatty acid (MUFA) content

and increased the polyunsaturated fatty acid (PUFA) content in both cell types.

Myometrial and leiomyoma cell membranes were in the liquid-crystalline phase, but

EPA- and DHA-treated cells had decreased membrane fluidity. While we found no

changes in the mRNA expression of ECM components, EPA and DHA treatment

reduced levels of ABCG1, ABCA1, and AKAP13 in both cell types. EPA and DHA also

reducedFAKandCYP11A1expression inmyometrial cells. Theability of omega-3 fatty

acids to remodel membrane architecture and downregulate the expression of genes

involved in mechanical signaling and lipid accumulation in leiomyoma cells offers to

further investigate this compound as preventive and/or therapeutic option.

K E YWORD S

ABCG1 and ABCA1, lipid profile, mechanical signaling, omega-3 fatty acids, uterine

leiomyoma

1 | INTRODUCTION

Uterine leiomyomas (fibroids or myomas), originating frommyometrial

smooth muscle cells of the uterus, are the most common benign

tumors of fertile women (Bulun, 2013; Protic et al., 2016). Uterine

leiomyomas affect about 77% of women of reproductive-age and

approximately 25% of reproductive-age women bear clinically

apparent tumors (Buttram & Reiter, 1981; Cramer & Patel, 1990).

The incidence and severity of symptoms typically depend on the size,

number, and location of the fibroids (Buttram & Reiter, 1981). The

common symptoms associated with uterine leiomyomas are irregular

and excessive menstrual bleeding, which often causes anaemia, pain in
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the back of the legs, pelvic pain or pressure, bowel and bladder

dysfunctions, pressure sensation in the lower abdomen, pain during

sexual intercourse, infertility, and recurrent abortion (Buttram &

Reiter, 1981; Evans & Brunsell, 2007; Marsh & Bulun, 2006; Stewart,

2001). Uterine leiomyomas are currently the most common indication

for hysterectomy in the world. Despite their high prevalence,

significant associated health problems and huge economic impact on

the healthcare system, relatively little is understood about the etiology

and pathophysiology of uterine leiomyomas and effective therapeutic

strategies are lacking. The prevalence of uterine leiomyoma is over

three-fold higher in black women compared to white women (Marshall

et al., 1997). In addition, age (late reproductive years), heredity,

nulliparity, obesity, polycystic ovary syndrome, diabetes, hypertension,

oral contraceptives, and hormone replacement therapy are major risk

factors associated with this tumor (Flake, Andersen, & Dixon, 2003;

Okolo, 2008; Walker & Stewart, 2005).

To date, genetic and epigenetic factors, sex steroids, growth

factors, cytokines, chemokines, inflammation, and extracellular matrix

(ECM) components are known factors involved in the pathogenesis of

leiomyoma (Ciarmela et al., 2011; Gallagher & Morton, 2016; Islam,

Akhtar, Segars, Castellucci, & Ciarmela, 2017; Islam et al., 2013; Protic

et al., 2016; Yang, Mas, Diamond, & Al-Hendy, 2016). ECM

components, mainly collagen1A1, fibronectin and versican are over-

expressed in leiomyoma (Malik & Catherino, 2012), and their

upregulation is induced by activin A (Islam et al., 2014). ECM proteins

transmit mechanical signals from the outside of the cell to the cell

interior through transmembrane integrin proteins. The functional

activity of integrinsmay bemodulated bymodification of the fluidity of

the cell membrane caused by alterations of lipid membrane

composition.

Lipid homeostasis is fundamental for cellular function because of

the key role of lipids in cell signaling, energy storage, and membrane

functions, which are strictly dependent on membrane fluidity

(Ibarguren, López, & Escribá, 2014). Lipidomics, or the comprehensive

and quantitative analysis of lipid components in a given system, has

been used to describe many pathological processes (Han, 2005;

Rasmiena, Ng, & Meikle, 2013; Santos & Schulze, 2012). However, to

our knowledge it has never been used to investigate uterine

leiomyoma. Omega-3 fatty acids (also called ω3 PUFA or n − 3

PUFA) are polyunsaturated fatty acids (PUFA) that are referred to as

‘essential fatty acids’ because they cannot be synthesized by mammals

andmust be obtained from the diet (Rose & Connolly, 1999).ω3 PUFA

are commonly found inmarine and plant oils and are being increasingly

promoted as important dietary components for health and disease

prevention. The active components of fish oil are generally considered

to be the two ω3 PUFA, eicosapentaenoic acid (EPA), and

docosahexaenoic acid (DHA) (Whelan & Rust, 2006). Data from

experimental and clinical studies have provided evidence that n-3 fatty

acids are anti-inflammatory and immunomodulatory, making n-3 fatty

acids potential therapeutic agents for inflammatory and autoimmune

diseases (Calder, 2001).

The aim of the present study was to evaluate: (i) if the fatty acid

profile of leiomyoma differs from that of healthymyometrium; (ii) ifω3

fatty acids modulate the lipidomic profile of the cell; and (iii) ifω3 fatty

acids modulate the expression of ECM and mechanical signaling

components as well as intracellular proteins such us sterol regulatory

molecules involved in steroid synthesis and transport of cholesterol.

2 | MATERIALS AND METHODS

2.1 | Drugs and chemicals

EPA (cis-5,8,11,14,17-Eicosapentaenoic acid) and DHA (cis-

4,7,10,13,16,19-Docosahexaenoic acid) were purchased from

Sigma–Aldrich (St. Louis, MO). Both compounds were dissolved in

ethanol (absolute) at 30mM and then further diluted with culture

medium to reach 50 μM at the time of cell treatment.Water (H2O) of

Liquid Chromatography-Mass Spectrometry (LC-MS) grade and

purchased from Sigma–Aldrich. All others solvents and reagents

were of analytical grade. Supelco 37 Component FAME Mix (certified

reference material grade) was employed as standard mixture and

purchased from Supelco (Bellefonte, PA).

