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Abstract. The aim of this study was to investigate the possible 
therapeutic effects of Doxycycline (Dox) on endometriotic 
lesions in an experimental rat model. Thirty‑seven female 
Wistar albino rats with surgically induced endometriosis 
were randomized and divided into four groups. The rats were 
administered 5 mg/kg/day oral Dox in Group 1 (low‑dose Dox 
group, n=9), 20 mg/kg/day oral Dox in Group 2 (high‑dose 
Dox group, n=10) and 1 mg/kg single dose, subcutaneous 
leuprolide acetate in Group 3 (leuprolide acetate group, n=9). 
The rats in Group 4 (control group, n=9) were given no medi-
cation. The rats received medication for three weeks and were 
then sacrificed to evaluate the morphological and histological 
features of the implants. Matrix metalloproteinase (MMP)‑9 
immunoreactivity of the implants was also evaluated. The 
size of the endometriotic implants decreased in Groups 1‑3 
but statistically significant differences were not observed 
among the groups. The mean surface area of the endometri-
otic implants decreased from 69.3±30.8 to 52.1±27.0 mm² 
in Group  1 (P>0.05), from 60.2±18.9 to 38.6±28.7  mm² 
in Group 2 (P>0.05) and from 58.1±33.1 to 26±9.0 mm² in 
Group  3 (P=0.03). The epithelial MMP‑9 immunohisto-
chemical score was significantly higher in Group 1 and lower 
in Group 3 when compared with the control group (Group 
4) (P=0.042 and P=0.014, respectively). When the stromal 
MMP‑9 immunohistochemical and histopathological scores 
of the endometriotic implants were compared, no statistically 
significant differences were found among the groups. Although 

there was no statistically significant difference, Dox reduced 
the endometriotic implant area in the rat endometriosis model. 
Further studies are required to investigate the potential effi-
cacy of Dox in endometriosis due to its widespread use and 
tolerability.

Introduction

Endometriosis, defined by the presence of endometrial 
glands and stroma outside the uterine cavity, is a common 
cause of pelvic pain and infertility in females of a repro-
ductive age (1). Although endometriosis is clinically well 
described, the complete mechanism of the disease remains 
unclear. The Sampson hypothesis, regarding the implanta-
tion of endometrial sheddings outside of the uterine cavity 
via retrograde menstruation, is the most accepted theory (2). 
It has previously been shown that increased expression of 
matrix metalloproteinases (MMPs) is necessary for the 
adherence and invasion of ectopic endometrium in endome-
triotic lesions (3).

The MMPs, a family of endoproteases, are involved in 
extracellular matrix and basement membrane degradation, 
which are key steps for cellular migration and invasion. These 
endoproteases mediate a large variety of normal biological 
processes, including embryonic development, ovulation and 
menstruation. Adversely, their great variability provides 
a complex intervention in pathological conditions such as 
arthritis, atherosclerosis, cancer, inflammatory disorders 
and endometriosis (4). The expression of various MMPs has 
been demonstrated in endometriosis (5,6). In experimentally 
induced endometriosis models, the prevention of endometri-
otic lesions has been achieved by MMP inhibitors (7) or the 
downregulation of MMP expression (8).

Doxycycline (Dox) is a second‑generation, lipid‑soluble 
tetracycline derivative that has numerous cellular effects on 
proliferation, migration, apoptosis and matrix remodeling (9). 
Independently of antimicrobial activity, Dox and other tetra-
cycline derivatives are non‑specific MMP inhibitors (10,11). 
Furthermore, Dox has various non‑antibiotic properties, 
including the blockage of apoptosis, angiogenesis and the 
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inflammatory process (12). Based on this evidence, the aim 
of the present study was to investigate the possible therapeutic 
potential of Dox as a non‑specific MMP inhibitor in a rat 
endometriosis model.

