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Abstract 

Endometriosis is a gynecological disease defined as the growth of endometrium 

outside of the uterus. Although linked to 50% of female infertility cases, current medical 

treatments fail to maintain fecundity. Since the survival of endometriotic lesions is 

dependent on their early neovascularization, antiangiogenic therapies specifically 

targeting blood vessel growth could be a promising therapeutic option for the treatment 

of endometriosis. Angiogenesis, the branching of new blood vessels from existing 

vasculature, promotes robust vascularization of lesions. ABT-898 (Abbott Laboratories), 

a thrombospondin-1 analog, induces endothelial cell apoptosis while sequestering pro-

angiogenic growth factors. We postulated that ABT-898 would reduce endometriotic 

lesion vascularization while physiological angiogenesis and pregnancy remained 

unaffected in a murine model of endometriosis. The antiangiogenic effect of ABT-898 

was tested in a human umbilical vein endothelial cell line revealing disruption of 

endothelial tube branching. Two in vivo experiments were conducted in which 

endometriosis was induced in female alymphoid BALB/c-Rag2
-/-

Il2r-/-
 mice by adhering 

sections of human endometrium to the abdominal wall. Lesions from ABT-898 treated 

mice contained a reduced number of CD31
+
 endothelial cells and a decrease in blood 

flow supplying the lesion compared to 5% dextrose controls. Reproductive status was 

evaluated through maintenance of pregnancies up to gestation day 12 revealing 

unaffected implantation site structure and physiological angiogenesis. In a trans-

generational study, pregnant F0 generation mice received ABT-898 or 5% dextrose 

injections on gestation days 7, 9, 11, 13, 15, 17, and 19. F1 generation mice were raised 

to reproductive age and bred resulting in litters (F2 generation) comparable in size to the 
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F0 generation litters. Chronic exposure to ABT-898 did not affect angiogenic plasma 

cytokine levels in F0 generation mice. In addition, physiological angiogenesis was 

unaffected within the uteri of ABT-898 treated mice.  Histological examination of the 

kidney, liver, ovary, and uterus revealed no structural abnormalities in F0 and F1 

generations exposed to ABT-898. These results suggest that ABT-898 inhibits 

pathological angiogenesis within endometriotic lesions without affecting physiological 

angiogenesis involved in pregnancy and organ function across three generations of mice. 

Further research will establish the effects of ABT-898 on embryonic development, organ 

toxicity, and physiological angiogenesis in all organs. 
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Chapter 1 

General Introduction 

1.1 Foreword 

Endometriosis is an estrogen-dependent gynecological disease affecting 

approximately 10% of women of reproductive age [1, 2, 3, 4]. The disease is 

characterized by the pathological growth of endometrial cells outside of the uterus. The 

inflammatory nature of endometriosis and the adhesion of endometriotic lesions 

particularly to reproductive organs and the pelvic wall results in symptoms such as 

dysmenorrhoea, pelvic pain, and infertility [1, 5, 6]. Although the etiology of 

endometriosis is poorly understood, it has been postulated that retrograde menstruation is 

responsible for the pathogenesis of the disease [7]. Ninety percent of women experience 

this retrograde flow of endometrium through the fallopian tubes into the pelvic cavity; 

however, only 10% of women are diagnosed with endometriosis suggesting the 

involvement of additional factors such as abnormal immune cell functioning [8]. 

Approximately 176 million women world-wide are affected by this disease but many are 

asymptomatic and therefore remain undiagnosed [1, 9, 10, 11]. Endometriosis is a 

primary cause of hysterectomy, female infertility (50% of cases), and pelvic pain (60% of 

cases) but available pharmacologic therapies fail to effectively remedy the wide range of 

symptoms presented [1, 3, 12]. In the United States alone, the annual cost of diagnosis, 

medical and surgical treatments of endometriosis is 22 billion USD [2, 5, 13]. In Canada, 

$1.8 billion (CAD) are spent annually with a loss of approximately $5206 per person 

attributed to a decrease in productivity and direct health care costs [13]. Furthermore, the 
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chronic nature of endometriosis contributes to a significant decrease in daily productivity 

and quality of life [13, 14].   

