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BACKGROUND AND PURPOSE
Telmisartan suppresses the development of endometriotic lesions. However, the drug also up-regulates the expression of COX-2,
which has been suggested to promote the progression of endometriosis. Accordingly, in the present study we analysed whether a
combination therapy with telmisartan and a COX-2 inhibitor may bemore effective in the treatment of endometriotic lesions than
the application of telmisartan alone.

EXPERIMENTAL APPROACH
Endometriotic lesions were induced in the peritoneal cavity of C57BL/6 mice, which were treated daily with an i.p. injection of
telmisartan (10 mg·kg�1), parecoxib (5 mg·kg�1), a combination of telmisartan and parecoxib or vehicle. Therapeutic effects on
lesion survival, growth, vascularization, innervation and protein expression were studied over 4 weeks by high-resolution ultra-
sound imaging as well as immunohistochemical and Western blot analyses.

KEY RESULTS
Telmisartan-treated lesions exhibited a significantly reduced lesion volume when compared with vehicle-treated controls and
parecoxib-treated lesions. This inhibitory effect of telmisartan was even more pronounced when it was used in combination with
parecoxib. The combination therapy resulted in a reduced microvessel density as well as lower numbers of proliferating
Ki67-positive cells and higher numbers of apoptotic cleaved caspase-3-positive stromal cells within the lesions. This was associ-
ated with a lower expression of COX-2, MMP-9 and p-Akt/Akt when compared with controls. The application of the two drugs
further inhibited the ingrowth of nerve fibres into the lesions.

CONCLUSIONS AND IMPLICATIONS
Combination therapy with telmisartan and a COX-2 inhibitor represents a novel, effective pharmacological strategy for the
treatment of endometriosis.

Abbreviations
AT1, receptor angiotensin 1 receptor; eNOS, endothelial NOS
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Introduction
Endometriosis is a frequent gynaecological disease of women in
reproductive age, which is characterized by the presence of
endometrial-like tissue outside the uterine cavity (Giudice,
2010). The complex pathogenesis of the disease involves retro-
grade menstruation of oestrogen-sensitive endometrial cells
and fragments into the abdominal cavity, where they implant
on peritoneal surfaces and develop into endometriotic lesions
(Burney andGiudice, 2012). This dynamic process is associated
with inflammation (Jiang et al., 2016), angiogenesis and
vasculogenesis (Laschke et al., 2011; Laschke and Menger,
2012), nerve fibre growth (Miller and Fraser, 2015), the forma-
tion of adhesions and scarring (Somigliana et al., 2012). Conse-
quently, patients often suffer from recurrent pain and infertility,
whichmarkedly affect their quality of life (Simoens et al.,2012).
Hence, there is an urgent need to identify novel approaches for
an effective endometriosis therapy.

In a previous study, we demonstrated that combined block-
ade ofAT1 receptors and activation of PPAR-γ by the widely
applied anti-hypertensive drug telmisartan suppresses the
development of endometriosis in different rodent models of
the disease (Nenicu et al., 2014). Indeed, we found that daily
treatment of mice with clinically well-tolerated doses of the
compound inhibits the vascularization, immune cell infiltra-
tion and growth of murine endometriotic lesions, which were
surgically induced by endometrial tissue transplantation.Of in-
terest, gene expression profile analyses of these lesions further
revealed a strong up-regulation of Ptgs2 coding for PG-
endoperoxide synthase 2, that is, COX-2, under telmisartan
treatment (Nenicu et al., 2014). This is a surprising finding con-
sidering the fact that COX-2 has been suggested to promote the
development and progression of endometriosis (Buchweitz
et al., 2006; Banu et al., 2008; Wu et al., 2010). In addition, sev-
eral studies have reported that selective COX-2 inhibitors have
beneficial therapeutic effects on endometriotic lesion forma-
tion and endometriosis-associated pain (Cobellis et al., 2004;
Ozawa et al., 2006; Laschke et al., 2007; Machado et al., 2010;
Olivares et al., 2013; Kilico et al., 2014). Accordingly, in the pres-
ent study we speculated that a combination therapy with
telmisartan and a COX-2 inhibitor may be even more effective
in the treatment of endometriosis than treatment with
telmisartan alone.

To test our hypothesis, we surgically induced endometriotic
lesions in the peritoneal cavity of mice, which were daily
treated with vehicle, telmisartan, the selective COX-2 inhibitor
parecoxib or a combination of the two drugs. Cyst formation
and growth of the newly developing lesions were analysed by
means of repetitive, high-resolution ultrasound imaging
throughout an observation period of 4 weeks. Moreover, we
assessed the vascularization, proliferation, viability, nerve fibre
infiltration and protein expression of the lesions by means of
immunohistochemistry andWestern blot analyses.

