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Abstract 

Background Receptive endometrium is a restraining factor in the establishment of pregnancy in several estrogen-
dependent gynecological disorders including uterine leiomyomas. Recently, data are beginning to accrue suggesting 
negative impact of non-cavity distorting intramural fibroids on molecular mediators of endometrial receptivity. The 
potential importance of the mammalian target of rapamycin (mTOR) signaling pathway has been suggested during 
embryo implantation. However, its exact role in fibroid-associated endometrium during the window of implantation 
is poorly defined. The objective of the study was to examine the expression and cellular distribution of key compo-
nents of the mTOR signaling pathway during window of implantation in infertile women with non-cavity distorting 
intramural uterine leiomyomas (n = 24) as compared to fertile controls (n = 17). Relative gene expression analysis of 
mTOR, TSC1, and TSC2 was performed by real-time PCR. Immunohistochemistry was used to evaluate the expression 
of mTOR, phospho-mTOR (Serine 2448), TSC1, TSC2, phospho-TSC2 (Threonine 1462), and phospho-S6 ribosomal 
protein (Serines 235 and 236) and Ki67.

Results In comparison to fertile controls, statistically significant upregulation of mTOR (8.97-fold; p < 0.001) and 
downregulation of TSC2 mRNA (− 6.01-fold; p < 0.01) levels and cell-specific upregulation of proteins phospho-mTOR, 
phospho-TSC2, and phospho-S6 and downregulation of TSC1 and TSC2 were observed in infertile women. The ratio 
of p-mTOR/mTOR and p-TSC2/TSC2 was significantly higher in infertile women. Pearson’s correlation analysis revealed 
significant negative correlation between p-mTOR and TSC2 and positive correlation between p-mTOR and p-S6 in the 
infertile group. Increased Ki67 labelling index was observed in the glandular epithelium (GE) and stroma of endome-
trium from infertile women as compared to controls.

Conclusions Loss of TSC2 function and enhanced expression of activated mTOR and its downstream targets, 
observed in the infertile group, indicate heightened mTOR signaling which might contribute to impaired endometrial 
receptivity. Increased number of Ki67-positive nuclei suggests that enhanced mTOR signaling may help drive dysregu-
lated proliferation of midsecretory endometrium leading to compromised fertility in women with non-cavity distort-
ing intramural uterine leiomyomas. The present findings provide avenues for future investigation of mTOR pathway as 
a nonsurgical alternative for treatment of infertility in these patients.
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Background
Impaired endometrial receptivity, an important con-
tributing factor to implantation failure, is one of the 
major causes of infertility and overall low success rate of 
assisted reproductive technologies (ART). Endometrial 
receptivity represents the brief window of time (days 
6–10 post ovulation) during which the endometrium is 
optimally receptive to blastocyst acceptance and implan-
tation. It is regulated by ovarian hormones and involves 
dynamic genotypic and phenotypic changes of the endo-
metrial cells [1, 2].

Receptive endometrium is a restraining factor in the 
establishment of pregnancy in several estrogen-depend-
ent gynecological disorders including endometriosis, 
uterine leiomyomas, and polycystic ovarian syndrome 
(PCOS) [3]. Uterine leiomyomas, or fibroids, are widely 
prevalent benign tumors of the uterus that affect approxi-
mately 35–77% of reproductive age women and are found 
more frequently in women with infertility [4]. While 
adverse effect of submucosal and intramural fibroids that 
distort endometrial cavity on reproductive outcomes 
is well established, unfavorable IVF/ICSI/ET outcomes 
have been reported in women having intramural leiomy-
omas not encroaching on the uterine cavity comparable 
to those of women without such leiomyomas [5–8].

Recent studies propose that physical and mechani-
cal disruption of the endometrium is only one aspect of 
fibroid action; these tumors also have a global effect on 
the endometrium which is transmitted through molecu-
lar signaling. While several reports have highlighted the 
negative influence of submucosal leiomyomas on uterine 
receptivity, influence of non-cavity distorting intramu-
ral leiomyoma on molecular mediators of endometrial 
receptivity is poorly understood [9–11]. Positive impact 
of intramural myomectomy on receptivity markers and 
pregnancy outcome has been reported [12].