2.2 | Leiomyoma and myometrial tissue collection

The study included premenopausal Caucasian women (41–49 years

old) with symptomatic fibroids. Women did not receive hormonal

treatment during the 3 months before to surgery. All patients gave

their informed consent and the permission of the Human Investigation

Committeewas granted. Fibroid andmyometrial tissueswere obtained

by hysterectomy or laparotomicmyomectomy. The location of fibroids

was submucosal and intramural, and their size range was 3–10 cm of

diameter. Fibroid tissue was defined based on well-established

histopathologic criteria.

2.3 | Primary cell cultures

Myometrial and leiomyoma samples were collected in Hanks’Balanced

Salt Solution (HBSS) (Euroclone, Milan, Italy) at the time of surgery.

Tissues were washed twice with Dulbecco's PBS (Invitrogen, Life

Technologies, Carlsbad, CA) to remove excess blood. Sampleswere cut

into small pieces with 0.1% collagenase type 8 (Serva Electrophoresis

GmbH, Heidelberg, Germany) solutions in serum-free Dulbecco's

Modified Eagle Medium (DMEM) (Sigma–Aldrich) containing 1%

penicillin-streptomycin (Euroclone), 50 μg/L gentamicin (Lonza, Wal-

kersville, MD), and 1% Amphotericin B (Lonza). Tissues were then

incubated at 37 °C for about 3–5 hr in awater bathwithmanual shaken

until completely digested. Digested cell suspensions were centrifuged

at 1,200 rpm for 10min, and washed once with fetal bovine serum

(FBS) (Sigma–Aldrich). Finally, the cell pellet was dispersed in DMEM

containing 10% FBS, 1% penicillin–streptomycin (Euroclone), 50mg/L

gentamicin (Lonza), and 1% Amphotericin B (Lonza), and plated in T25

or T75 plastic dishes, and maintained with samemedia at 37 °C in 95%

air-5% CO2. The growth medium was changed after 48 hr or 72 hr to

remove unattached cells and then subsequently twice a week. The

purity of cells was assessed by immunocytochemical staining with
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specific smoothmuscle cellsmarker, monoclonalmouse anti-α-smooth

muscle actin (α-SMA) (Sigma–Aldrich). The lower passage number (up

to 5) of cells was used for experiments to avoid changes in phenotype

and gene expression.

2.4 | Transmethylation of uterine myometrium and

uterine fibroma tissue fatty acids

The direct transmethylation reaction of the tissue fatty acids (FA)

was performed adapting the method of Harris (Harris, Pottala, Vasan,

Larson, & Robins, 2012). For each sample, 80 mg of tissue were

transferred and freeze dried in a 2 ml screwed cap vial. A total of

250 μl of a solution of BF3 (12% in MeOH anhydrous from Sigma–

Aldrich®) and 250 μl of hexane were added in sequence to the

freeze-dried sample. The vial was capped and the suspension was

vortexed for 15 s. Then, the vial was put in the oven at 100 °C for

15 min. After cooling, 250 μl of H2O were added to the sample and,

after recapping the vial, the mixture was vortexed for 20 s. Two

phases were obtained after centrifugation. A total of 150 μl of the

upper hexane phase, containing the fatty acids methyl esters

(FAME), were transferred in a 300 μl glass insert in a screwed cap

vial. The solution was dried under nitrogen flow, and the FAME were

dissolved in 50 μl of hexane. Samples were stored at −20 °C till the

gaschromatographic (GC) analysis.

2.5 | Transmethylation of cell pellet fatty acids

Transmethylation reaction was performed modifying the method

described by Harris (Harris et al., 2012). Briefly, 30 mg of defrosted

cell pellets were suspended in 300 μl of water. The suspension was

transferred to a 2 ml screwed cap vial and freeze dried. The

transmethylation method to obtain the FAME from the freeze-

dried cell pellets was the same employed for the derivatization of

the FA from the freeze dried uterine myometrium and fibroma

tissues reported above. Samples were stored at −20 °C till the GC

analysis.

2.6 | GC-FID analysis of FAME

GC analysis of the FAME in cell pellets and uterine tissues samples was

performed with a Varian® 430 GC. The chromatographic system was

equipped with a split/splitless injector, a 100m Varian® capillary

column Select™ FAME (0.25mm, 0.25 μm, #CP7421) and a flame

ionization detector (FID). A total of 0.3 μl of sample were injected with

a split ratio of 2. The injector and the FID were maintained at 260 °C.

Helium (He) was employed as carrier gaswith a flow rate of 1.6 ml/min.

A gradient of temperaturewas set, with the oven starting at 160 °C and

reaching 240 °C in 20min and keeping for 15min before cooling.

Peaks were identified by comparison with known standards (Supelco

37 Component FAME Mix). Fatty acids composition (wt %) were

calculated by the corrected peak area normalization method. The

chromatographic system and the peak integrationweremanaged using

Galaxie software (Agilent, Santa Clara, CA).

2.7 | Laurdan fluorescence measurements

Laurdan (6-lauroyl-2-dimethylaminonaphthalene) is a fluorescent

probe which locates in the bilayer by its lauric acid tail, with the

fluorescent moiety localized at the level of the glycerol backbone

(Antollini & Barrantes, 1998). It has a very high partition coefficient

from aqueous environments tomembranes and it is equally distributed

between gel and liquid-crystalline (LC) phases. It is not affected by pH

or by the chemical nature of phospholipid polar heads. Its spectral

sensitivity to the membrane phase state can be related to its ability to

sense polarity and the dynamics of water molecules (dipolar relaxation

of water molecules) in the immediate vicinity of the fluorophore

(Parasassi, De Stasio, Ravagnan, Rusch, & Gratton, 1991). Laurdan's

spectral features are used to calculate the generalized polarization (GP)

equation which provides information about the phospholipid phase of

the membrane (Bagatolli & Gratton, 1999). Laurdan excitation (Ex) GP

spectra were calculated as follows (Parasassi, Loiero, Raimondi,

Ravagnan, & Gratton, 1993): Ex GP = I450 − I490/I450 + I490 where I450

and I490 are the intensities at each excitation wavelength, from 320 to

420 nm, obtained using a fixed emission wavelength of 450 and

490 nm, respectively. In the phospholipid gel phase, Laurdan Ex GP

spectra are wavelength independent; in the LC phase, Ex GP values

decrease with increasing excitation wavelength, with two coexisting

phases, the GP spectrum has an opposite trend.