Methods

Animals
The animal experiments of this study were approved by the
governmental animal care committee of the Saarland,

Germany (permit numbers: 53/11 and 25/12). They were
conducted in accordance with the German legislation on pro-
tection of animals and the NIH Guidelines for the Care and
Use of Laboratory Animals (NIH Publication #85-23 Rev.
1985). Also, animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and
Lilley, 2015).

We used female C57BL/6 mice (Institute for Clinical &
Experimental Surgery, Homburg/Saar, Germany) aged
3–4 months, with a body weight of 22–25 g. This animal
strain has previously been used for the preclinical
evaluation of telmisartan’s effects on surgically-induced
endometriotic lesions (Nenicu et al., 2014). The animals
were bred and housed in open cages (n = 4–5 per cage)
on Lignocel® premium hygienic animal bedding
(J. Rettenmaier & Söhne, Rosenberg, Germany) in the con-
ventional animal husbandry of the Institute for Clinical &
Experimental Surgery. They had free access to tap water
and standard pellet food (Altromin, Lage, Germany). Before
the surgical induction of endometriosis, oestrous cycling of
individual mice was assessed by cytological analysis of vag-
inal lavage samples. For this purpose, 20 μL of physiologi-
cal saline solution were pipetted into the vagina and
transferred onto a glass slide for evaluation under a micro-
scope (CH-2; Olympus, Hamburg, Germany). Only mice in
the stage of oestrus were used as donor and recipient ani-
mals for the experiments to exclude confounding by differ-
ent steroid hormone levels.

Endometriosis model
Peritoneal endometriotic lesions were induced by suturing
uterine tissue samples to the abdominal wall, as described
previously (Körbel et al., 2010; Rudzitis-Auth et al., 2012).
This is a commonmodel for the preclinical evaluation of drug
effects on endometriotic lesions of standardized size and tis-
sue composition (Becker et al., 2006; Grümmer, 2006;
Rudzitis-Auth et al., 2013). For this purpose, 12 donor mice
were anaesthetized by i.p. injection of ketamine (75 mg·kg�1

body weight; Ursotamin®; Serumwerk Bernburg, Bernburg,
Germany) and xylazine (15 mg·kg�1 body weight; Rompun®;
Bayer, Leverkusen, Germany). After laparotomy, the two uter-
ine horns were harvested and transferred to a Petri dish con-
taining DMEM (10% fetal calf serum, 1 U·mL�1 penicillin,
0.1 mg·mL�1 streptomycin; PAA, Cölbe, Germany). The
horns were opened longitudinally, and 2 mm uterine tissue
samples were removed by means of a dermal biopsy punch
(Stiefel Laboratorium GmbH, Offenbach am Main,
Germany). Two tissue samples were then sutured with 6-0
Prolene (Ethicon Products, Norderstedt, Germany) on each
site of the abdominal wall of anaesthetized recipient mice
through a midline incision (Figure 1A–D). Finally, the abdo-
menwas closed with running 6–0 Prolenemuscle and skin su-
tures. Subsequently, the animals were randomly assigned to
the different treatment groups. The animals were treated
daily with an i.p. injection of 10 mg·kg�1 telmisartan
(n = 10), 5 mg·kg�1 parecoxib (n = 10) or telmisartan
(10mg·kg�1) in combination with parecoxib (5 mg·kg�1)
(n = 10). Ten vehicle-treated animals (30 μL 5% DMSO i.p.)
served as controls. The daily i.p. injections were well tolerated
by the animals.
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High-resolution ultrasound imaging
The development of endometriotic lesions was analysed with
a Vevo 770™ high-resolution ultrasound imaging system
with a 704 Scanhead (40 MHz centre frequency)
(VisualSonics, Toronto, ON, Canada) directly after surgical
induction as well as on days 7, 14, 21 and 28 (Laschke et al.,
2010). The ultrasound images were analysed by means of a
three-dimensional reconstruction and analysis software
(Vevo 770 version 2.3.0; VisualSonics). The quantitative anal-
ysis included the measurements of the overall volume of
endometriotic lesions as well as the volume of their cysts
and stromal tissue (in mm3) by manual image segmentation.
For this purpose, boundaries of endometriotic lesions and
their anechoic cysts were manually outlined in parallel slices,
separated by a step size of 200 μm in the three-dimensional
ultrasound images. Based on the outlined areas, volumes
were subsequently computed by the VisualSonics software.
In addition, we calculated the growth of lesions and stromal
tissue (as % of the initial lesion and stromal tissue size) to
identify the regression of lesions in individual groups, and
we assessed the fraction of cyst-containing lesions (as % of
all analysed lesions) (Rudzitis-Auth et al., 2013). After the last
ultrasound imaging on day 28, the animals were killed with
200 mg·kg�1 pentobarbital i.p. (Narcoren; Merial GmbH,
Halbermoos, Germany) and the lesions were excised for fur-
ther immunohistochemical and protein expression analyses.