When endometrium adheres ectopically to the peritoneal wall and organs, the 

lesions become infiltrated by a network of sympathetic, parasympathetic, and sensory 

nerves [15, 16, 17]. It is this neuronal infiltration that contributes to the painful symptoms 

associated with endometriosis. Remarkably, despite the contribution of endometriosis to 

50% of cases of female infertility, available pharmacologic therapies interfere with 

normal ovarian function and are incompatible with pregnancy [4, 11, 18, 19]. 

Inflammation within the pelvis may cause a decrease in endometrium receptivity and 

impair fallopian tube functioning through physical blockage [11, 19]. Due to the 

estrogen-dependence of endometriotic lesions, modulating the expression of sex steroids 

is a primary approach to inhibiting lesion growth [6]. Cyclic and continuous oral 

contraceptives are regularly prescribed for the chronic treatment of endometriosis by 

blocking gonadal estrogen production and thus rendering patients anovulatory [20]. 

Additionally, the high rate of symptom recurrence after cessation of treatment is a 

limitation of oral contraceptives [20]. In the event that oral contraceptives prove 

ineffective, gonadotropin-releasing hormone (GnRH) agonists stimulate the down-

regulation of GnRH receptors to induce a hypogonadotropic state [18, 20]. Unfortunately, 

this menopausal status may be accompanied by deleterious side-effects such as 

genitourinary atrophy, bone-density loss, and loss of fertility status [18, 21]. The 

prevalence of endometriosis-related infertility alone emphasizes the importance of 

developing a pharmacologic agent which reduces the painful symptoms of endometriosis 

while maintaining fertility. Therapeutic strategies that do not influence the expression of 
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sex steroids are being explored with increasing amounts of evidence supporting the 

suppression of angiogenesis as an alternative method to inhibit the progression of 

endometriosis [22, 23, 24, 25].
 

The survival of endometriotic lesions is dependent on extensive vascular 

development which supplies blood and nutrients to the ectopic tissue. Angiogenesis, the 

growth of new blood vessels from existing vasculature, is an essential process involved in 

the maintenance and development of endometriotic lesions [24, 26, 27, 28]. The 

dependence of endometriosis progression on vascularization has directed research 

towards antiangiogenic pharmaceutical therapies. Recent evidence has suggested the 

involvement of bone marrow-derived endothelial progenitor cells (EPCs) in the 

establishment of endometriotic lesion vasculature [29, 30]. Particularly in cases of 

ischemia and endothelial injury, EPCs home to the site of tissue damage and are 

incorporated into neovessels [31]. Endometriotic lesions and the peritoneal fluid of 

patients diagnosed with endometriosis contain elevated levels of pro-angiogenic factors 

such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and 

interleukin-8 (IL-8) [30]. Upregulation and release of VEGF (a potent mitogen for 

endothelial cells) stimulate the migration of EPCs from the bone marrow to the 

endometriotic lesion [32, 33]. As such, treatment strategies which specifically impede the 

mobilization of EPCs from the bone marrow have been suggested for the inhibition of 

neoangiogenesis. Specifically, our lab has previously demonstrated that stromal-derived 

factor-1 (SDF-1) is involved in the recruitment of EPCs to endometriotic lesions. 

Blocking of SDF-1 in a mouse model of endometriosis revealed a reduction in 

endometriotic lesion neovascularization. [34].  
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During physiological angiogenesis, quiescent vessels respond to pro-angiogenic 

factors which stimulate the detachment of pericytes from the outer vessel wall [28]. In 

response to angiogenic cytokines, the cell junctions loosen between endothelial cells and 

the blood vessel dilates. Matrix metalloproteinase-9 (MMP-9) functions to break down 

the basement membrane and extracellular matrix resulting in the release of endogenous 

pro-angiogenic VEGF and FGF [28]. The resultant VEGF gradient promotes the 

elongation of a new vessel branch by stimulating the migration of proliferating 

endothelial cells [35]. Elongating branches are guided to each other by angiogenic factors 

until the two branches fuse and form a single vessel. As the vessel matures it becomes 

perfused with blood and surrounded by pericytes [28, 35]. In comparison, during 

pathological angiogenesis, pericytes are not recruited to the outer vessel wall leaving 

them unprotected [28, 35]. We postulate that the weakened integrity of blood vessels at 

pathological sites such as an endometriotic lesion may be an ideal target for the treatment 

of angiogenesis-dependent diseases such as endometriosis without affecting the 

physiological vessels. 