Low Ex GP values indicate a large water molecular mobility around

the probe (thus a fluid membrane), while high Ex GP values indicate a

rigid membrane with restricted reorientation of water molecules

during the fluorescence lifetime. Laurdan steady-state fluorescence

measurements were carried out on a computer-controlled Perkin

Elmer (PerkinElmer Ltd., Buckinghamshire, UK) LS55 spectrofluorime-

ter. The fluorescence background obtained from cells without Laurdan

was always subtracted from the data. Laurdan fluorescence spectra

were measured at 37 °C and the temperature was measured in the

sample by a digital thermometer. Cells were labeled with Laurdan at a

final probe concentration of 1 μM. Each Laurdan spectrum corre-

sponds to the average of determinations performed on five different

samples (n = 5). All spectra were normalized by using Perkin Elmer FL

WinLab Software.

2.8 | RNA isolation and real-time PCR

Primary myometrial and leiomyoma cells were treated with EPA or

DHA (50 μM), and kept negative control (treated with 0.2% ethanol

as we used to dissolve EPA and DHA) for 48 h, and lysed using

TRIzol reagent (Ambion, Life Technologies), and stored at −80 °C.

Total RNA (colorless upper aqueous phase) was separated using

chloroform according to the manufacturer's instructions. After

that, RNA was purified and concentrated using ReliaPrep™ RNA

Cell Miniprep System (Promega Italia, Milan, Italy). The comple-

mentary DNA (cDNA) was generated from 1 μg of RNA using high-

capacity cDNA reverse transcriptase (RT) kit (Applied Biosystems,

Life Technologies), and newly synthesized cDNA was used for real-

time PCR. Real-time PCR was performed on StepOnePlus version
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2.2.2 (Applied Biosystems, Life Technologies) in 96-well optical

reaction plates with 50 ng cDNA in a final volume of 15 μl,

containing 1X TaqMan® fast advanced master mix, with the

following TaqMan® gene expression assays (Applied Biosystems,

Life Technologies) (Table 1). Controls included RNA subjected to

RT-PCR without reverse transcriptase.

2.9 | Statistical analyses

Statistical analyses were performed using GraphPad Prism software

(version 6.01 for Windows) (GraphPad, San Diego, CA). The data were

analyzed using non-parametric “Kruskal–Wallis” ANOVA, followed by

post hoc “Dunn” test for multiple comparisons. Results are expressed

TABLE 1 List of primers used in this study

Gene name

Gene

symbol Gene aliases

Reference

sequence Assay ID

Amplicon

length

Collagen, type I, alpha 1 COL1A1 OI4 NM_000088.3 Hs00164004_m1 66

Fibronectin 1 FN1 CIG, ED-B, FINC, FN, FNZ, GFND,

GFND2, LETS, MSF

NM_002026.2

NM_054034.2

NM_212474.1

NM_212476.1

NM_212478.1

NM_212482.1

Hs00365052_m1 82

Versican VCAN CSPG2, ERVR, GHAP, PG-M, WGN,

WGN1

NM_001126336.2

NM_001164097.1

NM_001164098.1

NM_004385.4

Hs00171642_m1 72

Inhibin, beta A INHBA EDF, FRP NM_002192.2 Hs00170103_m1 65

Integrin, beta 1 (fibronectin

receptor, beta polypeptide,

antigen CD29 includes MDF2,

MSK12)

ITGB1 CD29, FNRB, GPIIA, MDF2, MSK12,

RP11-479G22.2, VLA-BETA, VLAB

NM_002211.3

NM_033668.2

NM_133376.2

Hs00559595_m1 75

Protein tyrosine kinase 2 PTK2 FADK, FAK, FAK1, FRNK, PPP1R71,

p125FAK, pp125FAK

NM_001199649.1

NM_005607.4

NM_153831.3

Hs01056457_m1 76

A kinase (PRKA) anchor protein 13 AKAP13 AKAP-13, AKAP-Lbc, ARHGEF13,

BRX, HA-3, Ht31, LBC, PRKA13,

PROTO-LB, PROTO-LBC, c-lbc,

p47

NM_001270546.1

NM_006738.5

NM_007200.4

Hs00180747_m1 105

ATP-binding cassette, sub-family

G (WHITE), member 1

ABCG1 ABC8, WHITE1 NM_004915.3

NM_016818.2

NM_207174.1

NM_207627.1

NM_207628.1

NM_207629.1

Hs00245154_m1 58

ATP-binding cassette, sub-family

A (ABC1), member 1

ABCA1 ABC-1, ABC1, CERP, HDLDT1, TGD NM_005502.3 Hs01059118_m1 61

Caveolin 1, caveolae protein,

22 kDa

CAV1 BSCL3, CGL3, MSTP085, PPH3,

VIP21

NM_001172895.1

NM_001172896.1

NM_001172897.1

NM_001753.4

Hs00971716_m1 66

Sterol regulatory element binding

transcription factor 2

SREBF2 CTA-250D10.14–005, SREBP-2,

SREBP2, bHLHd2

NM_004599.3

NR_103834.1

Hs01081784_m1 91

Cytochrome P450, family 11,

subfamily A, polypeptide 1

CYP11A1 CYP11A, CYPXIA1, P450SCC NM_000781.2

NM_001099773.1

Hs00167984_m1 77

Phosphatidylethanolamine binding

protein 1

PEBP1 HCNP, HCNPpp, PBP, PEBP, PEBP-1,

RKIP

NM_002567.2 Hs00831506_g1 134

Hypoxanthine

phosphoribosyltransferase 1

HPRT1 HGPRT, HPRT NM_000194.2 Hs99999909_m1 100

Actin, beta ACT B BRWS1, PS1TP5BP1 NM_001101.3 Hs99999903_m1 171
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as mean ± SD. Differences were considered significant when

*p < 0.05, **p < 0.01, ***p < 0.001. The data obtained from the GC-

FID analysis of tissues and cells FA were organized and processed by

means of Office Excel software (Microsoft). Principal component

analysis (PCA) of the results was performed by means the Office Excel

add-in Multibase package (Numerical Dynamics, Japan).