Immunohistochemistry
Formalin-fixed specimens of the endometriotic lesions were
embedded in paraffin and 3 μm-thick sections were cut. For

immunofluorescent microscopic detection of PPAR-γ ex-
pression, sections were stained with a polyclonal rabbit
anti-mouse antibody against PPAR-γ (1:100; ab19481;
Abcam, Cambridge, UK). A goat anti-rabbit IgG Alexa Fluor
488 antibody (1:300; A11008; Invitrogen, Life Technologies
GmbH, Darmstadt, Germany) served as the secondary
antibody. Sections solely incubated with the secondary
antibody were used as negative controls. Cell nuclei were
stained with Hoechst 33342 (1:500; Sigma-Aldrich,
Taufkirchen, Germany).

For immunofluorescent microscopic detection of
microvessels, the sections were stained with a monoclonal
rat anti-mouse antibody against the endothelial cell marker
CD31 (1:100; Dianova, Hamburg, Germany) followed by a
goat anti-rat IgG cyanine 3 antibody (1:50; Dianova). Cell
nuclei were stained with Hoechst 33342 (1:500; Sigma-
Aldrich).

Additional sections were stained with a polyclonal
rabbit antibody against the proliferation marker Ki67
(1:2000; Abcam), followed by a biotinylated goat
anti-rabbit IgG antibody (ready-to-use; Abcam) and
streptavidin-peroxidase conjugate (1:50; Sigma-Aldrich)
and finalized by a 3-amino-9-ethylcarbazol substrate system
(ready to use; Abcam). The sections were conterstained
with Mayers hemalaun solution (HX948000; Merck,
Darmstadt, Germany). Moreover, sections were stained
with a polyclonal rabbit antibody against the apoptosis
marker cleaved caspase (casp)-3 (1:100; New England
Biolabs, Frankfurt, Germany), followed by a biotinylated
goat anti-rabbit IgG antibody (ready-to-use; Abcam) and

Figure 1
Surgical induction of murine endometriotic lesions in the peritoneal cavity. Uterine tissue samples (B) were isolated from the longitudinally
opened uterine horn (A) of a donor mouse by means of a 2 mm dermal biopsy punch and sutured to the abdominal wall of a syngeneic recipient
mouse (C). Typical appearance of the tissue samples directly after fixation (D, arrows). Scale bars: A = 5 mm; B = 2.5 mm; C = 3.3 mm; D = 2 mm.
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finished by streptavidin Alexa 555 (1:50; Life Technologies,
Eugene, OR, USA).

To identify nerve fibres within the endometriotic lesions,
sections were incubated with a polyclonal rabbit anti-PGP9.5
(1:100; Abcam) and a monoclonal rat anti-mouse antibody
against CD31 (1:100; Dianova), followed by a secondary goat
anti-rabbit Alexa 488 antibody (1:100; Life Technologies) and
a goat anti-rat IgG cyanine 3 (1:50; Dianova) antibody. For
each group, sections from 10 animals were analysed with a
BX-60 microscope (Olympus) and a BZ-8000 microscopic
system (Keyence, Osaka, Japan). Quantitative analyses in-
cluded the measurement of the microvessel and nerve fibre
density (mm�2) as well as the fraction of Ki67-positive prolif-
erating and cleaved caspase-3-positive apoptotic stromal and
glandular cells (%). For the calculation of the microvessel and
nerve fibre density, the overall number of CD31-positive
microvessels and PGP9.5-positive nerve fibres on a lesion sec-
tion was divided by the stromal lesion area. The fraction of
proliferating and apoptotic cells (given as % of all analysed
cells) was calculated by dividing the number of Ki67- and
cleaved caspase-3-positive stromal or glandular cells on a le-
sion section by the overall number of stromal or glandular
cells on this section multiplied by 100.

