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Abstract. The aims of the present study were to investigate 
the impact of rapamycin (RAPA) on the endometriosis (EMS) 
lesions in severe combined immunodeficiency (SCID) mice, 
and to examine the possible mechanism involved in a novel 
therapy in EMS. Following the successful establishment of an 
EMS‑SCID mouse model, the mice were randomly assigned 
into the RAPA, control and saline treatment groups. Subsequent 
to treatment for 2 weeks, the serum hypoxia‑inducible factor‑1α 
(HIF‑1α) and vascular endothelial growth factor (VEGF) were 
detected using ELISA. The levels of HIF‑1α and VEGF, as 
well as the size of EMS lesions, were compared among the 
three groups. In addition, the HIF‑1α, VEGF and CD34 protein 
expression levels, and the microvessel density (MVD) of the 
lesions were determined by immunohistochemical analysis. 
Compared with the control and saline groups, the volume of 
EMS lesions in the RAPA‑treated SCID mice was significantly 
reduced. Furthermore, the serum level and protein expression 
of VEGF, and the MVD in the lesions of the RAPA‑treated 
group were significantly reduced when compared with the 
other two groups. These parameters were comparable in the 
control and saline groups. In conclusion, RAPA may inhibit 
the growth of endometriotic lesions, most possibly through 
the inhibition of the expression of VEGF in lesions, thereby 
inhibiting angiogenesis.

Introduction

Endometriosis (EMS) is a common benign gynecological 
disorder, which is invasive and prone to metastasis  (1). It 
has been estimated that endometriosis is present in 6‑10% 
of reproductive age women and in up to 20‑40% of infertile 
women (2). The mechanism underlying the etiology of EMS 

remains unclear and no efficient treatment is available. 
Seeking an effective therapeutic approach has been the focus 
of numerous studies in recent years. 

Mammalian ta rget of rapamycin (mTOR) is a 
serine/threonine kinase that integrates a wide range of 
signaling pathways, leading to its involvement in divergent 
physiological processes, including transcription, translation, 
ribosome biogenesis and apoptosis  (3). mTOR has been 
demonstrated to be a crucial regulator in certain types of 
malignant cancer  (4,5) and has been shown to be tightly 
associated with the occurrence and development of EMS (6). 
Rapamycin (RAPA), an inhibitor of mTOR, was found to 
be involved in the induction of cell apoptosis, suppression 
of cancer cell proliferation, invasion and angiogenesis in 
tumors  (7,8). In addition, Leconte et  al  (9) revealed that 
blocking the mTOR signaling pathway inhibits the forma-
tion of deep infiltrating EMS nodules in mice. However, the 
overall effects of mTOR inhibitors on EMS remain unclear 
and the possible underlying mechanism is unknown.

Hypoxia‑inducible factor‑1α (HIF‑1α), which is a general 
regulatory factor in the response to hypoxia, regulates the 
expression of vascular endothelial growth factor (VEGF) and 
various upstream enzymes, resulting in the regulation of the 
process of angiogenesis (10). The occurrence and develop-
ment of angiogenesis in EMS has been closely associated with 
ischemia and hypoxia of the ectopic endometrium (11‑13). 
In our previous studies, it was demonstrated that HIF‑1α 
is involved in the process of angiogenesis in EMS (14,15). 
Furthermore, previous studies reported that mTOR was able 
to enhance the expression of HIF‑1α, thereby promoting the 
expression of VEGF (16). 

In the present study, the effect of RAPA on EMS and its 
possible mechanism were investigated in order to provide new 
evidence for a targeted EMS therapy. The study investigated 
the effect of RAPA on the development of EMS lesions and 
microvessel density (MVD), as well as the expression of 
HIF‑1α and VEGF.