Materials and methods

Animals. Forty mature, nonpregnant female Wistar albino rats 
weighing between 200 and 230 g were provided by the Animal 
Research Center of the Ankara Education and Research 
Hospital (Ankara, Turkey). The rats were caged in a controlled 
environment of 22˚C with 12‑h light/dark cycles. All rats were 
observed for one week to ascertain health prior to surgery. 
The study was approved by the Institutional Review Board of 
the Ankara Teaching and Research Hospital (Ankara, Turkey) 
and carried out at the Animal Research Center of the same 
hospital. All investigations complied with the 1996 Guide for 
the Care and Use of Laboratory Animals from the National 
Academy of Science.

Surgical procedures. The rats were anesthetized by intramus-
cular administration of 4 mg/kg ketamine hydrochloride and 
0.04 mg/kg xylazine hydrochloric acid. All procedures were 
carried out under sterile conditions. A 3‑4‑cm vertical midline 
incision was made to expose the reproductive organs. Three 
consecutive laparotomies were performed in each rat.

First surgery: Induction of endometriosis. Endometriosis was 
induced surgically by transplanting an autologous fragment of 
uterine tissue onto the inner surface of the abdominal wall, 
as proposed by Vernon and Wilson (13) with minor modifi-
cations by Lebovic et al (14). Following the exposure of the 
uterine horns by a 3‑4‑cm vertical midline incision, the right 
uterine horn was ligated with a 3‑0 polyglactin suture and a 
1‑cm segment was removed. The excised horn was cut and 
placed in sterile phosphate‑buffered saline (PBS) at 37˚C and 
divided into 5x5 mm pieces. One trimmed piece of uterine 
tissue (endometrium and myometrium) was implanted onto 
the inner surface of the left abdominal wall with the serosal 
surface apposed and sutured with a single 3‑0 polyglactin 
suture to the abdominal wall. As a result, the endometrium 
was in contact with the peritoneal surface. Prior to the closure 
of the abdominal wall, 2 ml saline was administered into the 
abdominal cavity to prevent drying and minimize adhesion 
formation. The midline incision was closed in a continuous 
interlocking manner with 3‑0 polyglactin sutures. Following 
the first surgery, all rats were observed for 21 days without any 
medication.

Second surgery: Evaluation of endometriotic foci. Following 
the first surgery, three rats died. The remaining 37  rats 
underwent a second exploratory laparotomy to examine the 
endometrial implants (Fig. 1). The length and width of the 
implants were measured using a caliper and the surface area 
[mm x mm (mm²)] of the implants was calculated.

The rats were randomly assigned to one of four groups. 
Group 1 rats (low‑dose Dox group, n=9) were administered 
5  mg/kg/day oral Dox (Monodoks tablet; Deva, Istanbul, 
Turkey). Group  2 rats (high‑dose Dox group, n=10) were 
administered 20 mg/kg/day oral Dox. The rats in Group 3 

(gonadotrophin‑releasing hormone agonist group, n=9) were 
administered a single subcutaneous (s.c.) injection of leupro-
lide acetate depot formulation (1 mg/kg body weight; Lucrin®; 
Abbott Laboratories S.A., Istanbul, Turkey). Group 4 rats 
(control group, n=9) were given no medication. The selection 
of Dox (9,15) and leuprolide acetate (15) dosages was based on 
previous studies. The drugs were administered via an orogas-
tric tube, and all rats were observed for 21 days.

Third surgery: Effects of Dox and leuprolide acetate. 
Following randomization, while taking the medication, two 
rats from Group 3 and one rat from Group 4 died due to infec-
tion or complications of surgery. A total of 34 rats completed 
the study. Following a 21‑day treatment period, the rats under-
went a final laparotomy and the rats were sacrificed using 
ketamine anesthesia. The length and width of the implants 
were measured and the surface area of the implants was 
calculated for the second time. The implants were then excised 
and fixed in 10% formalin for histopathological examination. 
All surgical procedures were performed physicians who were 
blinded to the groups, and all measurements were performed 
by the same physician.