Western blot analysis
For Western blot analyses, endometriotic lesions were lysed
with RIPA buffer (Thermo Scientific, Bremen, Germany) con-
taining 0.5 mM PMSF and Protease Inhibitor Cocktail
(1:75 v.v-1; Sigma-Aldrich) on ice for 1 min with mechanical
homogenization (Ultra-Thurax). The lysate was then col-
lected and centrifuged for 20 min at 13000× g (4°C). The su-
pernatant was saved as whole protein fraction. Protein
concentrations were determined using the Pierce BCA Pro-
tein Assay Kit (Thermo Scientific) with BSA as standard. Then,
10 μg protein per lane were separated on 8% SDS-PAGEs and
transferred to a PVDF membrane (BioRad, Munich,
Germany). After blockade of non-specific binding sites, mem-
branes were incubated overnight at 4°C with a polyclonal
rabbit anti-COX-2 antibody (1:500; Abcam), a polyclonal
rabbit anti-cleaved caspase-3 antibody (1:100; Cell Signaling
Technology, Munich, Germany), a monoclonal mouse anti-
body to vimentin (1:100, Abcam), a polyclonal mouse
anti-MMP-9 antibody (1:100, R&D Systems, Wiesbaden-
Nordenstadt, Germany), a monoclonal rabbit anti-mouse
Akt antibody (1:500; Cell Signaling Technology), a poly-
clonal rabbit anti-phosphorylated (p)-Akt1/2/3 antibody
(Ser473; 1:100; Santa Cruz Biotechnology, Heidelberg,
Germany), a polyclonal rabbit anti-ERK1/2 antibody
(1:500; Cell Signaling Technology), a monoclonal mouse
anti-human p-44/42 MAPK (p-ERK-1/2) antibody (1:500; Cell
Signaling Technology), a monoclonal rabbit anti-mouse
endothelial NOS (eNOS) antibody (1:100; BD Biosciences,
Heidelberg, Germany), a monoclonal rabbit anti-mouse
p-eNOS antibody (1:500; Cell Signaling Technology) and a
polyclonal rabbit anti-cyclin D1 antibody (1:100; Santa Cruz
Biotechnology), followed by the corresponding HRP-
conjugated secondary antibodies (1:3000; GE Healthcare,
Freiburg, Germany). Protein expression was visualized with
ECL Western blotting substrate (GE Healthcare), and images
were acquired using a Chemocam device (Intas, Göttingen,
Germany). The intensity of immunoreactivity was assessed

using Image J software (US National Institutes of Health)
and normalized to tubulin signals as an internal standard.
The Western blot analyses included six animals per group
(two lesions per animal were pooled for one sample).

Data and statistical analyses
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). To guarantee a blinded data
analysis, all images and samples were recorded by a second
person. Data were first analysed for normal distribution by
means of the Shapiro–Wilk test and for equal variance. In
the case of parametric data, differences between the experi-
mental groups were assessed by one-way ANOVA followed
by the Student–Newman–Keuls test, including the correction
of the α-error according to Bonferroni probabilities. For non-
parametric data, differences were assessed by ANOVA on
ranks followed by Dunn’s test (SigmaPlot version 13.0; Jandel
Corporation, San Rafael, CA, USA). The post hoc tests were run
only when F achieved P < 0.05. There was no significant var-
iance in homogeneity. For a better clarity of data presenta-
tion, parametric and non-parametric data are given as
mean ± SEM of at least six determinations per experimental
group. Statistical significance was accepted for a value of
P < 0.05.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al.,
2015a,b,c).

Results

High-resolution ultrasound analysis of
endometriotic lesions
High-resolution ultrasound imaging allowed the repeti-
tive, non-invasive visualization of newly developing
endometriotic lesions (Figure 2). After fixation to the ab-
dominal wall, uterine tissue samples of all four experimen-
tal groups exhibited an initial size of ~1 mm3 (Figure 2E).
Throughout the observation period of 28 days, the sizes
of control and parecoxib-treated lesions progressively in-
creased to a final volume of 3.5–4 mm3 (Figure 2A, B, E, F).
This was caused by the proliferation of the stromal tissue
(Figure 2G, H).