It is clear that many actions of ovarian hormones in 
regulating endometrial function and preparation for 
implantation are mediated by signaling pathways associ-
ated with proliferation and cell survival [1]. Latest stud-
ies have suggested important role of mammalian target 
of rapamycin (mTOR) signaling pathway during embryo 
implantation [13]. mTOR is a ubiquitously expressed and 
highly conserved serine/threonine kinase that is central 
to the control of cell proliferation, growth, and survival 
in mammalian cells. It is a downstream target of phos-
phatidylinositol 3-kinase (PI3K) and direct substrate for 
Akt kinase which activates it by phosphorylation at the 
serine 2448 residue. The activity of mTOR is negatively 
regulated by heterodimeric complex consisting of TSC1 
(hamartin) and TSC2 (tuberin). It acts by directly activat-
ing ribosomal S6 kinase (S6K1) and inhibiting 4E-binding 
protein 1 (4E-BP1). S6K1 is a serine/threonine kinase 

that phosphorylates the S6 protein of the 40S ribosomal 
subunit at several sites, including serine’s 235 and 236 
(phosphorylated S6 ribosomal protein), leading to initia-
tion of protein synthesis. Phospho-S6 is the most studied 
effector of S6K1 [14].

The significance of mTOR in the implantation process 
has been corroborated mainly by studies on animal mod-
els. A recent study demonstrated increase in mTOR and 
associated signaling molecules during the implantation 
period in rats [15]. Chen et  al. (2009) demonstrated a 
spatial–temporal expression pattern of mTOR in mouse 
endometria which reached the maximum level at the 
time of the implantation window [16]. A recent study in 
BALB/c mice demonstrated role of dexamethasone in 
altering endometrial receptivity through the modulation 
of mTOR pathway [17].

In view of increasing concern on fertility implications 
of non-cavity distorting intramural fibroids, we under-
took the present study with the aim to investigate the 
role of mTOR pathway in fibroid-associated endome-
trium during the window of implantation. We studied 
the expression, cellular distribution, and activation status 
of important signaling components of the mTOR path-
way along with the proliferative activity in midsecretory 
endometrium from infertile women with non-cavity dis-
torting intramural uterine fibroids as compared to fertile 
women without uterine fibroids as controls. Association 
of p-mTOR expression with the expression of other pro-
teins of the pathway was evaluated by Pearson’s correla-
tion analysis.

Methods
Subjects
The study was approved by the ethics committee of King 
George Medical University, Lucknow, India, for use of 
human tissue for research and was based on informed 
patient consent. Subjects for the study included infertile 
women with intramural fibroids that cause no distortion 
(compression) of the uterine cavity (n = 24), aged between 
26 and 38  years (mean ± SEM; 31.75 ± 0.79  years) and 
with mean duration of infertility as 6.25 ± 0.61  years 
(range 2–10  years). All infertile women and their part-
ners were evaluated thoroughly for the etiology of infer-
tility. While 22 women had primary infertility, 2 of them 
were cases of secondary infertility. All these women were 
enrolled in the Assisted Reproductive Technology (ART) 
Unit of the Obstetrics and Gynecology Department of 
King George’s Medical University, Lucknow. Male part-
ners of all these women were fertile. Diagnosis of uterine 
fibroids was performed by transvaginal ultrasonography, 
magnetic resonance imaging, or hysteroscopy. A single 
intramural fibroid of > 3  cm in diameter (mean ± SEM; 
5.15 ± 0.30  cm; range 3.3–7.5  cm) was present in each 
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infertile woman. The fibroid was located in the posterior 
wall in 14 women and in the anterior wall in 10 women. 
The endometrial cavity in all infertile women was evalu-
ated for mechanical distortion either by hysteroscopy, 
hysterosalpingography, or sonosalpingography.

Study controls were fertile healthy women volunteers 
without uterine leiomyomas (n = 17), aged between 24 
and 36 years (mean ± SEM; 30.71 ± 1.02 years), with mean 
parity of 2.18 (range 1–4), and no history of infertility or 
habitual abortion.