3 | RESULTS

3.1 | Total fatty acid composition of the leiomyoma

and myometrial tissues

The fatty acid composition of the leiomyoma and myometrial tissues

(n = 8) is summarized in Table 2. Arachidonic acid was the most

abundant fatty acid in both leiomyoma and myometrial tissues,

followed by oleic acid, and two saturated species, palmitic and the

stearic acids. The fatty acid composition of leiomyoma andmyometrial

tissues had both a high content of saturated fatty acids (SFA) (> 40%)

and a lower content of monounsaturated fatty acids (MUFA) (about

21–22%). The total amount of PUFA was similar in the two tissues,

with relative percentages of approximately 35% for each.

Although the fatty acid composition of leiomyoma andmyometrial

tissues was highly similar, some statistically significant differences

were apparent. For example, the myometrial tissue was significantly

richer in arachidonic acid (22.4 ± 1.5%) than the myometrial tissue

(19.9 ± 1.7%). Also, the leiomyoma tissue had a higher content of

linoleic acid, the endogenous precursor of arachidonic acid, than

myometrial tissue (8.0 ± 1.4% vs. 5.9 ± 0.7%, respectively).

TABLE 2 Total fatty acid composition (weight % of total fatty acids) of the leiomyoma (FT) and myometrial (MT) tissues, with statistical analysis

Name Carbon number: double bond number Weight % of total fatty acids p

FT MT

Myristic acid 14:0 2.2 ± 0.7 2.0 ± 0.2

Pentadecylic acid 15:0 1.6 ± 0.3 2.0 ± 0.6

Palmitic acid 16:0 17.6 ± 1.5 17.5 ± 1.4

Margaric acid 17:0 0.3 ± 0.1 0.3 ± 0.1

Stearic acid 18:0 16.9 ± 1.4 17.4 ± 0.8

Lignoceric acid 24:0 2.7 ± 0.5 3.1 ± 0.4 *

ΣSFA 41.2 ± 0.8 42.3 ± 1.3 *

Pentadecenoic acid 15:1 0.5 ± 0.2 0.5 ± 0.3

Palmitoleic acid 16:1 n-7 0.8 ± 0.3 0.7 ± 0.2

Oleic acid 18:1 n-9 19.0 ± 1.4 18.1 ± 1.8

Vaccenic acid 18:1 n-7 2.5 ± 0.7 2.2 ± 0.3

Nervonic acid 24:1 0.2 ± 0.2 0.3 ± 0.1

ΣMUFA 22.3 ± 1.1 21.1 ± 1.6

Linoleic acid 18:2 n-6 cis 8.0 ± 1.4 5.9 ± 0.7 ***

γ-Linolenic acid 18:3 n-6 0.2 ± 0.1 0.1 ± 0.0

α-Linolenic acid 18:3 n-3 0.1 ± 0.0 0.1 ± 0.0

Stearidonic acid 18:4 n-3 0.5 ± 0.2 0.5 ± 0.1

Eicosadienoic acid 20:2 n-6 0.3 ± 0.1 0.3 ± 0.1

Dihomo-γ-linolenic acid 20:3 n-6 3.2 ± 0.4 3.4 ± 0.8

Arachidonic acid 20:4 n-6 19.9 ± 1.7 22.4 ± 1.5 **

Eicosapentaenoic acid 20:5 n-3, EPA 0.2 ± 0.1 0.2 ± 0.1

Docosapentaenoic acid 22:5 n-3, DPA 1.1 ± 0.2 1.0 ± 0.2

Docosahexaenoic acid 22:6 n-3, DHA 1.2 ± 0.2 1.3 ± 0.4

ΣPUFA 34.7 ± 1.0 35.1 ± 1.5

ΣPUFA ω3 3.0 ± 0.3 3.0 ± 0.5

ΣPUFA ω6 31.6 ± 1.6 32.1 ± 1.3

Lipophilic index 20.6 ± 1.0 20.1 ± 1.5

Other peaks 0.9 ± 0.3 0.7 ± 0.4

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. Results represent means ± S.D. (n = 8);. − p > 0.05 (no

significant difference); * p < 0.05; ** p < 0.01; *** p < 0.001.
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The total SFA percentage of myometrial tissue was significantly

higher than that of leiomyoma tissue (42.3 ± 1.3% vs. 41.2 ± 0.8%,

respectively), but no significant differences were found between the

levels of palmitic and stearic acids, the two main saturated species.

Concerning the SFA profile, the only significant difference was that

lignoceric acid (C24:0) was higher in myometrial than in leiomyoma

samples (3.1 ± 0.4% vs. 2.7 ± 0.5%, respectively).

For both myometrial and leiomyoma tissues, the ω6 and ω3 fatty

acids comprised approximately 30% and 3% of the total fatty acid

content, respectively.

3.2 | Effects of DHA and EPA on fatty acid

composition of primary myometrial and leiomyoma

cells in vitro

The results concerning the fatty acid analysis of primary cells isolated

from myometrial tissue and then treated with EPA or DHA in vitro are

reported in Table 3. In both treated and untreated myometrial cells

(n = 8) the SFA were the main constituents, while the PUFA were

present in lower abundance. In the untreated control cells, the principal

fatty acid was oleic acid (25.6 ± 2.0%) followed by palmitic acid

TABLE 3 Total fatty acid composition (weight % of total fatty acids) of cells isolated frommyometrial tissue, untreated (Myo_ctrl) and treated in