Histopathological and immunohistochemical examination. 
The endometriotic implants were first fixed in 10% formalde-
hyde solution and then embedded in paraffin and cut into 4‑mm 
sections. These sections were stained with hematoxylin and 
eosin and examined under a light microscope. The persistence 
of epithelial cells in the endometriotic implants was evaluated 

Figure 1. (A) Formation of the endometriotic implant 21 days after the 
implantation of endometrial tissue. (B) Regression of the endometrial implant 
in the leuprolide acetate group 21 days after the treatment.
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semiquantitatively and scored as follows: 0, no epithelium; 1, 
poorly preserved epithelium; 2, moderately preserved epithe-
lium with leukocyte infiltrate; 3, well‑preserved epithelial 
layer (16).

Sec t ions  (4 ‑µm)  f rom each  for ma l i n‑f i xed, 
paraffin‑embedded endometriotic implant were used for the 
immunostaining. Following deparaffinization and rehydration, 
H2O2 (3%) was applied to each section and washed with PBS. 
The sections were incubated with the primary monoclonal 
antibody against MMP‑9 (1:200; 4A3, cat. no. NBP2‑13173; 
Novus Biologicals LLC, Littleton, CO, USA) overnight at 4˚C 
and then washed two times in PBS and incubated with bioti-
nylated immunoglobulin G (ScyTek Laboratories, Inc., Logan, 
UT, USA) as the secondary antibody for 15 min. Following 
incubation, the sections were rewashed with PBS two times 
and incubated with streptavidin‑biotin‑peroxidase complex 
(ScyTek Laboratories, Inc.) for 15  min. The specimens 
were then placed in 3‑amino‑9‑ethylcarbazole chromogen 
(ScyTek Laboratories, Inc.) for 5 min. Subsequent to coun-
terstaining with hematoxylin, the slides were examined with 
a light microscope. Immunoreactivity was evaluated by the 
same pathologist, who was blinded to the study groups. A 
semi‑quantitative histological score (HSCORE) was used and 
calculated with the following formula: HSCORE = Σπ(I + 1), 
where ‘π’ represents the percentage of stained epithelial and 
stromal cells for each intensity and ‘I’ represents the staining 
intensity (0, no labelling; 1, weak; 2, moderate; 3, strong) (16).

Statistical analysis. Data were stored and analyzed using 
the Statistical Package for the Social Sciences version 13.0 
(SPSS, Inc., Chicago, IL, USA). All values are presented as 
the median (minimum‑maximum) and mean  ±  standard 
deviation. Normality was tested by the Shapiro‑Wilk test. 
Non‑normally distributed metric variables were analyzed 
by the Kruskal‑Wallis test for comparisons of the variables 
among the groups. If the difference was significant, the 
Mann‑Whitney U test with Bonferroni correction was used. 
The mean surface areas of the endometriotic implants in the 
same group (prior and subsequent to the medical treatment) 
were analyzed by Wilcoxon's signed‑rank test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Study mortality. Following the first laparotomy, three rats 
died within a few days, most likely due to complications of 
the surgery. A total of 37 rats with established viable endome-
triosis were randomized prior to treatment. At the beginning 
of the medical treatment, the surface area of the endometriotic 
implants was similar in the four groups (P=0.125) (Table I). 
Following randomization, while taking the medication, two 
rats from Group 3 and one rat from Group 4 died due to infec-
tion or complications of surgery. A total of 34 rats completed 
the study.

Implant area. After the 21‑day treatment period, the size 
of the endometriotic implants decreased in Groups 1‑3 but 
statistically significant differences were not observed among 
the groups (Table I). The mean surface area of the endome-
triotic implants decreased from 69.3±30.8 to 52.1±27.0 mm² 
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in Group 1 (P>0.05), from 60.2±18.9 to 38.6±28.7 mm² in 
Group 2 (P>0.05) and from 58.1±33.1 to 26.0±9.0 mm² in 
Group 3 (P=0.03) (Table II). In the control group, the mean 
surface area of the endometriotic implants did not change 
significantly (P>0.05) (Table II).