All participants met the following inclusion criteria: (1) 
the presence of uterine leiomyoma as the only evident 
cause of infertility; (2) women having regular menstrual 
cycles, (3) women with normal early follicular FSH, LH, 
E2, TSH, and prolactin levels and with normal midluteal 
progesterone levels; (3) bilateral tubal patency in all infer-
tile women as evidenced by normal hysterosalpingogra-
phy, (4) no history of hormonal medication, intrauterine 
contraception or use of GnRH analogs, selective proges-
terone modulators, etc. within the last 6 months prior to 
enrollment in the study; and (5) women with midsecre-
tory endometrium as confirmed by histological dating. 
The following were the exclusion criteria: (1) women 
with uterine abnormalities, the presence of submucous 
or pedunculated fibroids, previous history of polyps, and 
uterine septae; (2) women with diagnosis of hydrosal-
pinx, adenomyosis, or endometriosis at the time of the 
study; (3) previous surgeries, e.g., myomectomy, myoly-
sis, metroplasty, and prior removal of part of uterus; (4) 
prior history of interventional radiological procedures 
such as uterine artery embolization and/or MRgFUS; (5) 
history of habitual abortion; (6) mechanical distortion of 
the uterine cavity by intramural leiomyoma; and (7) sub-
jects with male factor infertility.

All volunteers had regular menstrual cycles every 27 
to 32 days and underwent transvaginal ultrasonographic 
monitoring of ovulation. Follicular growth was evaluated 
daily commencing on days 8 to 10 of menstrual cycle 
length using a 3.5–8.5  MHz vaginal transducer (Shi-
madzu SBU 350, Japan). The day of ovulation was desig-
nated as day of maximum follicular enlargement that was 
followed by sudden disappearance or filling in of follicle 
showing loss of clear demarcation of walls and intrafol-
licular echoes. The midsecretory phase was calculated + 6 
to + 8  days after ovulation and was confirmed by endo-
metrial histologic dating and serum P levels (> 10 ng/ml).

Endometrial histologic dating
Endometrial biopsy from each volunteer was collected 
from the uterine fundus during the midsecretory phase 
of menstrual cycle, using a standard endometrial suc-
tion curette (Gynetics, Belgium). Samples were divided 
into two portions; first portion was placed in 4% buffered 

formaldehyde for 24  h, embedded in paraffin, and cut 
into 5-mm-thick sections for histology and immunohis-
tochemistry. The second portion was snap frozen and 
stored at − 80  °C until processed for isolation of RNA. 
Dating of each biopsy was performed by the same pathol-
ogist (M. M. G.) following the Noyes criteria [18]. Only 
midsecretory phase endometrial biopsies were included 
in the study.

RNA isolation and quantitative real‑time PCR
RNA isolation and quantitative real-time PCR were 
performed as described previously [19]. The sequences 
of forward and reverse primers used in the study are as 
follows: (1) β-actin: forward 5′-GTG GGG CGC CCC 
AGG CAC CA-3′; reverse 5′-CTC CTT AAT GTC ACG 
CAC GAT TTC -3′; (2) mTOR: forward 5′-AGT GGA 
CCA GTG GAA ACA GG-3′; reverse 5′-TTC AGC GAT 
GTC TTG TGA GG-3′; (3) TSC1: forward 5′-CGC ACT 
CTT TCA TCG CCT TTAT-3′; reverse 5′-TCA TTG GCT 
TGA CCA CTT CTTC-3′; and (4) TSC2: forward 5′-TGT 
GCA GGA GAA GAC GAA CC-3′; reverse 5′-GGC ACC 
GAC AGT GAC TTG TA-3′. Relative gene expression was 
determined by the  2−ΔΔCT method and expressed as fold 
change from fertile control set at a value of 1.0.

Immunohistochemistry
Formalin-fixed paraffin-embedded (FFPE) endometrial 
biopsies were sectioned at 4 µm and mounted on 3-ami-
nopropyl triethoxysilane-coated glass slides. Slides were 
incubated at 60  °C for 1  h followed by deparaffiniza-
tion and rehydration. Antigen retrieval was performed 
in a microwave oven (EZ antigen retriever system; Bio-
Genex, USA) by heating slides at 98 °C for 15 min in the 
following: (1) Tris–EDTA buffer (pH 9.0) for antibodies 
against p-mTOR (ab109268, Abcam, Cambridge, MA, 
USA), TSC1 (sc12082, Santa Cruz), TSC2 (sc893, Santa 
Cruz), pS6 ribosomal protein (no. 4857S, Cell Signaling 
Technology), and Ki67 (IS626, DAKO, Denmark) and (2) 
in citrate buffer (pH 6.0) for antibodies against mTOR 
(ab2732, Abcam) and p-TSC2 (T1462, ab59274, Abcam). 
Detection of p-mTOR, TSC1, TSC2, pS6 ribosomal 
protein, and Ki67 was performed using Dako EnVision 
FLEX detection system (DAKO, Denmark), while that of 
mTOR and p-TSC2 was performed using Novolink Min 
Polymer Detection System (Novacastra, Leica Biosys-
tem, Newcastle Ltd., UK). Immunoreactivity was visu-
alized using 3,3′-diaminobenzidine tetrahydrochloride 
chromogen followed by hematoxylin counterstain. Slides 
were dehydrated in a series of graded ethanol washes, 
mounted with DPX mountant (Rankem, India) and 
cover slipped for bright-field microscopy. Image acquisi-
tion was achieved using NIS-elements software (Nikon). 
Negative controls were slides processed without primary 
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antibodies. Positive controls (viz., rat testis for mTOR; 
human breast carcinoma for p-mTOR, TSC2, P-S6, and 
Ki67; human prostate adenocarcinoma for TSC1) were 
selected according to the manufacturer’s instructions.