Thrombospondin-1 (TSP-1) is an endogenous extracellular glycoprotein which 

has been well-characterized as a potent regulator of angiogenesis [36, 37, 38]. Through 

its binding to CD36 receptors on the endothelial cell surface, TSP-1 directly inhibits 

endothelial cell proliferation and triggers apoptosis [39, 40, 41]. TSP-1 also exerts its 

antiangiogenic effects indirectly by binding and sequestering pro-angiogenic factor, 

VEGF, to inhibit interactions with VEGF receptor 2 [40, 42, 43]. The release of VEGF 

from the extracellular matrix is limited specifically due to the inhibition of MMP-9 

activation [44]. In addition, TSP-1 induces a conformational change in transforming 
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growth factor-β (TGF-β) [44, 45, 46]. In tumours, binding of this structurally modified 

TGF-β to receptors on the tumour cell surface inhibits their growth [37]. A heptapeptide 

sequence (GVITRIR) residing within thrombospondin-1 type 1 repeats (TSR-1) is 

responsible for the antiangiogenic activity of TSP-1 [37, 47]. Through modifications of 

this sequence, scientists at Abbott Laboratories have developed a series of TSP-1 mimetic 

peptides which have been evaluated for the potential antiangiogenic treatment of 

angiogenesis-driven diseases such as endometriosis. The theory behind the 

antiangiogenic treatment of endometriotic lesions is that the suppression of 

neovascularization will mitigate pathological tissue growth. ABT-898 (Ac-GV-DalloIle-

SQIRP-ethylamide) is a second generation TSP-1 analog with greater potency, slower 

clearance, and fewer side-effects than its previous generation, ABT-510 [40, 48]. ABT-

510 has been evaluated in phase I and II cancer trials; however, no studies to date have 

examined the effects of ABT-898 treatment in humans [49, 50, 51, 52, 53]. Recently it 

has been demonstrated that ABT-898 suppresses tumour growth in a mouse model of 

epithelial ovarian cancer [54]. In marmosets, ABT-898 has been shown to not inhibit 

folliculogenesis or ovulation [40]. Similarly, in the study of endometriosis, it is important 

to determine the outcomes of ABT-898 administration on the management of 

endometriotic lesion growth and reproductive status. 

In this thesis, we sought to determine: 1) the effects of ABT-898 on endometriotic 

lesion neovascularization and survival; and 2) the effects of chronic ABT-898 treatment 

before and during pregnancy on trans-generational fertility status, offspring development, 

and physiological angiogenesis in a murine model of endometriosis. Specifically, we 

proposed that ABT-898 treatment may affect pathological angiogenesis within 



6 
 

endometriotic lesions while preserving physiological angiogenesis involved in 

pregnancy. We also evaluated the implications of ABT-898 exposure on organ 

morphology and histology as an assessment of structural damage in our newly developed 

xenograft mouse model. 
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2.1 Abstract 

 

Endometriosis is a common cause of pelvic pain and infertility in women, and a 

common indication for hysterectomy, yet the disease remains poorly diagnosed and 

ineffectively treated. Because endometriotic lesions require new blood supply for 

survival, inhibiting angiogenesis could provide a novel therapeutic strategy. ABT-898 

mimics the antiangiogenic properties of thrombospondin-1, so we hypothesized that 

ABT-898 will prevent neovascularization of human endometriotic lesions and that ABT-

898 treatment will not affect reproductive outcomes in a mouse model. Endometriosis 

was induced in BALB/c-Rag2
-/-

Il2r-/-
 mice by surgical implantation of human 

endometrial fragments in the peritoneal cavity. Mice received daily injections of ABT-

898 for 21 days. Flow cytometry was performed to measure circulating endothelial 

progenitor cells in peripheral blood. Cytokines were measured in plasma samples. Half of 

the ABT-898-treated and control mice were euthanized to assess neovascularization of 

endometriotic lesions, using CD31
+
 immunofluorescence. The remaining mice were 

mated and euthanized at gestation day 12. Endometriotic lesions increased circulating 
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endothelial progenitor cells 13 days after engraftment, relative to baseline. Endometriotic 

lesions from ABT-898-treated mice exhibited reduced neovascularization, compared with 

controls, and lesions had fewer CD31
+
 microvessels. Chronic treatment with ABT-898 

did not lead to any fetal anomalies or affect litter size at gestation day 12, compared with 

controls. Our results suggest that ABT-898 inhibits neovascularization of human 

endometriotic lesions without affecting mouse fecundity. 

