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Abstract
Objective—To examine the impact of a recent surgery on development of endometriosis-related
adhesions in a chimeric model and to determine the therapeutic efficacy of pioglitazone (PIO).

Design—Human endometrial biopsies were maintained in estradiol (E) with or without PIO for
24 hrs prior to intraperitoneal injection into immunocompromised mice at multiple timepoints
following peritoneal surgery. The presence and extent of adhesions was examined in animals
relative to the initial establishment of experimental endometriosis.

Setting—Medical School Research Center

Patients—Endometrial biopsies for experimental studies described herein were provided by
normally cycling women without a medical history indicative of endometriosis or adhesions.

Interventions—None

Main Outcome Measure—Examination of the development of endometriosis-related adhesions
in an experimental model.

Results—Without therapeutic intervention, injection of E-treated human endometrial tissue into
mice near the time of peritoneal surgery resulted in multiple adhesions and extensive
endometriotic-like disease. In contrast, PIO treatment reduced adhesive disease and experimental
endometriosis related to surgical injury.

Conclusions—The presence of human endometrial tissue fragments in the peritoneal cavity of
mice with a recent surgical injury promoted development of both adhesive disease and
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experimental endometriosis. Targeting inflammation and angiogenesis with PIO therapy limited
the development of postsurgical adhesions associated with ectopic endometrial growth.
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Introduction
Endometriosis, the growth of endometrial glands and stroma outside the uterus, is diagnosed
by surgical observation of ectopic tissue and subsequent histopathological confirmation. The
disease is thought to occur most frequently following retrograde menstruation into the
peritoneal cavity of reproductive-age women. However, it remains unclear whether or not
endometriosis results as a consequence of an altered endometrial physiology (1-2) or an
altered inflammatory-like peritoneal microenvironment (3). Regardless, the invasive
establishment of endometriosis contributes to peritoneal inflammation and proinflammatory
cytokine and chemokine production likely affects disease progression. The co-morbidity of
adhesive disease often occurs in endometriosis patients, potentially leading to bowel
obstruction, chronic abdominal or pelvic pain and infertility (4). Hospital charges related to
adhesive disease alone may represent 3.5 to 5 billion dollars annually in the United States
(5). Furthermore, complications of adhesive disease in endometriosis patients may require
additional surgery, increasing the potential for further functional injury to organs within the
peritoneal cavity. Therefore, therapeutic intervention to prevent adhesion formation in
response to various stimuli, including surgical procedures related to the treatment of
endometriosis, would represent a significant clinical advance.

The basic pathophysiology of postsurgical adhesion development and the initial
establishment of endometriosis share biological commonality around the inflammatory
processes that occur during normal wound healing. Thus, within the peritoneal cavity,
immune cell responses to injury, similar to infection or radiation therapy, may promote
formation of adhesions (6). Certainly, macrophages and neutrophils play key roles in the
initiation of inflammation related to wound healing, by releasing both inflammatory
cytokines and proangiogenic factors. Nevertheless, current adhesion-prevention strategies
are largely limited to mechanical barriers, such as oxidized regenerated cellulose (Gynecare
Interceed, Ethicon, Inc., Somerville, NJ) or sodium hyaluronate with
carboxymethylcellulose (Saprafilm, Genzyme, Inc., Cambridge, MA). While the
effectiveness of these barrier agents in clinical practice remains inconsistent (7-9) other
studies indicate that limiting inflammatory processes and/or angiogenesis may provide
efficacy in reducing adhesion formation (10-12).

In this report, we describe a novel human/murine experimental model that demonstrates a
cooperative link between the presence of endometrial tissue fragments within the peritoneal
cavity and the risk that postsurgical adhesions will develop. Our previous studies have
indicated that inflammatory processes are involved in the establishment and progression of
endometriosis (2); therefore, targeting inflammatory mediators represent a logical
therapeutic approach for the treating endometriosis-related adhesive disease. Specifically,
thiazolidinediones, a class of pharmacologic agents which activate the PPAR-γ receptor
family, have potent anti-angiogenic and anti-inflammatory affects (13) and a member of this
family (rosiglitazone) has been found to be effective in preventing adhesive disease in rats
(14). Therefore, in the current study, we examined whether pioglitazone (PIO) treatment
would reduce the development of surgical adhesions associated with experimental
endometriosis. The choice of PIO for our studies was based on the improved pharmacologic
profile of PIO compared to rosiglitazone (15). Our results demonstrated that targeted therapy
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with PIO in our chimeric model of endometriosis-related postsurgical adhesions resulted in a
reduction in adhesive disease.