Scoring of IHC staining
The samples were anonymized and scored independently 
by AM and MMG. In case of any discrepancy in scores, 
the slides were reexamined, and a consensus was reached 
by the observers. Immunostaining was evaluated in the 
surface epithelium (SE), glandular epithelium (GE), and 
stromal compartments. The localization of immunoreac-
tion, that is, nuclear, cytoplasmic, or membranous, was 
also noted. Scoring of IHC staining was semiquantita-
tive and assigned based on intensity and proportion of 
cells stained for each protein. The immunointensity was 
scored on the scale of 0: no staining, 1: light staining, 2: 
low intermediate, 3: high intermediate, and 4: darkest 
brown stain. The proportion of staining was scored on 
a scale of the following: 1: 0–25% of cells stain positive; 
2: 26–50% of cells stain positive, 3: 51–75% of cells stain 
positive; and 4: 76–100% of cells stain positive. Immu-
nointensity and immunopositivity scores were multiplied 
giving results that ranged from 0 to 16.

Statistical analysis
The real-time PCR results were evaluated by Student’s 
t-test. Immunohistochemistry data was analyzed by one-
way ANOVA (unstacked) to compare means between 
two groups. Pearson’s correlation analysis was performed 
to see the association of p-mTOR expression with the 
expression of other proteins of the pathway. Minitab 13.0 
statistical software (Minitab Inc., State College, PA, USA) 
was used for data analysis. A p-value of < 0.05 was consid-
ered as statistically significant.

Results
Relative gene expression analysis by real-time polymer-
ase chain reaction for mTOR, TSC1, and TSC2 genes 
and immunohistochemistry for mTOR, p-mTOR, TSC1, 
TSC2, p-TSC2, pS6 ribosomal protein, and Ki67 was per-
formed in midsecretory endometrial biopsies from infer-
tile and fertile women.

mTOR, p‑mTOR and p‑mTOR/mTOR ratio
Significant upregulation of mTOR mRNA level (8.97-fold; 
p < 0.001) was observed in the infertile group as com-
pared to fertile controls (Fig. 1a). However, no significant 
difference in immunohistochemical expression of mTOR 
was observed between the two groups in any endome-
trial compartment (Table 1). The staining for mTOR was 
mainly cytoplasmic (Fig. 2A, B).

Fig. 1 Relative mRNA expression of mTOR, TSC1 and TSC2. FC, Fertile 
Control; IFF, Infertile with leiomyoma
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Cytoplasmic immunoreactivity for activated mTOR 
(p-mTOR, Serine 2448) was observed in both groups 
(Fig.  2C, D). Immunoscores for p-mTOR in the GE 
(11.10 ± 3.35 vs 8.13 ± 2.60; p < 0.05) and stroma 
(7.60 ± 2.35 vs 4.38 ± 1.06; p < 0.01) of infertile women 
with leiomyoma were significantly higher as compared to 
fertile controls (Table 1).

The p-mTOR/mTOR ratio, assessed to confirm acti-
vation status of mTOR, was significantly higher in the 
endometrial stroma of infertile group as compared to fer-
tile controls (1.86 ± 0.74 vs 0.88 ± 0.19; p < 0.01) (Table 1).

TSC1
No significant difference in TSC1 transcript levels 
(− 1.18-fold; p = 0.50) was observed between the two 
groups (Fig.  1b). Immunostaining for TSC1 was both 
cytoplasmic and nuclear (Fig.  2E, F). Marginally signifi-
cant downregulation of cytoplasmic TSC1 was observed 
only in the stromal compartment of endometrium 
from infertile women as compared to fertile controls 
(5.15 ± 3.45 vs 7.83 ± 3.43; p < 0.05) (Table 1).