 

2.2 Introduction 

Endometriosis is characterized by the growth of endometrial tissue (normal 

uterine lining) outside of the uterus. It is estimated that 176 million women of 

reproductive age are affected by this disease worldwide, including 8.5 million cases in 

North America [1, 2, 3, 4, 5]. In the United States in 2002, the estimated costs of 

diagnosis and treatment of endometriosis was $22 billion (USD) [2]. In Canada, annual 

estimated cost of endometriosis is $1.8 billion (CAD), with a mean of $1164 per patient 

in direct health care costs and $5206 in total, including indirect costs due to loss in 

productivity [6]. Endometriosis is responsible for 50% of infertility cases and 60% of 

pelvic pain cases in women [1]. Even though it is one of the most prevalent global causes 

of infertility and pelvic pain, and a major indication for hysterectomy, endometriosis 

remains poorly diagnosed and ineffectively treated. Current treatment options include 

hormone therapy, pain killers, or surgery to remove recurrent endometriotic lesions or the 

uterus itself, but none offer long-term relief and all can carry serious adverse effects [1, 

7]. Gonadotropin-releasing hormone (GnRH) agonists are used to treat pelvic pain 

associated with endometriosis and function by inhibiting the production of endogenous 
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GnRH resulting in hypoestrogenism and degeneration of endometrium [1, 7, 8]. Although 

this treatment is effective in reducing pelvic pain, women are unable to become pregnant 

during treatment because of the anovulatory state created. For this reason, we have 

focused on developing a non-invasive therapeutic option that will reduce symptoms of 

endometriosis without interfering with fertility. 

 

The establishment of a new blood supply is fundamental for the support, growth, 

and survival of endometriotic lesions. Indeed, dense vascularization is a characteristic 

feature of endometriotic lesions [9, 10, 11, 12, 13, 14]. This has led to the idea that 

antiangiogenic therapy might be a successful therapeutic approach for endometriosis. 

Potential effectiveness of antiangiogenic therapies has been assessed in limited animal 

studies, but to date there have been no clinical trials [14, 15, 16]. 

 

ABT-898 is an octapeptide that mimics the heptapeptide sequence of TSR-1, 

within the protein thrombospondin-1 (TSP-1), responsible for its antiangiogenic 

activity[17]. TSP-1 is a large homotrimeric protein that mediates its antiangiogenic 

effects via the CD36 pathway by inhibiting VEGF receptor-2, resulting in the inability of 

endothelial cells to respond to the proangiogenic factor VEGF [18]. TSP-1 also induces 

endothelial cell apoptosis and inhibition of cell cycle progression through the CD36 

pathway [19] and binds and sequesters VEGF, inhibiting its biological activity [20]. 

ABT-898 is capable of inducing tumor regression in a mouse model of ovarian cancer by 

inhibiting angiogenesis [21]. 
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ABT-898 may be an effective treatment in that it has dual functionality, inhibiting 

VEGF while simultaneously causing apoptosis and inhibiting cell cycle progression [17]. 

A recent study in marmosets demonstrated that ABT-898 does not inhibit ovulation or 

folliculogenesis, a process that requires physiological angiogenesis [17]. ABT-898 could 

inhibit the pathological angiogenesis required for endometriotic lesion growth without 

affecting the physiological angiogenesis required during the ovarian cycle and pregnancy. 

In the present study, we set out to determine the effects of ABT-898 on neoangiogenesis 

and on growth and survival of human endometriotic lesions in an alymphoid mouse 

model. We further evaluated whether chronic treatment with ABT-898 affects 

reproductive outcomes in treated mice. 

 

2.3 Materials and Methods 

2.3.1 HUVEC proliferation assay 

The effect of ABT-898 (Abbott Laboratories, North Chicago, IL) on proliferation 

of human umbilical vein endothelial cells (HUVECs) was assessed using a WST-1 

proliferation assay (Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s 

instructions. WST-1 is a nonradioactive substrate that measures metabolic activity of 

living cells. Briefly, HUVECs obtained from Cell Applications (San Diego, CA) and 

grown in endothelial cell growth medium (Cell Applications) at 37°C and 5% CO2 were 

harvested by trypsin digestion. Cells were stained with Trypan Blue and counted using a 

hemocytometer (Hausser Scientific, Horsham, PA). HUVECs (5 x 10
3
 in 100 µL of 

endothelial cell growth medium) were added to each well in a 96-well plate and were 

incubated in RPMI 1640 medium (HyClone; Thermo Fisher Scientific, Logan, UT) for 24 
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hours at 37°C and 5% CO2. HUVECs were treated with varying concentrations of ABT-

898 reconstituted in 5% dextrose (0.1, 1, 10, 100, or 1000 ng/mL) or 5% dextrose control 

(n = 3 wells per treatment group). After incubation for 24 hours, 10 µL of WST-1 was 

added to each well. Absorption at 450 nm was measured 4 hours later, to quantify 

HUVEC proliferation. 