Materials and methods

Animals and reagents. A total of 30 female specific pathogen 
free (SPF) CB17 severe combined immunodeficiency (SCID) 
mice (weight, 17.02±0.75 g; age, 6‑7 weeks) were purchased from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China). RAPA was purchased from LC Laboratories 
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(Woburn, MA, USA). Mouse HIF‑1α and VEGF ELISA kits 
(cat. nos. CSB‑E08541m and CSB‑E04756m, respectively) 
were obtained from Sino‑American Biotechnology Co., Ltd. 
(Wuhan, China). Mouse anti‑human HIF‑1α polyclonal anti-
body (1:100; cat. no. BM0912) was purchased from Wuhan 
Boster Biological Technology, Ltd. (Wuhan, China). Mouse 
anti‑human VEGF (1:200; cat. no.  RB‑9031) and CD34 
(1:100; cat. no. MS‑363) monoclonal antibodies, streptomycin 
avidin‑peroxidase (SP) immunochemistry (cat. no. Kit‑9701) 
and DAB (cat. no. Kit‑0017) kits were from Maxim Biotech, 
Inc. (Fuzhou, China). Lidocaine and pentobarbital were 
obtained from Sigma‑Aldrich (St. Louis, MO, USA). Formalin, 
paraffin and bovine serum albumin (BSA) Sangon Biotech, 
Co., Ltd. (Shanghai, China). Citric acid and sodium citrate 
were purchased from Guangzhou Chemical Reagent Factory 
(Guangzhou, China).

Animal model. Tissue samples were acquired from 
15 female patients during laparoscopic resection of EMS 
at the Departments of Obstetrics and Gynecology at the 
Guangzhou Red Cross Hospital (Guangzhou, China) between 
January 2014 and February 2014. The average age of the 
participants was 32±8 years. Informed consent was obtained 
from all the participants prior to the procedure. The samples 
were confirmed to be eutopic secretory endometrial tissues 
by a pathologist who was blinded to the research design. 
The tissues were sectioned into 1‑mm3 fragments and stored 
temporarily in a cold sterile bottle with an appropriate volume 
of Dulbecco's modified Eagle's medium (GE Healthcare 
Life Sciences, Logan, UT, USA) for <1 h. This study was 
approved by the Ethics Committee of Zhujiang Hospital of 
Southern Medical University.

In order to establish an EMS‑SCID animal model, 2 ml 
of the tissue suspension obtained from the EMS patients was 
injected into the abdominal cavity of 30 female SPF CB17 SCID 
mice within 60 min after the harvest of the tissue sample. The 
mice were maintained in cages (5 mice/cage), under SPF condi-
tions at 22‑24˚C and 50‑70% relative humidity, and under a 12‑h 
light/dark cycle. All mice were fed a normal laboratory diet. After 
4 weeks, the EMS‑SCID mouse model was successfully estab-
lished, as confirmed by endometrial tissue investigation during 
laparotomy, which showed a cyst on the internal abdominal 
wall. For laparotomy, 0.1 ml 2% lidocaine was injected subcu-
taneously. The volume of EMS lesions prior to treatment (V1) 
were measured, according to the method of Katsuki (17), the 
30 EMS‑SCID mice were then randomly assigned into three 
groups (n=10 each), as follows: i) RAPA group, in which the 
lesions were injected with 250 µg/mouse RAPA once per week; 
ii) control group, receiving no treatment; and iii) saline group, 
receiving lesions were injected with 0.25 ml/mouse saline once 
per week. There was no difference in the V1 among the three 
groups (P>0.05). At 2 weeks after the initiation of treatment 
(V2), blood samples were collected from the orbit of the mice 
following removal of the eyeball. Subsequently, all animals were 
sacrificed with an overdose of pentobarbital (100 mg/kg), and 
the volume of EMS lesions following treatment was measured 
using the previously mentioned method.

ELISA. Blood samples were obtained from the orbit of the 
mice prior to sacrifice. Serum was collected by centrifugation 

for 15 min at 1,000 x g. Serum HIF‑1α and VEGF protein 
expression levels were measured by ELISAs, according to the 
manufacturer's protocols. The serum concentrations of HIF‑1α 
and VEGF were quantified using a standard curve constructed 
according to the absorbance and concentrations of standard 
samples.

Immunohistochemistry. The protein expression levels of 
HIF‑1α, VEGF and CD34 in the EMS lesions of the mice 
were measured by immunohistochemical analysis. Briefly, the 
tissue samples of endometriotic foci obtained after sacrifice 
were fixed in 10% formalin and then embedded in paraffin. 
The tissues were cut into ~4‑µm sections. Antigen repair was 
conducted by microwave heating in 0.1% citrate buffer (0.4 g 
citric acid dissolved in 3 g sodium citrate in 1 L deionized 
water). After blocking with 5% BSA at room temperature for 
20 min, the slides were incubated overnight at 4˚C with mouse 
anti‑HIF‑1α (1:100), anti‑VEGF (1:200) or anti‑CD34 (1:100) 
antibodies. Protein expression was detected according to the 
protocols of the SP and DAB kits. Brown staining in the cyto-
plasm, as observed under a light microscope (Olympus BX51; 
Olympus Corporation, Tokyo, Japan), was indicative of 
HIF‑1α, VEGF or CD34 protein expression.