Telmisartan treatment suppressed the development of
endometriotic lesions. They exhibited a significantly reduced
lesion volume and stromal tissue volume on day 28 when
compared with control and parecoxib-treated lesions
(Figure 2C, E, G). Accordingly, calculated lesion and stromal
tissue growth rates were also significantly reduced in
telmisartan-treated animals (Figure 2F, H). Importantly, this
inhibitory effect of telmisartan was more pronounced in
combination with parecoxib treatment (Figure 2D–H). In
contrast to the other treatments, the combination therapy
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Figure 2
Ultrasound analysis of endometriotic lesions. High-resolution ultrasound imaging of endometriotic lesions (borders marked by closed line, cysts
marked by broken line) 28 days after transplantation of uterine tissue samples into the peritoneal cavity of a vehicle-treated control (A), a
parecoxib- (B), a telmisartan- (C) and a parecoxib/telmisartan- (D) treated C57BL/6 mouse. Scale bars: 500 μm. Lesion volume (E, mm3), lesion
growth (F, %), stromal tissue volume (G, mm3), stromal tissue growth (H, %), cyst volume (I, mm3) and fraction of cyst-containing lesions (J, %) of
C57BL/6 mice, which were treated with vehicle (control, white bars), parecoxib (light grey bars), telmisartan (dark grey bars) or parecoxib/
telmisartan (black bars) throughout an observation period of 28 days. Means ± SEM (n = 10 for each experimental group). *P < 0.05 versus con-
trol; #P < 0.05 versus parecoxib; §P < 0.05 versus telmisartan.
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with telmisartan and parecoxib even resulted in negative
lesion and stromal tissue growth rates on day 28 (Figure 2F, H),
indicating a regression of the transplanted uterine tissue
samples throughout the time course of the experiment.

Additional analyses of cyst formation in the developing
endometriotic lesions revealed no marked differences be-
tween the experimental groups (Figure 2I, J). However, the
rate of cyst-containing lesions in vehicle-treated animals on

Figure 3
Immunofluorescence analysis of PPAR-γ expression within endometriotic lesions. Immunofluorescent detection of PPAR-γ within endometriotic
lesions on day 28 after surgical induction by fixation of uterine tissue samples to the abdominal wall of a vehicle-treated control (A, B) as well
as a parecoxib- (C, D), a telmisartan- (E, F) and a parecoxib/telmisartan- (G, H) treated C57BL/6 mouse. Sections were stained with Hoechst
33342 to identify cell nuclei (blue) and an antibody against PPAR-γ (green). Sections solely incubated with the secondary antibody served as neg-
ative controls (B, D, F, H; green signals = autofluorescence of erythrocytes). Scale bars: 20 μm.
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day 28 was higher when compared with that in
telmisartan/parecoxib-treated animals.

Immunohistochemical analysis of
endometriotic lesions
At the end of the in vivo experiments, that is, on day 28,
the newly developing endometriotic lesions were further

processed for additional immunohistochemical analyses.
These analyses revealed that treatment of the lesions with
parecoxib slightly increased the stromal expression of
PPAR-γ when compared with vehicle-treated controls
(Figure 3A–D). This effect was even more pronounced in
telmisartan-treated lesions (Figure 3E, F). Of interest, the
combination therapy with telmisartan and parecoxib re-
sulted in the strongest stromal and glandular expression

Figure 4
Immunohistochemical analysis of vascularization, cell proliferation and apoptotic cell death within endometriotic lesions. Immunofluorescent detec-
tion ofmicrovessels (arrows) within endometriotic lesions on day 28 after surgical induction by fixation of uterine tissue samples to the abdominal wall
of a vehicle-treated control (A) as well as a parecoxib- (B), a telmisartan (C) and a parecoxib/telmisartan- (D) treated C57BL/6 mouse. Sections were
stained with Hoechst 33342 to identify cell nuclei (blue) and an antibody against CD31 (red) for the detection of microvessels. Scale bars: 50 μm.
Immunohistochemical detection of proliferating Ki67-positive cells (arrows) in the stroma of endometriotic lesions of a vehicle-treated control (E)
as well as of a parecoxib- (F), a telmisartan- (G) and a parecoxib/telmisartan- (H) treated C57BL/6 mouse. Scale bars: 15 μm. Immunofluorescent de-
tection of apoptotic cells (arrows) within endometriotic lesions of a vehicle-treated control (I) as well as a parecoxib- (J), a telmisartan (K) and a
parecoxib/telmisartan- (L) treated C57BL/6 mouse. Sections were stained with Hoechst 33342 to identify cell nuclei (blue) and an antibody against
cleaved caspase-3 (casp-3; red) for the detection of apoptotic cells. Scale bars: 20 μm. Microvessel density (M, mm�2), Ki67-positive cells (N, %) and
cleaved caspase-3-positive cells (O, %) of endometriotic lesions of vehicle-treated controls (Ctrl), parecoxib- (Pa), telmisartan- (Tel) and parecoxib/
telmisartan- (Tel+PA) treated C57BL/6mice.Means ± SEM (n = 10 for each experimental group). *P< 0.05 versus control; #P< 0.05 versus parecoxib.
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of PPAR-γ, both in the cell nuclei and the cytoplasm
(Figure 3G, H).