 

2.3.2 Matrigel angiogenic tube formation assay 

To investigate the effects of ABT-898 on endothelial cell tube formation, a Cell 

Biolabs (San Diego, CA) endothelial tube formation assay was performed according to 

the manufacturer’s instructions. In brief, HUVECs (1 x 10
4
 in 150 µL of endothelial cell 

growth medium per well) were added onto 50 µL of solidified extracellular matrix gel 

(Cell Biolabs) and were incubated for 18 hours with different concentrations of ABT-898 

(0.01, 0.1, 1.0, or 100 ng/mL) or PBS alone at 37°C and 5% CO2. The growth medium 

was removed, cells were washed with 100 µL of PBS, and 50 µL of a staining solution 

containing fluorescein isothiocyanate was added. After 30 minutes of incubation at 37°C, 

cells were washed with PBS and then visualized under bright-field and fluorescent 

confocal microscopy (Leica TCS SP2 Multi Photon; Leica Microsystems, Concord, ON, 

Canada). Using ImageJ Pro Plus software version 6.0 (NIH, Bethesda, MD), the distance 

between branching points was measured in arbitrary units to assess tube length. Similarly, 

tube thickness was measured to quantify branch width. 

2.3.3 Mouse model of endometriosis 

Breeding pairs of Rag2
-/-

Il2r-/-
 double-knockout mice (alymphoid) on a BALB/c 

background were kindly provided by Dr. M. Ito (Central Institute for Experimental 
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Animals, Kawasaki, Japan). These mice were bred in-house at Queen’s University 

(Kingston, ON, Canada) under barrier husbandry. All experiments were performed under 

protocols approved by the Queen’s University Institutional Animal Care Committee. To 

allow for the growth of estrogen-dependent endometriotic lesions, 5- to 7-week-old 

female Rag2
-/-

Il2r-/-
 mice (n = 12) were implanted with 60-day slow-release β-estradiol 

17-acetate pellets (15 mg/pellet; Innovative Research of America, Sarasota, FL) on day 0. 

On day 5, endometriosis was induced intraperitoneally, using nonpathological eutopic 

human endometrial tissue collected from hysterectomies performed at Kingston General 

Hospital. Uteri were bisected with a scalpel and endometrium was scraped off the uterine 

wall. Endometrium was divided into 24 equal sections (mean weight = 0.0260 g) in a 

Petri dish containing RPMI 1640 medium (Gibco; Invitrogen-Life Technologies, Grand 

Island, NY). Endometrial sections were washed in PBS, and kept on ice until surgically 

implanted in mice. Small incisions were made in the abdomen of each mouse, and 

sections of human endometrium were dropped into the left side of the peritoneal cavity. 

Mice were monitored for 4 to 8 weeks, depending on the therapeutic regimen. 

2.3.4 Treatment with ABT-898 

Beginning on day 12 (7 days after endometriosis induction), experimental mice 

were given daily intraperitoneal injections of ABT-898 (100 mg/kg in 100 µL of 5% 

dextrose; n = 6) or 100 µL of 5% dextrose (n = 6; Baxter Corporation, Mississauga, ON, 

Canada) for 21 consecutive days. The decision to administer daily injections at the 

concentration used was based on pharmacokinetic and half-life studies performed at 

Abbott Laboratories. 
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2.3.5 Detection of circulating endothelial progenitor cells in peripheral blood of mice 

Peripheral blood was collected from the submandibular vein of each mouse, to 

quantify levels of SCA-1
+
/c-Kit

+
/CD31

+
/CD45

-
 circulating endothelial progenitor cells 

(CEPCs) by four-color flow cytometry. Plasma samples were stored in -80°C and used 

subsequently for 23-plex cytokine assay (Bio-Rad Laboratories, Mississauga, ON, 

Canada). In summary, 100 µL of peripheral blood in heparinized tubes (100 µL heparin 