Histophathological and immunohistochemical scores. The 
mean histopathological score of the endometriotic implants was 
lower in Group 3 than that in the other groups, but no statisti-
cally significant differences were found (P>0.05) (Table I). 
Immunohistochemical staining for MMP‑9 in the endome-
trial implants was performed and evaluated in the stromal 
and epithelial compartments at the end of treatment (Fig. 2); 
although the stromal MMP‑9 immunohistochemical score was 
lower in Group 3 than that in the other groups, the difference 
was not statistically significant (P=0.13) (Table I). The epithelial 
MMP‑9 immunohistochemical score was significantly higher in 
Group 1 and lower in Group 3 when compared with the control 
group (Group 4) (P=0.042 and P=0.014, respectively) (Fig. 2).

Discussion

The aim of the present study was to compare the possible 
therapeutic effects of Dox and leuprolide acetate in a rat 
endometriosis model. Although the mean area of the endo-
metriotic implants decreased in Groups 1‑3 when compared 
with the control, no statistically significant difference was 
found among the groups. The MMP‑9 immunostaining of 
the specimens was also examined in order to provide more 
objective results. No statistically significant difference was 
found in the mean histopathological score of the endometri-
otic implants and the stromal MMP‑9 immunohistochemical 
score among the groups; however, the epithelial MMP‑9 
immunohistochemical score was significantly higher in 
Groups 1 and lower in group 3 when compared with the 
control group.

MMPs are a large family of zinc‑dependent proteinases 
that are involved in extracellular matrix degradation and inter-
fere with numerous physiological and pathological processes, 

Figure 2. Immunohistochemical MMP‑9 staining of the endometriotic implants at the end of the treatment. (A) Leuprolide acetate group (MMP‑9 epithelial 
score, 0; magnification, x10); (B) high‑dose Dox group (MMP‑9 epithelial score, 320; magnification, x10); (C) low‑dose Dox group (MMP‑9 epithelial 
score, 60; magnification, x20); (D) control group (MMP‑9 epithelial score, 160; magnification, x20). MMP‑9, matrix metalloproteinase 9.

Table II. Changes in the implant area prior and subsequent to treatment.

	 Area of the implant (mm²)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-------------‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑--------------‑‑‑‑‑‑‑‑‑‑
Group	 Prior to treatment	 Following treatment	 P‑valuea

1	 72 (20‑110) [69.3±30.8]	 54 (24‑110) [52.1±27.0]	 0.207
2	 64 (25‑90) [60.2±18.9]	 40 (12‑100) [38.6±28.7]	 0.093
3	 49 (25‑120) [58.1±33.1]	 24 (12‑38) [26.0±9.0]	 0.030
4	 35 (25‑56) [40.0±11.1]	 45 (12‑63) [42.5±18.5]	 0.674
P‑valueb	 0.125 	 0.133	

Group 1 rats (n=9) received 5 mg/kg/day Dox; Group 2 rats (n=10) received 20 mg/kg/day Dox; Group 3 rats (n=7) received 1 mg/kg leuprolide 
acetate (agonist group); Group 4 rats (n=8) received no treatment (control group). Data are presented as the median (minimum‑maximum) and 
[mean ± standard deviation]. Bold print denotes statistical significance. ªWilcoxon signed rank test; bKruskal‑Wallis test. 
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including development, angiogenesis, ovulation, cancer, 
atherosclerosis and endometriosis (17). MMP‑9 is the most 
complex family member for the remodeling of the extracel-
lular matrix, and increased MMP‑9 expression by eutopic and 
ectopic endometrial tissue in females with endometriosis has 
been reported and associated with the severity of endome-
triosis (6,18,19).