vitro with DHA (Myo_DHA) and with EPA (Myo_EPA), with statistical analysis

Fatty acids Myo_ctrl Myo_DHA Myo_EPA

Name Carbon number: double bond number Weight % of total fatty acids

Myristic acid 14:0 2.4±0.7 2.5±0.5 2.6±0.5

Pentadecylic acid 15:0 1.3±0.2 1.1±0.2 1.1±0.2

Palmitic acid 16:0 19.9±2.3 21.8±2.1 21.1±1.4

Margaric acid 17:0 0.9±0.1 0.8±0.1 0.8±0.1

Stearic acid 18:0 18.0±2.8 19.7±2.4 18.5±2.4

Lignoceric acid 24:0 1.1±0.3b 0.7±0.1a 0.8±0.1a

ΣSFA 43.5±5.3 46.6±4.1 44.9±2.9

Pentadecenoic acid 15:1 1.0±0.8 0.8±0.5 0.8±0.4

Palmitoleic acid 16:1 n-7 5.7±0.5b 4.3±0.6a 4.2±0.7a

Heptadecenoic acid 17:1 0.6±0.4 0.4±0.3 0.3±0.3

Oleic acid 18:1 n-9 25.6±2.0b 18.6±3.0a 17.9±2.7a

Vaccenic acid 18:1 n-7 8.9±2.3b 6.7±1.9ab 6.4±1.6a

Nervonic acid 24:1 0.3±0.1b 0.1±0.0a 0.1±0.0a

ΣMUFA 42.1±1.1b 30.8±4.9a 29.7±4.7a

Linoleic acid 18:2 n-6 cis 1.0±0.4a 1.6±0.3b 1.6±0.3b

γ-Linolenic acid 18:3 n-6 0.0±0.0 0.1±0.0 0.1±0.1

α-Linolenic acid 18:3 n-3 0.1±0.1 0.1±0.0 0.1±0.0

Stearidonic acid 18:4 n-3 0.4±0.1b 0.2±0.0a 0.1±0.0a

Eicosadienoic acid 20:2 n-6 0.1±0.1 0.1±0.0 0.1±0.0

Dihomo-γ-linolenic acid 20:3 n-6 1.1±0.2 1.2±0.3 1.1±0.2

Arachidonic acid 20:4 n-6 5.2±1.5b 3.4±0.6a 3.4±0.6a

Eicosapentaenoic acid 20:5 n-3, EPA 0.3±0.2a 1.2±0.8a 5.1±2.2b

Docosapentaenoic acid 22:5 n-3, DPA 1.7±0.9a 2.2±1.1a 10.5±3.4b

Docosahexaenoic acid 22:6 n-3, DHA 2.3±1.2a 11.0±5.6b 1.4±0.8a

ΣPUFA 12.3±4.3a 21.0±8.4ab 23.7±7.0b

ΣPUFA ω3 4.8±2.3a 14.7±7.3b 17.4±6.0b

ΣPUFA ω6 7.5±2.1 6.3±1.1 6.4±1.0

Lipophilic index 30.8±5.0 27.1±7.0 23.2±5.9

Other peaks 2.0±0.2 1.6±0.2 1.7±0.3

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. Results represent means ± S.D. (n = 8); differences were

considered significant for p < 0.05.

Different superscripts (a,b) denote significant differences (p < 0.05), according to theMSD (minimum significant differences) with respect to the other groups.

∑SFA, total weigth % of the saturated fatty acids; ∑MUFA, total weigth % of monounsaturated fatty acids; ∑PUFA, total weigth % of polyunsaturated fatty

acids.
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(19.9 ± 2.3%) and stearic acid (18.0 ± 2.8%). By contrast, palmitic acid

was the most abundant fatty acid in cells treated with either EPA

(21.8 ± 2.1%) or DHA (21.1 ± 1.4%), followed by stearic acid and oleic

acid. Myometrial cells treated with DHA showed a significant

reduction of MUFA content compared to the untreated cells and an

enhancement of the PUFA fraction, although this increase did not

achieve statistical significance. Upon treatment of myometrial cells

with EPA, both the MUFA reduction and the PUFA increase were

significant respect to control cells.

With regard to monounsaturated fatty acids, treatment of myome-

trial cells with DHA caused a reduction in the content of oleic acid

(25.6 ± 2.0% to 18.6 ± 3.0%), palmitoleic acid (5.7 ± 0.5% to 4.3 ± 0.6%),

and nervonic acid (0.3 ± 0.1% to 0.1 ± 0.0%) relative to control cells. The

contentofvaccenicacid (18:1ω7)alsoappeared tobe reduceduponDHA

treatment, but this did not reach statistical significance. Treatment with

EPA had a similar effect on the polyunsaturated fatty acid composition of

myometrial cells and caused the relative content of oleic acid to decrease

from 25.6 ± 2.0% in untreated cells to the 17.9 ± 2.7% in treated cells.

Also, palmitoleic, nervonic, and vaccenic acids decreased significantly

following treatment with EPA.

ThePUFAcompositionofmyometrial cellswas strongly affected by

omega-3 treatments. The arachidonic acid content decreased from a

value of 5.2 ± 1.5% in the control samples to values of 3.4 ± 0.6%

following treatmentwith eitherDHAorEPA. By contrast, DHAandEPA

both increased linoleic acid content from 1.0 ± 0.4% to 1.6 ± 0.3%.

Treatment of myometrial cells with DHA and EPA caused a small but

significant decrease in the level of 18:4ω3. Considering the amounts of

EPA, DHA, and DPA in myometrial cells, the two treatments had

different effects. In cells treated with DHA, the EPA, and DPA levels

were not different from those of control cells. However, the cells

undoubtedly assimilatedDHA since the relativeDHA content increased

from 2.3 ± 1.2% to 11.0 ± 5.6%. On the other hand, myometrial cells

treated with EPA showed a significant increase in the levels of EPA

(5.1 ± 2.2% to 10.5 ± 3.4%) and DPA (0.3 ± 0.2% to 1.7 ± 0.9%), while

the DHA level was not affected by EPA in vitro addition.

Leiomyoma cells (n = 8) responded to treatment with EPA or DHA

in manner that was similar to myometrial cells (Table 4). As was

observed with myometrial cells, the SFA were the main fatty acids in

the treated and untreated leiomyoma cells, representing about 45% of

the total fatty acids. Neither EPA nor DHA treatment affected the

saturated acidic fraction, except for causing a slight decrease in the

level of lignoceric acid.