The results of immunohistochemistry were reviewed inde-
pendently by two senior pathologists blinded to the outcome 
of the tumors. Semi‑quantitative analysis of HIF‑1α, VEGF 
and CD34 expression levels was performed by consensus and 
comprised both the intensity of staining (negative as 0, light 
yellow as 1, brown as 2, tan as 3) for each cell and the extent 
of staining (ratio of positive cells/counted cells; 1 for 25%, 
2 for 25‑50%, 3 for 51‑75% and 4 for 75%) for each random 
field. The scores for the intensity and extent of staining were 

Table I. Endometriotic lesion volume in the mice (mean ± stan-
dard deviation; n=10 mice/group).

Group	 V1 (mm3)	 V2 (mm3)

RAPA	 230.85±13.74	 51.25±9.31a,b

Control	 219.56±14.79	 229.44±10.01
Saline	 231.34±13.41	 210.71±10.96

aP<0.05 vs. V1 in the same group; bP<0.05 vs. V2 in the control and 
saline groups. RAPA, rapamycin; V1, lesion volume prior to treat-
ment; V2, lesion volume following treatment.
 

Table II. Serum levels of HIF‑1α and VEGF in the mice 
(mean ± standard deviation; n=10 mice/group).

Group	 HIF‑1α (pg/ml)	 VEGF (pg/ml)

RAPA	  1.575±0.290	  0.128±0.030
Control	 1.668±0.223	 0.169±0.029
Saline	 1.660±0.205	 0.162±0.030

RAPA, rapamycin; HIF‑1α, hypoxia‑inducible factor‑1α; VEGF, 
vascular endothelial growth factor.
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multiplied to give a weighted score for each case (maximum 
possible score, 12). For statistical analysis, the weighted scores 
were grouped into four categories, wherein a score of 0 was 
considered negative, scores of 1‑4 (+) were regarded as low 
positive expression levels, and scores of 5‑8 (++) and 9‑12 
(+++) were regarded as high positive expression levels. 

MVD. The MVD was assessed as previously described (18). 
Briefly, under a light microscope (Olympus Corporation), the 
immunostained section was scanned at low magnification 
(x40) and three areas with the highest density of microvessels 
were identified as ‘hotspots’. All the vessels in these ‘hotspot’ 
areas were then counted at high magnification (x200), and 
each slide was examined individually by two pathologists 
blinded to the research design.

Statistical analysis. The results are expressed as the 
mean  ±  standard deviation. Statistical analysis was 

conducted with SPSS 19.0 software (IBM SPSS, Armonk, 
NY, USA). Comparisons between groups were performed 
using one‑way analysis of variance test. All the numerical 
data were tested for homogeneity and distribution. Ordinal 
data were tested by Wilcoxon signed‑rank test. A P‑value of 
<0.05 was considered to indicate a statistically significant 
difference.

Results

Effect of RAPA on the growth of endometriotic lesions in 
mice. In order to observe the effect of RAPA on the endome-
triotic lesions in mice, the volume of lesions was measured 
prior to treatment (V1) and after 2 weeks of treatment (V2). 
As shown in Table I, the V2 of the control and saline groups 
were comparable with V1 of all the groups. However, the V2 of 
the RAPA group was significantly decreased when compared 
with its corresponding V1, as well as compared with V2 of the 
control and saline groups (P<0.05). These findings indicated 
that RAPA significantly suppressed the growth of the endo-
metriosis lesions.

Figure 1. Representative image of immunohistochemical analysis of 
hypoxia‑inducible factor‑1α in endometriotic lesions of (A) control, (B) saline 
and (C) rapamycin‑treated groups. Staining was performed with the strepto-
mycin avidin‑peroxidase method. Magnification, x400.