TSC2, p‑TSC2, and p‑TSC2/TSC2 ratio
The TSC2 mRNA levels were significantly lower (− 6.01 
fold; p < 0.01) in the infertile group as compared to fertile 
controls (Fig. 1c). Immunoexpression of TSC2 was cyto-
plasmic (Fig. 2G, H). The immunoscores for TSC2 were 
significantly lower in the GE (8.86 ± 4.33 vs. 12.13 ± 2.61; 
p < 0.05) and stroma (4.00 ± 1.37 vs. 6.96 ± 4.03; p < 0.05) 
of endometrium from infertile group as compared to fer-
tile controls (Table 1).

Immunostaining for TSC2 phosphorylated at the thre-
onine 1462 residue was both cytoplasmic and nuclear 
(Fig.  2I, J). The cytoplasmic p-TSC2 expression in the 
endometrial stroma of infertile women was significantly 
higher (8.58 ± 3.13 vs. 4.70 ± 2.10; p < 0.01) as compared 
to fertile controls (Table 1).

The cytoplasmic p-TSC2/TSC2 ratio in the GE 
(1.63 ± 0.90 vs. 0.83 ± 0.27; p < 0.05) and stroma 
(2.36 ± 1.06 vs. 0.84 ± 0.50; p < 0.001) of endometrium 
from infertile women was significantly higher as com-
pared to controls (Table 1).

Phospho‑S6
Immunoreactivity for S6 ribosomal protein (phospho-
rylated at the Serines 235 and 236), marker of mTOR 
activation, was localized to the cytoplasmic and/or 
nuclear compartments of the endometrial cells (Fig. 2K, 
L). The mean immunoscore for cytoplasmic p-S6 in 
the GE (9.50 ± 3.86 vs. 6.50 ± 3.25; p < 0.05) and stroma 
(7.83 ± 3.22 vs. 5.04 ± 2.55; p < 0.05) of endometrium from 
infertile women was significantly higher as compared to 
controls (Table 1).

Ki67
Significant increase in Ki67-positive nuclei was observed 
in the GE (23.38 ± 21.19 vs. 3.29 ± 3.46; p < 0.001) and 
stromal (36.67 ± 27.06 vs. 13.41 ± 10.37; p < 0.01) com-
partments of endometrium from infertile women as 
compared to controls (Table 1; Fig. 2M, N).

Association of active mTOR with other signaling 
components of mTOR pathway
Pearson’s correlation analysis was performed to assess 
the possible association of p-mTOR expression meas-
ured by immunohistochemistry with expression of other 
proteins of the mTOR pathway. IHC scores of p-mTOR 
had significant positive correlation with scores of mTOR 
and p-TSC2 across both fertile and infertile groups; how-
ever, the correlation tended to be stronger in the infer-
tile group. Furthermore, a significant positive correlation 
of p-mTOR with p-S6 and Ki67 and negative correla-
tion with TSC2 was observed only in the infertile group 
(Table 2).

Discussion
Uterine leiomyoma or fibroids affect a woman’s quality 
of life, as well as her fertility and obstetrical outcomes. 
Reports in literature have shown that besides their cavity 
distorting effects, submucous or intramural leiomyomas 
may also compromise fertility by altering endometrial 
receptivity, a state of uterine differentiation that is cru-
cial for blastocyst attachment and subsequent implanta-
tion. The data on molecular mechanisms associated with 
impaired fertility in patients with non-cavity encroaching 
intramural fibroids is, however, limited.

Growing evidence has demonstrated the involvement 
of mTOR signaling pathway during embryo implantation 
[15]. However, its exact role in fibroid-associated endo-
metrium during the window of implantation is poorly 
defined. The present study is aimed at characterizing the 
expression, cellular distribution, and activation status 
of mTOR and its downstream targets in midsecretory 
endometrium from infertile women with non-cavity dis-
torting intramural uterine fibroids as compared to fertile 
controls.

We found significant upregulation of mTOR gene 
expression in the infertile group as compared to fertile 
group. Although no significant difference in mTOR pro-
tein expression was observed immunohistochemically 
between groups, the phosphorylated form of mTOR, a 
measure of activated mTOR, was significantly elevated 
in the glandular epithelium and stroma of endometrium 
from infertile women as compared to fertile controls. 
Furthermore, the p-mTOR/mTOR ratio, considered to 
reflect the mTOR activity, was also significantly higher 
in the stroma of infertile group as compared to fertile 
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controls. Additionally, we observed that the localization 
of p-mTOR was cytoplasmic in all endometrial samples. 
Previous studies have shown that p-mTOR expressed in 
cytoplasm indicates the activated state of mTOR and is 
directly or indirectly critically involved in complex sign-
aling networks regulating various cellular events includ-
ing initiation of translation [20, 21].