Treatment of leiomyoma cells with DHA caused a reduction in the

totalMUFA content from 41.0 ± 3.5% in untreated cells to 32.1 ± 0.4%

(p < 0.05) in treated cells. EPA treatment similarly caused the MUFA

content to drop to 32.1 ± 1.3% and also caused a significant decrease

in the relative content of oleic, palmitoleic, vaccenic, and nervonic

acids (Table 4). DHA addition reduced the percentages of the same

MUFA species, but did not cause a significant decrease in the level of

vaccenic acid.

Treatment with either EPA or DHA increased the level of total

PUFA in leiomyoma cells, but this increase was significant only for the

cells treated with EPA (p < 0.05). As observed for the myometrial cells,

EPA addition caused a significant decrease in the levels of arachidonic

acid (6.6 ± 1.9% to 4.0 ± 0.8%) and of C18:4 ω3 (0.3 ± 0.2% to

0.1 ± 0.0%). On the contrary, EPA significantly increased linoleic

acid, EPA, and DPA content.

Beyond the significant reduction of the levels of arachidonic and

C18:4 ω3, the increase in the content of linoleic acid (p < 0.5) was

similar to that caused by the addition of EPA. In contrast to the EPA

effect, treatment of leiomyoma cells with DHA caused a significant

increase in DHA levels (1.8 ± 1.1% vs. 9.4 ± 2.9%), with no effect on

DPA and EPA content. The total PUFA ω3 content of leiomyoma cells

was also enhanced from 4.1 ± 2.2% in untreated cells to 12.8 ± 4.2% in

DHA treated cells and 13.9 ± 2.0% in EPA treated cells. DHA and EPA

treatments had not effect on the PUFA ω6 fraction.

Considering our data (Tables 3 and 4), it is noteworthy that cells

isolated frommyometrial and leiomyoma tissues had similar responses

to treatment with either EPA or DHA. Both treatments provoked a

reduction in theMUFAcontent of the cells and an increase in the PUFA

content, and neither affected the fraction of saturated FA. The only

differences between the cells treated with EPA and those treated with

DHA were found in the ω3 FA composition. The cells treated with

DHA were enriched in DHA, with no effects on EPA and DPA. By

contrast, treatment with EPA caused an increase in DPA and EPA

levels in both myometrial and leiomyoma cells. It is interesting that the

concentration of DPA in the cells treated with EPA was mainly

increased relative to the level of EPA in the cells.

3.3 | Effect of EPA and DHA on the membrane

architecture of myometrial and leiomyoma cells

Laurdan Ex GP spectra indicated that the cell membranes of both

untreated myometrial and leiomyoma cells (n = 5) were in the liquid-

crystalline phase. In both cell types, EPA and DHA treatment resulted

in Laurdan Ex GP values that were higher than those of untreated cells,

indicating that the probe was in a more rigid environment with a lower

rate of mobility due to a less fluid membrane (Figure 1).

3.4 | Effect of EPA and DHA on mRNA expression of

extracellular matrix components and activin A in

primary myometrial and leiomyoma cells

EPA or DHA (50 µM for 48 hr) treatment had no significant effect on

collagen1A1, fibronectin, versican, or activin A mRNA expression in

myometrial and leiomyoma cells (n = 3), compared to the untreated

control (Figure 2).

3.5 | Effect of EPA and DHA on mRNA expression of

mechanical signaling molecules in primary myometrial

and leiomyoma cells

The effects of EPA or DHA treatment on the expression of mechanical

signaling molecules, such as integrin β1, FAK, and AKAP13 in

myometrial and leiomyoma cells are shown in Figure 3. The real-time

PCR showed that AKAP13was significantly downregulated by EPA and
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by DHA about 0.8 fold changed over control, in both myometrial and

leiomyoma cells (Figure 3). In addition, in myometrial cells, FAK mRNA

expressionwasdecreasedbyEPAandDHAabout0.8 fold changedover

control (Figure 3).

3.6 | Effect of EPA and DHA on mRNA expression of

sterol regulatory molecules in primary myometrial

and leiomyoma cells

Results of real-time PCR, performed on primary myometrial and

leiomyoma cells treated with EPA or DHA at 50 µM for 48 hr, showed

that ABCG1 and ABCA1 were significantly reduced by EPA and by

DHA to about one fifth of the untreated control, in both myometrial

and leiomyoma cells (Figure 4). In addition, inmyometrial cells, SREBF2

was downregulated 0.72 fold change by DHA treatment compared to

untreated control (Figure 4).

3.7 | Effect of EPA and DHA on mRNA expression of

mitochondrial enzyme CYP11A1 in myometrial and

leiomyoma cells

Considering the role of CYP11A1 in the catabolism of steroid

hormones, we aimed to see if treatment with EPA and DHA alters

the expression of CYP11A1 in myometrial and leiomyoma cells. We

TABLE 4 Total fatty acid composition (weight % of total fatty acids) of cells isolated from leiomyoma tissue, untreated (Fib_ctrl) and treated in