500 USP/mL; Sigma-Aldrich, St. Louis, MO) was collected per mouse on day 7 (after 

endometriosis induction, but before ABT-898 treatment), day 18 (7 days after starting 

ABT-898 treatment), day 32 (the final day of 21-day ABT-898 treatment), and day 39 (7 

days after the end of ABT-898 treatment). Blood was centrifuged at 1000 x g for 5 

minutes; plasma was collected and stored at -80°C. Erythrocytes were lysed using 2 mL 

of deionized water for 2 minutes. To restore isotonic balance, 600 µL of 0.6 mol/L KCl 

was added. Fluorochrome-conjugated [phycoerythrin-cyanine 5 (PEC5) for CD45; 

phycoerythrin (PE) for CD31; phycoerythrin-cyanine 7 (PEC7) for Sca-1, and fluorescein 

isothiocyanate (FITC) for c-Kit, each at 0.4 µg/mL] anti-mouse antibodies (BD 

Biosciences, Mississauga, ON, Canada) were used to identify SCA-1
+
/c-

Kit
+
/CD31

+
/CD45

-
 cells by four-channel flow cytometry. 

2.3.6 Cytokine profiles in mouse peripheral blood  

Plasma cytokine levels in peripheral blood were analyzed using a Bio-Plex Pro 

mouse cytokine 23-plex assay on a Bio-Plex 200 suspension array system (both from 

Bio-Rad Laboratories), according to the manufacturer’s protocol. In this assay, 15 µL of 

plasma per sample was used. Samples were diluted fourfold, and 100 µL of assay buffer 

and 50 µL of beads were added to the assay plate. After two washings with 100 µL of 
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wash buffer, 50 µL of sample was added to each well. After 1 hour of incubation (in the 

dark, with shaking at 300 rpm), wells were washed three times with 100 µL of wash 

buffer before addition of 25 µL of detection antibody. Samples were incubated for 30 

minutes, then washed three times. Streptavidin-phycoerythrin (50 µL) was added to each 

well and was incubated for 10 minutes. After three washings, beads were resuspended in 

125 µL of assay buffer, with shaking at 1100 rpm for 30 seconds. The plate was read 

under the Bio-Plex 200 suspension array system (Bio-Rad Laboratories).  

2.3.7 Ultrasound image acquisition of endometriotic lesions in vivo 

Ultrasound image acquisition was used to further assess vascularization of 

endometriotic lesions of ABT-898-treated mice and 5% dextrose controls. Mice 

anesthetized with isoflurane were restrained on a heated platform in the supine position 

with electrocardiogram electrodes and heart rate display. Fur on the abdomen was 

chemically removed (Nair hair removal lotion; Church & Dwight Canada, Mississauga, 

ON, Canada). Ultrasound images were acquired with a Vevo 770 high-resolution 

microimaging system (VisualSonics, Toronto, ON, Canada) equipped with a real-time 

microvisualization VisualSonics 704 scanhead (center frequency, 40 MHz; focal depth, 6 

mm). The region of interest was fully scanned, and two-dimensional images were taken 

in uniform steps of 50 µm. Ultrasound examination was conducted by a trained 

technician. Images for blood flow were analyzed using a software program provided with 

the Vevo 770 imaging system. Ultrasound images were acquired at three time points: 

week 1, week 2, and week 3 of treatment. Blood flow to the endometriotic lesions was 

quantified with Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD). 
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2.3.8 Necropsy and lesion assessment in a mouse model 

On day 39 (7 days after completion of treatment), one half of the mice were 

sacrificed from the ABT-898 treatment group (n = 3) and from the 5% dextrose control 

group (n = 3). The abdominal cavity was exposed for gross observation of the growth and 

vascularity of endometriotic lesions. The endometriotic lesions were then excised, snap-

frozen in Cryomatrix optimal cutting temperature compound (Thermo Scientific, 

Kalamazoo, MI), and stored at -80°C for future analysis. 

2.3.9 Endometriotic lesion histology and CD31 immunofluorescence 

Endometriotic lesions snap-frozen in Cryomatrix optimal cutting temperature 

compound from ABT-898-treated and 5% dextrose control mice were cut into 6-µm 

serial sections. Sections were transferred onto Superfrost Plus slides (Fisher Scientific, 

Ottawa, ON, Canada) and stained with H&E or were colocalized with CD31 and DAPI 

immunofluorescence. For H&E staining, sections were air-dried for 30 seconds at room 

temperature, fixed in 70% ethanol for 2 minutes, and then rinsed in deionized water. 