Although not much information is available on expres-
sion of mTOR in women during the period of endome-
trial receptivity, significantly high mTOR expression 

has been reported in mouse endometrial stromal cells. 
Increased levels of translationally controlled tumor pro-
tein (TCTP), a highly conserved growth-related protein, 
have been observed in mouse endometria during the 
implantation window. It was suggested that upregulated 
TCTP might evoke stromal cell proliferation by increas-
ing the mTOR expression [22]. Pertinently, Chen et  al. 
reported that expression of mTOR mRNA and pro-
tein, located mainly in the stromal cells of mouse uterus 
increased gradually during days 3 to 5 of pregnancy, 
reached maximum level at the time of implantation win-
dow and decreased dramatically on days 6 to 7 of preg-
nancy. The authors suggested that mTOR may participate 
in the proliferation of uterine stromal cells, and that 
reduction in mTOR expression on days 6–7 might reduce 
growth and proliferation of endometrial cells. They fur-
ther observed that endometrial receptivity in these ani-
mals was compromised by the intrauterine injection with 
rapamycin which is an inhibitor of mTOR [16]. Inhibi-
tion of embryo implantation by intrauterine injection of 
rapamycin has also been reported in rat model, confirm-
ing thereby participation of mTOR in the implantation 
process [23, 24]. Li et  al. reported that mTOR signaling 
may contribute to impaired endometrial receptivity dur-
ing maternal hyperinsulinemia and insulin resistance in 
mouse [25]. Activation of ERK1/2-mTOR pathway was 
found to be one mechanism through which fludrocorti-
sone affects uterine receptivity in BALB/c mice [26].

We analyzed the expression of TSC1 and TSC2, the neg-
ative regulators of mTOR signaling. While no significant 
change in TSC1 transcript levels was found among the 
groups, marginally significant decrease in immunohisto-
chemical expression of TSC1 was observed in the stromal 
compartment of endometria from infertile women as com-
pared to fertile controls. Previous studies have shown that 
conditional deletion of Tsc1 in mouse uterus alters uterine 
receptivity by enhancing mTOR signaling [27]. Tsc1 dele-
tion in endometrial stroma blocked implantation resulting 
in infertility in conditional Tsc1 knockout mice [28].

TSC2 has been described in literature as the gatekeeper 
for mTOR activation. PI3K in a variety of cell types reg-
ulates mTOR pathway via the activation of Akt, which 
directly phosphorylates (inactivates) TSC2 and thereby 
allows mTOR activation to proceed [14]. While no reports 
are available on expression of TSC2 during implantation 
window in women, loss of TSC2 expression or functional 
inactivation of Tuberin via Akt-mediated phosphorylation 
at Threonine 1462 has been reported in infertile women 
[29]. Frequent TSC2 inactivation via loss of expression or 
phosphorylation, and activated mTOR signaling, has been 
reported in endometrial carcinoma [30]. In the present 
study, we observed significant downregulation of TSC2 
gene along with decreased expression of TSC2 protein in 

Table 1 Immunohistochemical localization of signaling 
components of mTOR pathway

Values are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001. Infertile 
with leiomyoma vs fertile control. SE surface epithelium; GE glandular epithelium

Protein Fertile control Infertile with leiomyoma

Cytoplasmic Nuclear Cytoplasmic Nuclear

mTOR

 SE 7.88 ± 3.68 7.50 ± 3.31

 GE 7.38 ± 3.16 8.83 ± 3.46

 Stroma 5.06 ± 0.78 4.77 ± 2.48

p‑mTOR

 SE 6.56 ± 1.92 9.07 ± 3.24

 GE 8.13 ± 2.60 11.10 ± 3.35*

 Stroma 4.38 ± 1.06 7.60 ± 2.35**

p‑mTOR/mTOR

 SE 0.98 ± 0.41 1.28 ± 0.37

 GE 1.24 ± 0.42 1.36 ± 0.48

 Stroma 0.88 ± 0.19 1.86 ± 0.74**

TSC1 (Hamartin)