Furthermore, a significantly lower density of CD31-
positive microvessels was detected in telmisartan- and
telmisartan/parecoxib-treated lesions when compared with
vehicle- and parecoxib-treated lesions (Figure 4A–D, M).
Moreover, the number of Ki67-positive proliferating stromal
and glandular cells was significantly reduced in lesions ex-
posed to the combination therapy with telmisartan and
parecoxib (Figure 4E–H, N).

In addition, endometriotic lesions in vehicle- and
parecoxib-treated lesions exhibited no cleaved caspase-3-
positive apoptotic cells in the glandular epithelium and only
a few apoptotic cells (<1%) in the stroma on day 28 (Figure 4I,
J, O). Treatment with telmisartan increased the number of ap-
optotic stromal cells within the lesions (Figure 4K, O). Of in-
terest, this pro-apoptotic effect of telmisartan was more
pronounced in combination with parecoxib treatment
(Figure 4L, O).

During the last years, nerve fibre ingrowth into
endometriotic lesions has been increasingly suggested to
contribute to the generation of chronic pelvic pain in
endometriosis patients (Miller and Fraser, 2015). Accordingly,
we additionally assessed the density of PGP9.5-positive nerve
fibres within the endometriotic lesions on day 28. Of interest,
most of these nerve fibres were co-localized with microvessels
(Figure 5A). Moreover, we observed a significantly
reduced nerve fibre density in telmisartan- and
telmisartan/parecoxib-treated lesions when compared with
vehicle-treated controls (Figure 5B).

Western blot analysis of endometriotic lesions
Finally, we also analysed the expression levels of selected pro-
teins in the endometriotic lesions on day 28 by means of
Western blotting. In line with our previous study (Nenicu
et al., 2014), we found that telmisartan treatment signifi-
cantly increased the expression of COX-2 in the lesions when
compared with vehicle-treated controls (Figure 6A, B). In con-
trast, treatment with parecoxib alone or in combination with
telmisartan significantly decreased COX-2 expression
(Figure 6A, B). In addition, we detected a markedly higher ex-
pression of the apoptosis marker cleaved caspase-3 in
telmisartan/parecoxib-treated lesions when compared to the
other groups (Figure 6A, C). Accordingly, these lesions also ex-
hibited a reduced expression of the stromal marker vimentin
and the angiogenic marker MMP-9 (Figure 6A, D, E). This fur-
ther indicates the regression of telmisartan/parecoxib-treated
endometriotic lesions.

The analysis of intracellular signalling pathways further
revealed a significant down-regulation of Akt/eNOS signal-
ling in endometriotic lesions treated with parecoxib,
telmisartan or parecoxib/telmisartan when compared with
controls (Figure 7A, B, D). In contrast, ERK signalling was sig-
nificantly up-regulated in telmisartan-treated lesions
(Figure 7A, C). However, this telmisartan effect was
completely reversed in combination with parecoxib
(Figure 7A, C). In addition, expression of cyclin D1, which is
a downstream target of both Akt and ERK signalling (Kuo
et al., 2017), was significantly down-regulated in the
parecoxib/telmisartan-treated lesions when compared with
the other groups (Figure 7A, E).

Figure 5
Immunohistochemical analysis of nerve fibre ingrowth into endometriotic lesions. (A) Immunofluorescent detection of microvessels (arrow-
heads) and nerve fibres (arrows) within an endometriotic lesion on day 28 after surgical induction by fixation of an uterine tissue sample
to the abdominal wall of a vehicle-treated control mouse. The section was stained with Hoechst 33342 to identify cell nuclei (blue), an an-
tibody against CD31 (red) for the detection of microvessels and an antibody against PGP9.5 (green) for the detection of nerve fibres. Scale
bar: 10 μm. (B) Density of PGP9.5-positive nerve fibres (mm�2) within endometriotic lesions of vehicle-treated controls (Ctrl), parecoxib-
(Pa), telmisartan- (Tel) and parecoxib/telmisartan- (Tel+PA) treated C57BL/6 mice. Means ± SEM (n = 10 for each experimental group).
*P < 0.05 versus control.
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Discussion
The present study demonstrates that a combination therapy
with telmisartan and the COX-2 inhibitor parecoxib is more
effective in the treatment of endometriotic lesions than treat-
ment with telmisartan alone. This novel result is in line with
the finding that (i) telmisartan and other related anti-
hypertensive drugs, such as losartan, suppress lesion forma-
tion in different murine endometriosis models (Nenicu