vitro with DHA (Fib_DHA) and with EPA (Fib_EPA), with statistical analysis

Fib_ctrl Fib_DHA Fib_EPA

Name Carbon number: double bond number Weight % of total fatty acids

Myristic acid 14:0 2.1 ± 0.5 2.3 ± 0.6 2.5 ± 0.7

Pentadecylic acid 15:0 1.7 ± 0.5 1.5 ± 0.3 1.5 ± 0.6

Palmitic acid 16:0 20.3 ± 1.9 20.9 ± 2.8 20.8 ± 2.1

Margaric acid 17:0 0.7 ± 0.1 0.8 ± 0.1 0.8 ± 0.1

Stearic acid 18:0 18.3 ± 3.3 19.9 ± 2.2 18.7 ± 1.6

Lignoceric acid 24:0 1.1 ± 0.3b 0.7 ± 0.2a 0.8 ± 0.2a

ΣSFA 44.2 ± 5.5 46.1 ± 5.2 45.1 ± 3.4

Pentadecenoic acid 15:1 0.9 ± 0.4 1.3 ± 0.7 1.5 ± 0.8

Palmitoleic acid 16:1 n-7 6.5 ± 1.0b 4.9 ± 0.6a 4.9 ± 0.8a

Heptadecenoic acid 17:1 0.2 ± 0.2 0.4 ± 0.3 0.4 ± 0.3

Oleic acid 18:1 n-9 24.0 ± 2.3b 19.0 ± 0.6a 18.9 ± 0.4a

Vaccenic acid 18:1 n-7 9.2 ± 0.6b 6.5 ± 0.5ab 6.4 ± 0.5a

Nervonic acid 24:1 0.2 ± 0.1b 0.1 ± 0.0a 0.1 ± 0.0a

ΣMUFA 41.0 ± 3.5b 32.1 ± 0.4a 32.1 ± 1.3a

Linoleic acid 18:2 n-6 cis 1.0 ± 0.2a 1.5 ± 0.1b 1.5 ± 0.2b

γ-Linolenic acid 18:3 n-6 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0

α-Linolenic acid 18:3 n-3 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

Stearidonic acid 18:4 n-3 0.3 ± 0.2b 0.1 ± 0.0a 0.1 ± 0.0a

Eicosadienoic acid 20:2 n-6 0.1 ± 0.0 0.2 ± 0.2 0.1 ± 0.0

Dihomo-γ-linolenic acid 20:3 n-6 1.1 ± 0.3 1.2 ± 0.1 1.1 ± 0.1

Arachidonic acid 20:4 n-6 6.6 ± 1.9b 4.6 ± 1.8a 4.0 ± 0.8a

Eicosapentaenoic acid 20:5 n-3, EPA 0.3 ± 0.1a 1.5 ± 0.7a 5.3 ± 1.8b

Docosapentaenoic acid 22:5 n-3, DPA 1.6 ± 0.9a 1.6 ± 0.9a 7.0 ± 0.9b

Docosahexaenoic acid 22:6 n-3, DHA 1.8 ± 1.1a 9.4 ± 2.9b 1.3 ± 1.0a

ΣPUFA 12.9 ± 2.6a 20.3 ± 4.9ab 20.7 ± 2.1b

ΣPUFA ω3 4.1 ± 2.2a 12.8 ± 4.2b 13.9 ± 2.0b

ΣPUFA ω6 8.8 ± 1.9 7.5 ± 1.9 6.8 ± 0.8

Lipophilic index 30.5 ± 4.2 27.2 ± 5.7 25.4 ± 3.1

Other peaks 1.8 ± 0.4 1.5 ± 0.4 1.7 ± 0.2

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. Results represent means ± S.D. (n = 8); differences were

considered significant for p < 0.05.

Different superscripts (a,b) denote significant differences (p < 0.05), according to theMSD (minimum significant differences) with respect to the other groups.

∑SFA, totalweigth%of thesaturated fatty acids;∑MUFA, totalweigth%ofmonounsaturated fatty acids;∑PUFA, totalweigth%ofpolyunsaturated fattyacids.
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found that CYP11A1 mRNA expression was significantly reduced of

about a third by EPA and DHA, in myometrial cells but not in

leiomyoma cells (Figure 5).

4 | DISCUSSION

The lipidomic investigation through GC-FID analysis revealed the

specific fatty acid composition in leiomyoma and healthy myometrial

tissue, for example, our results show that arachidonic acid is present at

significantly higher levels in myometrial tissue than in leiomyoma

tissue, while linoleic acid was higher in leiomyoma tissue. Although not

exhaustive, this study represents the first demonstration that uterine

leiomyoma tissue differs from the adjacent normal myometrial tissue

with regard to its fatty acid profile .

We also tested if it is possible to modulate the fatty acid

composition of primary myometrial and leiomyoma cells cultured in

vitro. For this purpose, we tested the effect of treating cells with the

ω3 fatty acids, EPA, and DHA. The effects of DHA treatment on

leiomyoma cells were also similar to its effects on myometrial cells.

Both cell types were enriched in DHA following treatment with DHA,

and enriched in EPA following treatment with EPA, demonstrating that

the cells are able to incorporate theω3 fatty acids. The treatment with

EPA increased also DPA demonstrating the activation of the

elongation process of EPA. We found that both EPA and DHA also

reduced the amount of the arachidonic acid. Interestingly, the ability of

omega-3 fatty acids to interfere with arachidonic acid metabolism has

been reported to be the heart of their anti-inflammatory effects (De

Caterina & Libby, 1996). These results encouraged us to explore the

possible effects of ω3 fatty acids on the cell membrane, which plays a

critical role in cellular communication and function.

4.1 | Our Laurdan Ex

GP results show thatmyometrial and leiomyoma cell membranes are in

the liquid-crystalline phase when untreated but that most of the

Laurdan molecules are located in a less fluid environment in the

membranes following treatment with EPA or DHA. This was surprising

since we expected that treatment of both cell types with long-chain

PUFA would be compatible with a much more fluid membrane

microenvironment. However, our results are consistent with those of

Teague, Ross, Harris, Mitchell, and Shaikh, 2013 who showed that

DHA, despite its flexible structure, can increase membrane molecular

order in primary B cells, EL4 cells and liposomes of varying

composition. Furthermore, Kim, Barhoumi, McMurray, and Chapkin,

2014 used Laurdan fluorescence polarization microscopy to show that

membrane enrichment with dietary n-3 PUFA in immunological

synapses of CD4+ T cells from DO11.10 T-cell receptor transgenic

mice increases membrane molecular order.

Lipid-protein interactions are very important in membranes and

proteins may affect lipid properties, such as the acyl chain order, the

lateral, and transmembrane distribution and the mobility (Nyholm,

2015). Overall, our data suggest that DHA and EPA remodel

membrane architecture with possible effects on several cellular

properties including cell signaling. We focused on genes that

characterize leiomyomas and that could be modulated in their

expression by changes in the structure of the plasma membrane.

These include molecules of the ECM, which are anchored externally to

the plasma membrane and thus involved in mechanical signals.

Considering that we studied reproductive tissues, we also checked

molecules of mechanisms involved in steroid synthesis and transport

of cholesterol.

While we found no changes in gene expression levels of ECM

components and activin A, we detected some modification in the

expression of molecules involved in mechanical signal transmission

such as integrin β1, FAK, AKAP13, although these changes were

mainly restricted to myometrial cells.