Table III. Intensity of immunohistochemical staining for 
HIF‑1α in endometriotic lesions (n=10 mice/group).

			   HIF‑1α
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	‑	  +	 ++	 +++

RAPA	 0	 4	 2	 4
Control	 0	 4	 3	 3
Saline	 0	 3	 4	 3

RAPA, rapamycin; HIF‑1α, hypoxia‑inducible factor‑1α.
 

Table IV. Intensity of immunohistochemical staining for 
VEGF in endometriotic lesions (n=10 mice/group).

		  VEGF
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	‑	  +	 ++	 +++

RAPA	 7	 3	 0	 0
Control	 0	 5	 3	 2
Saline	 0	 4	 5	 1

RAPA, rapamycin; VEGF, vascular endothelial growth factor.
 

Table V. MVD in endometriotic lesions in mice (mean ± stan-
dard deviation; n=10 mice/group).

Group	 MVD

RAPA	 5.38±0.18a

Control	 35.54±1.19
Saline	 36.26±1.28

aP<0.05 vs. control and saline groups. RAPA, rapamycin; MVD, 
microvessel density.
 

  A

  B

  C
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Effect of RAPA on the serum levels of HIF‑1α and VEGF. 
In order to investigate the effect of RAPA on the expression 
of HIF‑1α and VEGF, the serum levels of these factors were 
determined by ELISA. As shown in Table II, the serum levels 
of HIF‑1α and VEGF in the saline groups were comparable 
with those in the corresponding control group levels. Notably, 
there was no statistically significant difference in the serum 
HIF‑1α levels among the RAPA, control and saline groups. 
However, treatment with RAPA markedly reduced the serum 
levels of VEGF, when compared with those in the control and 
saline groups (P<0.05).

Effect of RAPA on the expression of HIF‑1α and VEGF in 
endometriotic lesions. In order to confirm the effect of 
RAPA on the location and expression of HIF‑1α and VEGF, 
their expression in endometriotic lesions was determined 
by immunohistochemical staining. The results showed that 
HIF‑1α and VEGF were mainly present in the cytoplasm of 
glandular epithelium. In addition, weak immunoreactivity for 
HIF‑1α and VEGF was observed in the ectopic endometrial 
stromal cells in the control group (Figs. 1 and 2). The results 

of the staining intensity are summarized in Tables III and IV. 
There was no significant difference in the staining for HIF‑1α 
among the RAPA, control and saline groups. However, the 
VEGF expression in the RAPA group was significantly lower 
compared with that of the control and saline groups.

Effect of RAPA on MVD in entometriotic lesions. As a marker of 
endothelial cells, CD34 was assayed by immunohistochemistry 
in order to evaluate the effect of RAPA on MVD in endometri-
otic lesions. As shown in Table V, the MVD in the saline group 
was comparable with that in the control group (Table V). As 
expected, treatment with RAPA significantly reduced the MVD 
when compared with that the in control and saline groups. In 
addition, as shown in Fig. 3, positive staining of CD34 was 
observed in the endothelial cells, which were comma, stripe or 
tube‑shaped with clear lumens. The incidence of angiogenesis 
was also significantly suppressed in the RAPA‑treated group 
compared with that in the control group (Fig. 3). Therefore, 
these findings indicated that RAPA inhibited endothelial cell 
proliferation and the resulting angiogenesis.

Figure 3. Representative images of immunohistochemical analysis of CD34 in 
endometriotic lesions of the (A) control, (B) saline and (C) rapamycin‑treated 
groups. Staining was performed with the streptomycin avidin‑peroxidase 
method. Magnification, x400.

Figure 2. Representative image of immunohistochemical analysis of vascular 
endothelial growth factor in endometriotic lesions of (A) control, (B) saline 
and (C) rapamycin‑treated groups. Staining was performed with the strepto-
mycin avidin‑peroxidase method. Magnification, x400.
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Discussion

As a common gynecologic disease, the incidence of EMS has 
been increasing in recent years (2). The implantation of ectopic 
endometrium, the resultant infertility and repeated abdominal 
pain greatly affect EMS patients  (2,19). A previous study 
demonstrated that angiogenesis serves an important role not 
only in the development and repair of normal endometrium, 
but also in the occurrence and development of EMS (20). 
Excessive angiogenesis may be critical for the ectopic 
implantation and growth of the endometrium, which results 
in EMS (21,22). In the present study, we hypothesized that the 
effective inhibition of angiogenesis may block the occurrence 
and development of EMS.