et al., 2014; Cakmak et al., 2015) and that (ii) COX-2 repre-
sents a promising target for an analgesic, anti-angiogenic
and anti-inflammatory endometriosis therapy (Cobellis
et al., 2004; Ozawa et al., 2006; Laschke et al., 2007; Machado
et al., 2010; Olivares et al., 2013; Kilico et al., 2014). In fact,
telmisartan activates PPAR-γ, which has been shown to en-
hance COX-2 expression in different cell types (Meade et al.,
1999; Ackerman et al., 2005). Hence, the herein observed re-
verse effect of parecoxib on telmisartan-mediated up-

Figure 6
Western blot analysis of endometriotic lesions. (A) Expression of COX-2, cleaved caspase-3 (casp-3), vimentin, MMP-9 and tubulin within
endometriotic lesions on day 28 after surgical induction by fixation of uterine tissue samples to the abdominal wall of vehicle-treated control
(Ctrl), parecoxib- (Pa), telmisartan- (Tel) and parecoxib/telmisartan-treated (Tel + Pa) C57BL/6 mice as assessed by Western blot analyses. Den-
sitometric analyses of expression (OD × mm2) of COX-2 (B), cleaved caspase-3 (C), vimentin (D) and MMP-9 (E) within endometriotic lesions
of vehicle-treated control (Ctrl), parecoxib- (Pa), telmisartan- (Tel) and parecoxib/telmisartan-(Tel+Pa) treated C57BL/6 mice. Data were normal-
ized to tubulin signals. Means ± SEM (n = 6 for each experimental group). *P < 0.05 versus control; #P < 0.05 versus parecoxib; §P < 0.05 versus
telmisartan.
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Figure 7
Western blot analysis of endometriotic lesions. (A) Expression of p-Akt, Akt, p-ERK, ERK, p-eNOS, eNOS, cyclin D1 and tubulin within
endometriotic lesions on day 28 after surgical induction by fixation of uterine tissue samples to the abdominal wall of vehicle-treated control
(Ctrl), parecoxib- (Pa), telmisartan- (Tel) and parecoxib/telmisartan-treated (Tel + Pa) C57BL/6 mice as assessed by Western blot analyses.
Densitometric analyses of expression (OD × mm2) of p-Akt/Akt (B), p-ERK/ERK (C), p-eNOS/eNOS (D) and cyclin D1 (E) within endometriotic le-
sions of vehicle-treated control (Ctrl), parecoxib- (Pa), telmisartan- (Tel) and parecoxib/telmisartan- (Tel+Pa) treated C57BL/6 mice. Data were
normalized to tubulin signals. Means ± SEM (n = 6 for each experimental group). *P < 0.05 versus control; #P < 0.05 versus parecoxib;
§P < 0.05 versus telmisartan.
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regulation of COX-2 expression may have directly potenti-
ated the known beneficial effects of telmisartan treatment
on murine endometriotic lesions. Accordingly, our high-
resolution ultrasound analyses of the lesions revealed that
the treatment with both inhibitors not only suppressed their
growth but even resulted in negative lesion and stromal tis-
sue growth rates, indicating a strong regression of the ectopic
uterine tissue throughout the 4 week observation period.

Multiple mechanisms may have contributed to the regres-
sion of endometriotic lesions. It is well known that the devel-
opment and survival of endometriotic lesions is crucially
dependent on their adequate vascularization (Rocha et al.,
2013), which was significantly suppressed in telmisartan-
treated animals. This anti-angiogenic effect of the compound
is driven by its antagonism of the AT1 receptor, which inhibits
VEGF-induced endothelial cell migration and vascular
sprouting (Carbajo-Lozoya et al., 2012). In addition, activation
of PPAR-γ has been found to reduce proliferation, migration
and tube formation in HUVECs (Sheu et al., 2006) and to sup-
press vascular network formation in the chorioallantois mem-
brane model (Aljada et al., 2008). In line with these findings,
in the present study we observed that the up-regulation of
PPAR-γ expression correlated with the reduction of lesion vol-
umes. Thus, telmisartan targets fundamental processes, which
are involved in the development of new microvessels. How-
ever, we also found that the anti-angiogenic action of
telmisartan was not further increased in combination with
parecoxib. Moreover, endometriotic lesions treated with
parecoxib alone did not exhibit a significantly reduced
microvessel density when compared with vehicle-treated con-
trols, although parecoxib and other COX-2 inhibitors have
previously been shown to suppress angiogenesis (Laschke
et al., 2007; Machado et al., 2010; Olivares et al., 2011). These
contradictory findings may be explained by varying experi-
mental settings, including differences in species (rats vs. mice)
as well as types, doses and application schemes of the COX-2
inhibitors applied in individual studies.