Materials and Methods
Acquisition of Human Endometrial Tissue

Approval for human tissue use was obtained from the Vanderbilt University Institutional
Review Board and Committee for the Protection of Human Subjects. After written informed
consent, endometrial samples (n=12) were obtained by Pipelle biopsy (Unimar, Inc, Wilton,
CT) during the proliferative phase (days 9-12) from a donor population at Vanderbilt
University Medical Center. Donors were normally cycling women with no prior medical or
surgical history of adhesions or endometrial disease, including symptoms suggestive of
endometriosis. A serum progesterone level of <1.5 ng/ml was required for inclusion.
Individuals with a history (< 3 months) of hormonal therapy (i.e., oral contraceptives) or
other medications that could impact study results were excluded.

Human Tissue Preparation and Culture Conditions
Endometrial specimens were minced into 1 × 1 mm3 cubes, then suspended in tissue culture
inserts (Millipore Corp., Bedford, MA) as described previously.15 Endometrial fragments
were maintained overnight under serum-free conditions in DME/F-12 media supplemented
with 1nM estradiol (Sigma, St. Louis, MO), 1% insulin-transferrin-selenium (ITS +,
Collaborative Biomedical, Bedford, MA) and 0.1% Excyte (Miles Scientific, Kankakee, IL)
and incubated in a 5% CO2 humidified chamber at 37°C. Some tissues were additionally
treated with 700 ng/mL pioglitazone (Takeda Pharmaceuticals, Deerfield, IL) in 1X
phosphate buffered saline (PBS). Prior to injection into mice, endometrial fragments were
washed in sterile, prewarmed PBS. Each biopsy was typically adequate for induction of
experimental disease in 8-12 mice. Biopsies (N = 12) from different patients were not mixed
and only a single biopsy was used for each individual experiment. Since endometrial
biopsies were not typically adequate for 8 different groups of mice (3 control and 5
experimental groups), each of the 12 experiments included at least one control group (group
1: sham surgery plus endometrial tissues; group 2: surgery plus PBS only; group 3: surgery
more than five days prior to tissue injection) and two or more experimental groups (tissue
injected 0, 4, 16, 24-36 or 120 hrs after ovariectomy [experimental groups 1-5]). For each
independent experiment, all groups within that experiment consisted of 2-3 mice per group
and each group was replicated at least 3 times with 3 different human biopsies.

Ovariectomy and Sham Surgeries
Five-week-old athymic nude mice (Harlan Laboratories, Indianapolis, IN) were anesthetized
with isoflurane and subjected to standard surgical ovariectomy via a single 5mm, dorsal/
ventral incision between the rib cage and hind limb.7 The incision was held open with small
rat tooth forceps and the ovary pulled out through the incision with blunt forceps by
grasping the surrounding fat pad. Mosquito hemostats are placed at the boundary between
the oviduct and uterus and left in place for several seconds. On each side, the ovary and
oviduct are removed just below the hemostat using scissors; after hemostat release, the site
was inspected for bleeding. During sham surgery, the ovary and oviduct were similarly
surgically identified and the ovarian fat pad excised, but no clamping with hemostats
occurred. At the time of surgery, all mice were implanted subcutaneously with a slow-
release estradiol capsule made in our laboratory as previously described (16). Experiments
described herein were approved by Vanderbilt University’s Institutional Animal Care and
Use Committee in accordance with the Animal Welfare Act.
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Experimental Endometriosis/Adhesion Model
In contrast to our previous experimental endometriosis studies which allowed mice to fully
recover from ovariectomy surgery for 5-10 days before intraperitoneal (ip) injection of
human endometrial tissue (for example, (17)), ovariectomy in the current study was
experimentally performed at times closer to human tissue injection. Specifically, mice were
ovariectomized 0, 4, 16, 24-36 or 120 hrs prior to ip injection of tissues along the ventral
midline (supplemental FIGURE 1). Three sets of control mice were utilized in this study:
Control Group 1 was ovariectomized 5 days (120 hrs) prior to tissue injection, by which
time the surgical injury had healed. Control Group 2 was ovariectomized 16 hrs prior to
injection with PBS only (no tissue). Control Group 3 underwent sham surgery 16 hrs prior to
injection of tissue. All animals were sacrificed 5 days after injection of tissues (or PBS
only).