HIF‑1, a heterodimer composed of the HIF‑1α and HIF‑1β 
subunits, is a transcription factor that is widely found in the 
tissues of mammals under hypoxic or anoxic stress  (23). 
HIF‑1α is the unique oxygen‑regulated subunit and determines 
the activity of HIF‑1. Furthermore, it is a hypoxia inducible 
global regulator and contributes to the transcriptional regula-
tion of the expression of VEGF and certain enzymes associated 
with glycolysis (24‑26). Additionally, HIF‑1α is the regulator 
directly involved in the entire process of angiogenesis (10). 
VEGF, also known as vascular permeability factor, is an 
important proangiogenic factor, which selectively binds VEGF 
receptor in endothelial cells, serving a proangiogenic role (27). 
Angiogenesis during EMS has been found to be closely associ-
ated with hypoxia in the endometrium (28). As a regulator of 
proangiogenic factors, particularly of VEGF, HIF‑1α serves 
a critical role in the angiogenesis process in EMS (28). Our 
previous study demonstrated that HIF‑1α functionally contrib-
utes to angiogenesis during EMS (15).

mTOR, an atypical serine/threonine kinase, is important 
for cell growth and is involved in a wide variety of physi-
ological functions. This kinase also regulates the expression 
of proangiogenic factors (such as VEGF) at the transcriptional 
and translational levels. An abnormal mTOR signaling pathway 
has been identified in various types of malignant neoplasm, 
while the aberrant activation of mTOR has been confirmed 
to mediate angiogenesis and contribute to neoplasm develop-
ment  (29). Based on these functions, the mTOR signaling 
pathway has been a novel target in the treatment of neoplasm 
and mTOR inhibitors have been identified as the third genera-
tion of antiangiogenic pharmaceuticals (30). RAPA is the first 
identified specific inhibitor of mTOR. A previous study has 
demonstrated that RAPA is able to significantly inhibit the 
growth of cell lines derived from various tumors, including 
breast, lung, colorectal and renal carcinoma (31). In addition, 
RAPA has an anti‑angiogenesis activity, and this effect is 
most probably due to at least the following two mechanisms: 
i) Direct inhibition of the proliferation of endothelial cells 
mediated by VEGF; and ii)  inhibition of the proliferative 
effect of HIF‑1 on endothelial cells. Hudson et al  (32) has 
shown that RAPA inhibits the expression levels of VEGF and 
platelet‑derived growth factor through the downregulation of 
HIF‑1α expression, leading to suppression of new vascular 
occurrence in prostate cancer. Another study found that, in 
multiple myeloma, RAPA reduced VEGF receptor expression 
and therefore inhibited the endothelial cell differentiation 
and vascular sprouting, reducing angiogenesis in multiple 

myeloma (33). Laschke et al (34) also demonstrated that RAPA 
attenuated ectopic endometrium in vivo through inhibition of 
angiogenesis and cell proliferation.

In the present study, RAPA was shown to significantly 
attenuate the development of endometriotic lesions, as well as 
to inhibit MVD and the expression of VEGF in endometriotic 
lesions. However, RAPA had no significant effect on HIF‑1α 
expression in the lesions, which may be due to the direct 
inhibitory role of RAPA in the VEGF expression, supported 
by presence of various mTOR‑independent pathways to regu-
late HIF‑1α expression in EMS. Although the role of mTOR 
in the expression of HIF‑1α remains controversial, it is widely 
agreed that the ultimate effect of the complicated signaling 
pathways regulated by hypoxia determines the expression of 
HIF‑1α.

In conclusion, the present study observed the effect of RAPA 
on the development of endometriotic lesions and investigated the 
mechanism of EMS to provide new evidence for the treatment 
of the disease with RAPA. mTOR inhibitors, represented by 
RAPA in the current study, may be potentially used in targeted 
therapy for EMS. However, the clinical efficacy, side effects and 
the use of mTOR inhibitors in combination with other targeted 
pharmaceuticals require further evaluation. Biomarkers for 
the clinical efficacy of mTOR inhibitors also require further 
investigation.
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