Suppression of cell proliferation and induction of apopto-
sis are important mechanisms of action of both COX-2 inhib-
itors and PPAR-γ agonists (Olivares et al., 2008; Koyama et al.,
2014; Pu et al., 2016; Suri et al., 2016). Accordingly, combina-
tion therapy with telmisartan and parecoxib markedly re-
duced the number of Ki67-positive stromal cells and
strongly stimulated apoptotic cell death within
endometriotic lesions when compared with controls. In line
with these results, our Western blot analyses further showed
a decreased expression of p-Akt/Akt and downstream
p-eNOS/eNOS in parecoxib/telmisartan-treated lesions. Akt
signalling is typically up-regulated in endometriosis and pro-
motes the proliferation of endometriotic stromal cells (Cinar
et al., 2009; Matsuzaki and Darcha, 2015). Moreover, we de-
tected an increased expression of p-ERK/ERK in telmisartan-
treated lesions, confirming reports on the activation of ERK
signalling by different PPAR-γ agonists (Chana et al., 2004;
Kim et al., 2009). Of interest, we additionally found a signifi-
cantly down-regulated expression of cyclin D1 in
parecoxib/telmisartan-treated lesions when compared to the
other groups. Cyclin D1 is an important regulator of cell cycle
progression, which is a downstream target of both p-Akt/Akt
and p-ERK/ERK signalling (Kuo et al., 2017). Hence, the latter
result supports the concept of Matsuzaki and Darcha (2015)

that there may be a balanced crosstalk between the Akt and
the ERK signalling pathway in endometriosis. They observed
an up-regulation of p-ERK/ERK expression in endometriotic
stromal cells when p-Akt/Akt expression was decreased and
vice versa. Similar effects were observed in the present study
in parecoxib- and telmisartan-treated lesions. However, the
combination of both drugs completely suppressed this inter-
action. This may be a possible mechanistic explanation for
the higher efficacy of the combination therapy when com-
pared with that of telmisartan treatment alone. In fact,
parecoxib/telmisartan-treated lesions exhibited a low expres-
sion of both p-Akt/Akt and p-ERK/ERK, which was associated
with a down-regulated expression of cyclin D1, resulting in a
markedly reduced proliferation rate.

Finally, we investigated the ingrowth of PGP9.5-positive
nerve fibres into endometriotic lesions, because this process
contributes to the pain symptoms of endometriosis patients
(Miller and Fraser, 2015). Our immunohistochemical analy-
ses revealed that most nerve fibres were typically co-localized
with microvessels. This observation supports the concept of
neuroangiogenesis, that is, the close interaction of newly de-
veloping microvessels and nerves during physiological devel-
opment (Weinstein, 2005), which has also been described for
the establishment of endometriotic lesions (Asante and
Taylor, 2011; Greaves et al., 2014). Of interest, we found a re-
duced nerve fibre density within telmisartan- and
parecoxib/telmisartan-treated endometriotic lesions when
compared to vehicle-treated controls. This indicates that
these drugs may have also direct beneficial effects on
neuroangiogenesis in endometriosis.

In summary, we showed that a pharmacological combina-
tion therapy with telmisartan and a COX-2 inhibitor is highly
promising for the treatment of endometriosis. Our novel find-
ings not only confirm the results of previous experimental
studies, demonstrating that these drugs inhibit the formation
of endometriotic lesions (Machado et al., 2010; Nenicu et al.,
2014), but also indicate that their combination is evenmore ef-
fective in suppressing cell proliferation and promoting apopto-
tic cell death within ectopic endometrial tissue. Hence, further
studies should now be done to clarify whether these synergistic
effects can also be achieved under clinical conditions. This is a
realistic goal considering the fact that telmisartan and several
COX-2 inhibitors are already approved drugs, which are widely
used in patients with tolerable side effect profiles.
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