At necropsy, the presence or absence of peritoneal adhesions and the presence and extent of
ectopic sites of endometrial growth was determined. Endometriotic-like lesions were further
characterized by size, the larger denoted “a” and the smaller denoted “b” and total volume,
calculated by standard methodology using the formula: V = a × b2 × 0.5 (18).

Pioglitazone Inhibition of Adhesion Formation
Since rosiglitazone has previously been found to prevent/reduce adhesions in a rat uterine
horn adhesion model (14), we examined the therapeutic efficacy of a similarly acting
thiazolidinedione (PIO) using our experimental model of endometriosis-related adhesion
development. Within additional studies, mice were similarly subjected to ovariectomy or
sham-surgery as described above. Mice undergoing ovariectomy 16 hrs prior to injection of
endometrial tissue received fragments maintained overnight in 1 nM estradiol with or
without 700 ng/mL PIO. Of the mice receiving estradiol only-treated tissues, half were also
administered PIO by gavage once daily beginning 2 days prior to surgery and continuing
until the end of the study (5 days after endometrial tissue injection). All mice receiving PIO-
treated tissues were provided 1 μg/kg PIO by gavage for the same 7 days. At necropsy, the
presence of ectopic endometrial disease and the presence or absence of adhesion formation
was determined.

Immunohistochemistry and Assessment of Microvessel Density
Immunohistochemical staining of experimental lesions for von Willebrand factor (vWF) was
performed by standard methodology for formalin-fixed, paraffin-embedded tissues using a
rabbit anti-human von Willebrand factor (1-3:000 dilution, DakoCytomation, Carpinteria,
CA) and visualized using the Dako Envision+ HRP/DAB System (DakoCytomation)
following counterstaining with Mayer’s hematoxylin.

Microvessels were enumerated by standard methodology after scanning at low power (40x
magnification) to identify areas of dense vascularization. Of these areas, five random fields
were selected, then vWF-positive vessels counted at a magnification of 200x. The average
number of microvessels obtained from 5 (or the maximum number of obtainable fields) and
multiple specimens is shown (TABLE 1).

Results
Adhesion Formation

Mice undergoing ovariectomy within 16 hrs of receiving human endometrial tissues
developed extensive adhesive disease (TABLE 1 and FIGURE 1), including not only
adhesions at the site of surgical injury, but also at peritoneal sites distal from the site of
surgical injury (TABLE 1 and FIGURE 1). In contrast, adhesions did not develop in mice

Herington et al. Page 4

Fertil Steril. Author manuscript; available in PMC 2012 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



undergoing sham surgery or PBS injection in the absence of human tissues and adhesions
were an infrequent finding in mice receiving human tissues more than 16 hrs postsurgery
(TABLE 1).

Wound-related Establishment of Ectopic Endometrial Growth
Endometriosis-like disease in mice was similarly affected by surgical injury. As shown in
TABLE 1, endometrial tissues injected within 16 hrs of sham surgery readily established
ectopic sites of growth in animals at a 100% success rate. The distribution and average size
of ectopic lesions (1.4 mm3 at 5 days of growth) were comparable to previous results using
this model (17,19-21). In contrast to the random distribution of lesions noted in the sham
surgery group, endometrial tissue preferentially attached to the injury site in more than 90%
of mice receiving human tissue at 0, 4 or 16 hrs postovariectomy. Furthermore, ectopic
endometrial lesions in the 16-hour postovariectomy group were more than twice as large as
noted in the sham surgical group (5.4 mm3 compared to 1.4 mm3). The preferential
attachment of human tissue to the site of injury decreased to 40% when injected 24-36 hrs
postovariectomy, concomitant with reduction in the observable size of the ectopic lesions.
Human tissues injected into mice beyond 5 days postovariectomy did not preferentially
attach to the former site of injury and the observed size of lesions was similar to those in
sham surgery animals. We have previously demonstrated that establishment of experimental
endometriosis requires rapid lesion vascularization (22). In the current study, microvessel
density (MVD), as assessed by immunohistochemical localization of von Willebrand Factor
(vWF), was found to be increased within endometriotic lesions developing from tissue
injected nearer the time of surgery (TABLE 1).