Dox is a broad‑spectrum, lipid‑soluble tetracycline 
derivative and has numerous non‑antibiotic effects, including 
inhibition of inflammation, angiogenesis and apoptosis (20). 
Non‑specific inhibition of MMPs by Dox in certain tissues 
at different doses has been demonstrated  (9,21). It has 
been reported that Dox is a strong inhibitor of MMP‑2 and 
MMP‑9  (22,23). Since MMPs are necessary for normal 
physiological processes, excessive inhibition of MMPs 
by synthetic MMP inhibitors may result in serious side 
effects (24,25); therefore, less potent MMP inhibitors, such 
as Dox, have been found to be safer and effective in certain 
pathological conditions, such as endometriosis (15,26). The 
effect of Dox is dose- and cell‑dependent. The daily oral dose 
of Dox in rats varies between 5 and 100 mg/kg/day in the 
literature (15,27).

In the only study investigating the effect of Dox in a 
rat endometriosis model, rats were administered 5  and 
40  mg/kg/day Dox orally, and low‑dose Dox caused an 
increased regression of the endometriotic implants in rats (15). 
Akkaya et al (15) reported statistically significant decreases 
in the size of the endometriotic implants in the leuprolide 
acetate (1  mg/kg, s.c.), low‑dose Dox (5  mg/kg/day) and 
high‑dose Dox (40 mg/kg/day) groups when compared with 
the control group. With reference to the MMP‑2 and MMP‑9 
immunostaining of the endometriotic implants, the authors 
concluded that low‑dose Dox (5 mg/kg/day) was as effective 
as leuprolide acetate in stimulating the regression of the 
endometriotic implants (15). To avoid the toxic effects of Dox 
and to optimize the Dox dose in the rat endometriosis model, 
the doses used in the present study were 5 and 20 mg/kg/day. 
In this study, the mean area of the endometriotic implants 
decreased in the leuprolide acetate (1 mg/kg s.c.), low‑dose 
Dox (5  mg/kg/day) and high‑dose Dox (20  mg/kg/day) 
groups; however, no statistically significant difference was 
found among the groups.

When the implant areas prior and subsequent to treatment 
were compared within each group, a significant decrease in 
the implant area was found in the leuprolide acetate group. 
The epithelial MMP‑9 immunohistochemical score was 
additionally significantly lower in the leuprolide acetate group 
than that in the control group. These findings concerning the 
leuprolide acetate group in the present study were consistent 
with those in the study by Akkaya et al (15).

Although the rat endometriosis model proposed by Vernon 
and Wilson (13), i.e. the autotransplantation of uterine tissues 
into the peritoneal cavity, is a well‑established model, it has 
certain limitations. Firstly, rats do not menstruate and do not 
develop spontaneous endometriosis. Secondly, the transplanted 
uterine tissues include the myometrium, which makes up a 
considerable proportion of the artificial endometriotic lesions. 
On the other hand, it has a number of advantages, such as no 
rejection of the transplanted tissues and enabling long‑term 
studies to study the effects of certain drugs (28). In addition, 

the pathological findings in the rat model are similar to those 
in human endometriosis (29).

There are numerous of previous studies investigating the 
potential therapeutic effects of certain drugs in the rat endome-
triosis model, which indicated that the drug treatment resulted 
in significant regression of the endometriotic implants (14-16). 
However, the studies had methodological differences. The time 
interval between the laparotomies differed and was reported to 
be 3 (15), 4 (30) and 6 (16) weeks. Uchiide et al (29) reported 
that progression of the endometriotic implants declined 
at 14 days after uterine autotransplantation; therefore, the 
extended periods between the laparotomies and considerably 
lower estrogen levels in rats compared with humans may result 
in spontaneous regression of the endometriotic implants. On 
the other hand, the time when the pathological and immuno-
histochemical staining of the endometriotic tissues should be 
performed is unclear, with previous studies performing them 
immediately or two months following treatment (15,16,30). 
Furthermore, the limited number of rats in each group, due to 
the ethical principles, was another limitation that may weaken 
the statistical significance of these studies. These problems are 
also valid for the present study and may be regarded as limita-
tions of the study.

In conclusion, although there was no statistically signifi-
cant difference, Dox reduced the endometriotic implant area 
in the rat endometriosis model. Further studies are required to 
investigate the potential efficacy of Dox in endometriosis due 
to its widespread use and tolerability.
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