 SE 11.25 ± 3.67 5.33 ± 4.42 8.06 ± 4.37 3.67 ± 3.61

 GE 9.54 ± 5.01 7.00 ± 5.40 8.78 ± 3.88 6.47 ± 4.97

 Stroma 7.83 ± 3.43 6.39 ± 4.35 5.15 ± 3.45* 5.50 ± 3.59

TSC2 (Tuberin)

 SE 11.12 ± 4.20 7.75 ± 4.44

 GE 12.13 ± 2.61 8.86 ± 4.33*

 Stroma 6.96 ± 4.03 4.00 ± 1.37*

p‑Tuberin

 SE 11.00 ± 2.98 5.85 ± 3.87 11.90 ± 4.43 7.55 ± 2.11

 GE 10.15 ± 2.40 7.65 ± 1.41 11.12 ± 3.25 10.19 ± 3.85

 Stroma 4.70 ± 2.10 7.25 ± 1.75 8.58 ± 3.13** 10.08 ± 4.15

p‑Tuberin/Tuberin

 SE 1.018 ± 0.382 1.58 ± 1.30

 GE 0.83 ± 0.27 1.63 ± 0.90*

 Stroma 0.84 ± 0.50 2.36 ± 1.06***

p‑S6

 SE 9.96 ± 4.98 5.62 ± 5.48 9.33 ± 4.13 3.17 ± 4.23

 GE 6.50 ± 3.25 5.04 ± 4.94 9.50 ± 3.86* 4.56 ± 4.26

 Stroma 5.04 ± 2.55 4.17 ± 3.31 7.83 ± 3.22* 4.75 ± 2.92

Ki67

 SE 3.00 ± 3.64 4.96 ± 3.78

 GE 3.29 ± 3.46 23.38 ± 21.19***

 Stroma 13.41 ± 10.37 36.67 ± 27.06**
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Fig. 2 Representative photomicrographs of immunostaining for mTOR, phospho-mTOR, TSC1, TSC2, phospho-TSC2 phospho-S6 ribosomal protein, 
and Ki67 from fertile women (A, C, E, G, I, K, M) and infertile women with intramural uterine leiomyomas (B, D, F, H, J, L, N) during the window of 
implantation. All microphotographs are shown at original magnification × 200
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the glandular epithelium and stroma of infertile women 
as compared to fertile controls. Besides, Pearson’s corre-
lation analysis revealed a significant negative correlation 
between p-mTOR and TSC2 in the infertile group.

Immunohistochemical staining for TSC2 phosphoryl-
ated at Threonine 1462, in the present study, revealed sig-
nificantly higher p-TSC2 immunoscores as well as p-TSC2/
TSC2 ratio in the stromal compartment of fibroid-asso-
ciated endometrium as compared to endometrium from 
fertile controls. The observations indicate functional inac-
tivation of the tumor suppressor that may be related to 
hyperactivation of mTOR observed in the infertile group.

The expression levels of phospho-S6 ribosomal protein 
(a major downstream target and effector of mTOR path-
way) have been described as an indicator of mTOR acti-
vation. We observed significant upregulation of p-S6 in 
the GE and stroma of fibroid-associated endometrium as 
compared to endometrium from fertile controls. Interest-
ingly, Pearson’s correlation analysis revealed a significant 
positive correlation of p-mTOR with p-S6 in the infertile 

group. The findings lend support to heightened mTOR 
signaling in infertile women with non-cavity encroaching 
intramural leiomyomas. Furthermore, increased expres-
sion of both p-mTOR and p-S6 in the GE and stroma 
may be attributed to the suggested role of mTOR path-
way in decidualization of stroma and hence in blastocyst 
implantation. Pertinently, it is a well-established fact that 
while SE is involved mainly in the adhesion and invasion 
of the trophoblast, the endometrial gland secretions play 
vital biological roles in regulating uterine receptivity and 
stromal cell decidualization [16, 31].

Considering the crucial role of mTOR in regulat-
ing cell proliferation, growth, and survival, we analyzed 
immunoexpression of Ki67, a marker of cell proliferation. 
In line with immunoexpression of components of the 
mTOR pathway, the Ki67 labelling index was also signifi-
cantly higher in the GE and stroma of fibroid-associated 
endometria as compared to controls. The observations 
suggest that enhanced mTOR signaling may help drive 
dysregulated proliferation of midsecretory endometrium 
in infertile women with non-cavity distorting intramural 
leiomyomas. Pertinently, Wang et al. have reported that 
estrogen promotes DNA and protein synthesis in endo-
metrial cells through mTOR signaling [32].