Impact of Pioglitazone Treatment on Adhesions and Endometriotic-like Lesions
As shown in TABLE 2, 50% of mice receiving human tissue and PIO therapy in vivo lacked
adhesions. Remaining PIO treated mice exhibited fewer adhesions, largely at the surgical
injury site. PIO treatment of both mice and endometrial tissues further reduced adhesion
development (75% adhesion free at time of necropsy) (TABLE 2; FIGURE 2).

As expected, all mice receiving E-treated endometrial tissue but no therapeutic intervention,
exhibited ectopic endometrial lesions, predominately at the peritoneal injury site, and
adhesive disease was frequently noted. Although adhesions were the primary focus of the
current study, each PIO therapeutic regimen (in vivo only or in vitro + in vivo) resulted in
fewer animals (75%) exhibiting endometriosis-like disease at sacrifice both the size and
number of lesions was reduced compared to control mice. Accurately assessing the
therapeutic efficacy of PIO for experimental endometriosis will require longer treatments
compared to adhesion prevention.

Finally, MVD was assessed in ectopic lesions as described above. Specifically,
immunohistochemical localization of vWF was performed in excised lesions from mice
receiving human tissues 16 hrs postovariectomy. As shown in TABLE 2, in PIO-treated
mice, which received tissues pretreated with PIO 16 hrs postsurgery, MVD was greatly
reduced compared to that observed in control mice receiving tissues 16 hrs postsurgery
(FIGURE 2 and TABLE 2).

Assessing MVD in adhesions following PIO treatment was difficult since PIO treatment
reduced adhesion development, limiting the samples available for asessement; however,
vWF-positive blood vessels were noted in all adhesions examined and MVD was not
significantly different in PIO-treated and untreated animals (FIGURE 2).
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Discussion
Resident immune cells populate the human endometrium at menstruation (23) and the
inflammatory nature of menstrual tissue transferred to the peritoneal cavity likely affects the
development of endometriosis (3,24). Using intraperitoneal endometrial tissue injection to
mimic retrograde menstruation, our studies suggest that surgery near the time of
menstruation may contribute to peritoneal inflammation, potentially affecting the
development of endometriosis and adhesive disease. Specifically, in our model, peritoneal
adhesion formation was maximally enhanced by a surgical wound and the presence of
endometrial fragments. Mice receiving endometrial tissue injection at 0 to 16 hrs
postovariectomy developed multiple adhesions at the wound site and elsewhere in the
peritoneal cavity whereas no adhesions distal to the surgical injury site itself were noted in
the model after 36 hrs from the time of surgery. Since sham-operated mice lacked adhesions,
the presence of endometrial fragments within the peritoneum did not independently trigger
adhesion formation. Similarly, in the absence of human tissue injection, the surgical
procedure alone also failed to promote adhesions. Importantly, the study reported herein
only examined the effects of ovariectomy since this surgical procedure is a standard
component of our previously established experimental endometriosis model (15). Therefore,
the potential impact of other, perhaps more common, peritoneal surgical procedures will
need to be examined in future studies to determine whether our results are specific to the
surgical removal of ovaries or to pelvic surgery in general.