Mechanical signals are transmitted from the ECM through

integrins, which are heterodimeric transmembrane receptors. Most

integrins recruit cytoplasmatic focal adhesion kinase (FAK) and

activate downstream pathways, including Rho-dependent signaling

(PaszeK et al., 2005). A kinase anchor protein 13 (AKAP13) is a RhoA

GTPase-specific guanine exchange factor (Rho-GEF) that converts

RhoA from its inactive GDP-bound form to its active GTP-bound form.

FIGURE 1 (a) Laurdan excitation generalized polarization (Ex GP)

spectra in myometrial cells; untreated (—) and treated with EPA

(− · −) or DHA (——). (b) Laurdan excitation generalized polarization

(Ex GP) spectra in leiomyomas cells that were untreated (---) or

treated with EPA (− · · −) or DHA (· · · ·)N = 5
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The levels of integrin β1 (Chen, Lin, Cheng, & Wing, 2013), AKAP13

(Rogers et al., 2008), and phosphorylated FAK (Chen et al., 2013) were

all found to be higher in leiomyoma relative to myometrium.

We found that treatment of cells with ω3 fatty acids reduces the

expression of key genes that mediate lipid accumulation, such as

ABCG1 and ABCA1. Those proteins are involved in the efflux of

cholesterol, the common precursor of steroid hormones and fat-

soluble vitamins (A, D, E, K) (Ikonen, 2008), as well as a modulator of

human oxytocin receptor membrane activity, stability and affinity to

oxytocin. In this regard, altered myometrial cholesterol content has

been associated with abnormal oxytocin-induced uterine smooth

muscle contraction in rodents. In addition, prevention of accumulation

FIGURE 2 Effect of EPA and DHA treatment on mRNA expression of extracellular matrix components and activin A in primary myometrial

and leiomyoma cells. Data are expressed as mean ± SD (n = 3). NT, No treatment; EPA, Eicosapentaenoic acid; DHA, Docosahexaenoic acid
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of cholesteryl esters inmousemyometrium by nuclear liver X receptor-

β (LXRβ) occurs via regulation of ABCA1 and ABCG1 (Mouzat et al.,

2007).

Elevated levels of serum HDL (high-density lipoprotein)-choles-

terol were found in women with fibroids compared with control

patients (Sadlonova et al., 2008), suggesting a role of cholesterol

regulatory proteins in the pathogenesis of leiomyoma. Recently

Borahay and colleagues reported that simvastatin, which is

commonly prescribed to lower high cholesterol levels, is able to

inhibit the growth of human uterine fibroid tumors (Borahay et al.,

2015). ABCG1 and ABCA1 are member of the evolutionarily

conserved family of ATP-binding cassette cholesterol transporters.

ABCG1 plays a pivotal role in cellular cholesterol efflux to HDLs

(Wang, Lan, Chen, Matsuura, & Tall, 2004) but not to lipid-free

apolipoprotein A-I (apoA-I) (Vaughan & Oram, 2005). In contrast, the

efflux of cellular cholesterol and phospholipids to apoA-I mediated by

ABCA1 converts apoA-I into nascent HDL, which can then act as an

efficient acceptor for ABCG1-mediated cholesterol efflux (Smith

et al., 2004). CAV-1 (Caveolin-1) is a component of caveolae, a “cave-

like” invagination of the cell membrane. CAV-1 can interact with

ABCG1 and regulate ABCG1-mediated cholesterol efflux (Gu, Wang,

& Zhang, 2014). While we found no effect of ϖ3 fatty acids on

CAV-1, we found that SREBP-2 (sterol-regulatory-element-binding

protein-2) was downregulated in myometrial cells. SREBP-2 is best

known for its regulatory role in cholesterol uptake and cholesterol

synthesis. SREBP-2 can act as a positive regulator of ABCA1 gene

expression (Wong, Quinn, & Brown, 2006). The overexpression of

ABCG1 increases the processing of SREBP-2 to the transcriptionally

active protein, thus increases in the expression of SREBP-2 target

genes and cholesterol synthesis (Tarr & Edwards, 2008).

FIGURE 3 Effect of EPA and DHA treatment on mRNA expression of mechanical signaling molecules in primary myometrial and

leiomyoma cells. Data are expressed as mean ± SD (n = 6). *p < 0.05; **p < 0.01. NT, No treatment; EPA, Eicosapentaenoic acid; DHA,

Docosahexaenoic acid
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CYP11A1 is a mitochondrial enzyme that catalyzes conversion of

cholesterol to pregnenolone. Pregnenolone is the precursor of

estrogens, progestogens, mineralocorticoids, glucocorticoids, and

androgens, as well as the neuroactive steroids. It is well known that

estrogen and progesterone have tremendous effect on uterine

leiomyoma growth (Ciarmela et al., 2011; Islam et al., 2013).

Our data showed that treatmentwithω3 fatty acids seems to have

a greater effect on gene expression levels in myometrial cells, while in

FIGURE 4 Effect of EPA and DHA treatment on mRNA expression of sterol regulatory molecules in primary myometrial and leiomyoma

cells. Data are expressed as mean ± SD (n = 9). *p < 0.05; **p < 0.01; ***p < 0.001. NT, No treatment; EPA, Eicosapentaenoic acid; DHA,

Docosahexaenoic acid
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leiomyoma cells this treatment seems to reduce the ability tomodulate

the gene expression. In myometrial cells, omega-3 fatty acids were

also able to reduce CYP11A1, themitochondrial enzyme that catalyzes

the conversion of cholesterol to pregnenolone, the precursor of

steroid hormones, suggesting that this cellular type differs in the

mechanism of regulation of steroidogenesis and this may contribute

to the pathogenesis of uterine leiomyoma.

In conclusion, omega-3 fatty acids modulate lipid profile, remodel

membrane architecture, and down regulate expression of genes

involved in mechanical signal and cellular lipid accumulation in

myometrial cells.

The present study adds the lipidomic approach in leiomyoma

characterization in addition to genomic, epigenetic, and proteomic

studies, and highlights new insights on molecular mechanisms

underlying the pathogenesis of the disease. This new understanding

and the demonstration of the possibility to modulate the lipid content

will promote clinical applications in drug discovery and therapy.
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