Size, number, and location of fibroids have been sug-
gested to negatively influence fertility [33]. In the pre-
sent study, we included 24 infertile women, each with 
a single non-cavity distorting intramural fibroid. The 
mean (± SEM) size of fibroids was 5.15 ± 0.30 cm (range 
3.30–7.50 cm). No significant difference was observed in 
gene expression of mTOR, TSC1, and TSC2 in infertile 
women with intramural fibroid located in the posterior 
wall as compared to infertile women with intramural 
fibroid located in the anterior wall. We performed cor-
relation and regression analysis to see the association 
between fibroid size and immunohistochemical expres-
sion of selected markers of the mTOR pathway (viz., 
p-mTOR, p-TSC2, and p-S6) in the infertile group; 
however, no significant association was seen (unpub-
lished observation). Our results are supported by the 
findings of Surrey et  al. who observed that neither size 
nor volume of IM leiomyoma correlated with decrease 
in implantation rates in women undergoing IVF-ET 
[34]. The presence of small intramural fibroids has been 
reported previously to be associated with a significant 
reduction in pregnancy rates in IVF/ICSI cycles [35]. 
Small and single intramural fibroid that does not have 
direct contact with the endometrium has also been 
reported to change receptivity [36].

In a recent study, Pier et  al. have reported decreased 
expression of implantation marker, viz., leukemia inhibi-
tory factor in infertile patients with non-cavity distort-
ing intramural leiomyoma compared to fertile controls. 

Table 2 Association of p-mTOR expression with signaling 
components of the mTOR pathway

SE surface epithelium, GE glandular epithelium

Protein Fertile control Infertile with 
leiomyoma

Correlation 
coefficient

p‑value Correlation 
coefficient

p‑value

mTOR
 SE 0.317 0.292 0.777  < 0.001
 GE 0.570 0.042 0.628 0.005
 Stroma 0.558 0.048 0.520 0.032
TSC1
 SE  − 0.238 0.433 0.174 0.490

 GE 0.186 0.543  − 0.090 0.723

 Stroma  − 0.194 0.524  − 0.165 0.512

TSC2
 SE  − 0.043 0.888 0.203 0.419

 GE 0.343 0.251  − 0.482 0.043
 Stroma  − 0.508 0.076  − 0.586 0.011
P‑TSC2
 SE 0.345 0.248  − 0.327 0.186

 GE 0.385 0.194 0.226 0.367

 Stroma 0.555 0.049 0.528 0.024
P‑S6
 SE 0.019 0.951 0.542 0.020
 GE 0.502 0.080 0.703 0.001
 Stroma 0.333 0.266 0.492 0.038
Ki67
 SE  − 0.183 0.550  − 0.238 0.342

 GE  − 0.029 0.925 0.507 0.032
 Stroma 0.301 0.318 0.524 0.026
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Similar to our study, they had recruited patients with 
fibroid size > 3  cm in size. The authors suggested that 
large fibroids 3  cm or greater exert local changes that 
downregulated LIF expression [37]. Pertinently, reports 
are available in literature where IM fibroids have been 
suggested to affect endometrial receptivity through a 
specific and selective molecular mechanism of action, 
and that paracrine signaling from fibroids to the endo-
metrium may contribute to fibroid-related infertility [9, 
12]. In view of the abovementioned studies and our find-
ings, it may be suggested that irrespective of size and 
location, non-cavity distorting intramural fibroids may 
affect endometrial function by deregulating mTOR path-
way. Studies on the evaluation of the status of mTOR and 
its downstream targets in midsecretory endometrium 
following surgical/nonsurgical treatment of non-cavity 
distorting leiomyoma are needed to give further insight 
on the role of mTOR pathway during the window of 
implantation.

To summarize, loss of TSC2 function and enhanced 
expression of activated mTOR and its downstream target 
indicates heightened mTOR signaling in infertile women 
with non-cavity distorting intramural leiomyomas. In 
light of results of our previous study, demonstrating aber-
rant Akt activation during window of implantation in 
infertile women with non-cavity distorting uterine leio-
myomas, it might be proposed that PI3K/Akt regulated 
activation of mTOR pathway may contribute to impaired 
endometrial receptivity leading to compromised fertility 
in these women. The present findings provide avenues for 
future investigation of mTOR pathway as a nonsurgical 
alternative for treatment of infertility in these patients.
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