Compared to infection-related adhesions, endometriosis-associated adhesions exhibit greater
numbers of inflammatory cells (25), likely reflecting the proinflammatory influence of
ectopic endometrial growth on the entire peritoneal microenvironment. Importantly, a recent
surgical injury can equally affect the manner in which experimental endometriosis develops.
Specifically, endometrial tissue preferentially attached at the injury site when injected 0 to
16 hours after surgery while tracking to the wound site is limited at later times. Certainly,
proinflammatory cytokines affect both wound healing and angiogenesis during menstruation
(26) and surgery (27) and thus the presence of these cytokines likely contributed to our
findings.

In previous studies, we have demonstrated that, establishing experimental endometriosis
requires that human tissue fragments acquire a peritoneal vascular supply (22). Interestingly,
in the current study, the extent of angiogenesis in the ectopic lesions reflected the timing of
human tissue injection relative to the ovarietomy. Microvessel density (MVD) was highest
in ectopic lesions established near the time of surgery and decreased thereafter. Although the
MVD of adhesions appeared less dependent upon the timing of human tissue injection
postsurgery, the risk of adhesion development diminished quickly after 16 hrs suggesting an
“inflammatory threshold” may be required for adhesion formation.

In the last series of studies in our endometriosis-adhesion model we examined a potential
therapeutic agent for adhesion prevention. PIO, a thiazolidinedione with PPAR-γ agonist
activity, is currently in use as an anti-diabetic medication. PPAR-γ receptors are expressed
in numerous cell types including immune and endothelial cells (28-29); thus, treatment with
thiazolidinediones can have both anti-inflammatory and anti-angiogenic effects.
Rosiglitazone, another thiazolidinedione, has previously been found to prevent/reduce
adhesions in a rat uterine horn adhesion model (14). In our study, we found that treatment of
mice with PIO both prior to surgery and for 5 days postsurgery reduced the extent of lesion
formation as well as the development of postsurgical adhesions.

In summary, we report that the proinflammatory microenvironment of a recent, peritoneal
surgical procedure combined with the presence of endometrial tissue fragments is associated
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with the development of adhesive disease, even at sites distal to the surgical injury. Current
models of experimental adhesion formation require direct trauma to the mesothelium
(30-31) and thus future studies with our model may provide useful information on the
mechanisms of adhesion formation not directly related to local tissue trauma. Although
translation of our chimeric experimental model findings to women is premature at this
juncture, it would be difficult to conduct a prospective human study to determine whether
avoiding surgery near the time of menstruation is prudent. Therefore, the use of our chimeric
model represents a useful experimental approach to understanding the association of
peritoneal inflammation to the related disease processes of endometriosis and post surgical
adhesion formation. Certainly, our therapeutic intervention with PIO provides preliminary
evidence that similar approaches may aid in developing new medical strategies for adhesion
prevention.

Capsule

In this study, we describe a novel model for examining the role of a recent surgical injury
on the development of endometriosis-related adhesions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gross Morphology of Experimental Lesions and Adhesions and Timing of Tissue
Injection
A-B. Gross photomicrographs of lesions (solid arrows) and adhesions (dotted arrows)
identified in mice at the site of ovariectomy. Human endometrial tissues were injected 4 hrs
(A) or 5 days (B) after surgery. Mice were sacrificed 5 days after tissue injection. C. Left
uterine horn (LUH) of an intact, disease free mouse. Adhesion formation decreased as time
from surgery increased. D-E. Gross photomicrographs of adhesions identified at sites distal
from the surgical injury in mice receiving human tissues 16 hrs post-surgery. D. Omentum
adhered to the colon. E. Large adhesion within the mesentery. Original magnification, 15x.

Herington et al. Page 10

Fertil Steril. Author manuscript; available in PMC 2012 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Gross Morphology and Assessment of Microvessel Density in Experimental
Endometriosis
A. Gross photomicrographs of lesions (solid arrows) and adhesions (dotted arrows) at the
site of the surgical injury in control (A) mice and in PIO treated mice which also received
tissues treated with E+PIO (B). Human endometrial tissues were injected 16 hrs
postovariectomy. Assessment of microvessel density (MVD) by immunohistochemical
localization of vWF in experimental endometriosis lesions (C-D) and in adhesions (E-F)
from the same mice. Control mouse (C and E) received E treated tissues while PIO-treated
mouse received tissues treated with E+PIO (D and F). Original magnification, 100x.
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