After staining with Harris’ hematoxylin (Fisher Scientific) for 60 seconds, sections were 

rinsed with water and dipped in 1% eosin (Fisher Scientific) for 15 seconds. Tissues were 

then dehydrated in increasing concentrations of ethanol (70%, 95%, and 100%) for 2 

minutes and xylene for 5 minutes. Slides were then covered with coverslips, using 

Permount mounting medium (Electron Microscopy Sciences, Hatfield, PA).  

 

CD31 is an endothelial cell-specific marker, and its localization was used to 

qualitatively assess blood vessel density in endometriotic lesions. Sections were air-dried 

for 30 seconds at room temperature, fixed in 70% ethanol for 2 minutes, and then rinsed 
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in deionized water. Sections were blocked in 5% bovine serum albumin in PBS for 60 

minutes and then rinsed in PBS for 30 seconds. Sections were then incubated for 120 

minutes with phycoerythrin rat anti-mouse CD31 antibody (BD Biosciences) at a 

concentration of 33.3 µg/mL. Sections were then rinsed in PBS, dehydrated in increasing 

concentrations of ethanol and xylene as described above, and covered with coverslips 

with ProLong Gold antifade reagent with DAPI (Invitrogen-Life Technologies, 

Burlington, ON, Canada). Image-Pro Plus 6.0 software (Media Cybernetics) was used to 

quantify CD31
+
 staining of endometriotic lesions, using integrated optical density.  

2.3.10 Effects of ABT-898 on reproductive outcomes in mice 

Mice that had been chronically treated for 21 days with ABT-898 (n = 3) or with 

5% dextrose control (n = 3) and the physiological controls (n = 3) were put in breeding 

pairs on day 70 to assess the effects of ABT-898 treatment on female reproduction. Day 

70 was chosen to allow these mice to fade out the effects of human estrogen pellets and 

restore the estrous cycle. A second pregnancy trial was conducted in which a group of 

mice treated with ABT-898 alone (no estradiol pellet or endometriosis) was included. To 

ensure that mice were undergoing normal estrous cycling, vaginal cytology was 

performed for 4 consecutive days. In brief, the vaginal canal was aspirated with 50 µL of 

PBS and the aspirate was smeared onto Superfrost Plus slides (Fisher Scientific). Vaginal 

cells were air-dried for 5 minutes, fixed in chilled methanol for 60 seconds, and then 

stained with H&E as described above. Gestation day 0 was indicated by the presence of a 

copulation plug, and animals were sacrificed on gestation day 12. Implantation sites and 

ovaries were collected, fixed in 4% paraformaldehyde, dehydrated in increasing 

concentrations of ethanol and xylene, and embedded in paraffin wax. 
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2.3.11 Implantation site histology and isolectin staining 

Paraffin-embedded implantation sites cut into 5-µm sections were stained 

according to a standard H&E protocol. Briefly, sections were deparaffinized, left in 

xylene for 6 minutes, and then hydrated in decreasing concentrations of ethanol (100%, 

90%, and 70%) for 4 minutes each step. Slides were rinsed with running tap water for 3 

minutes and deionized water for 1 minute. Sections were stained with Harris’ 

hematoxylin (Fisher Scientific) for 1 minute, rinsed with water for 5 minutes, and stained 

with 1% eosin (Fisher Scientific) for 60 seconds. After dehydration in increasing 

concentrations of ethanol (70%, 90%, and 100% for 4 minutes each step), sections were 

kept in xylene for 4 minutes. Slides were then covered with coverslips, using Permount 

mounting medium (Electron Microscopy Sciences). Paraffin-embedded implantation sites 

were cut into 5-µm sections and deparaffinised as described above. Sections were then 

incubated with isolectin-IB4 conjugated with Alexa Fluor 488 at a concentration of 1:300 

in PBS (Invitrogen-Life Technologies) for 120 minutes in the dark. The glycoprotein 

isolectin, extracted from the seeds of the African legume Griffonia simplicifolia, is well 

known to bind endothelial cells. Sections were washed in PBS and stored after putting 

coverslips with ProLong Gold antifade reagent with DAPI (Invitrogen-Life 

Technologies). 
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2.3.12 Statistical analysis 

All data were analyzed with repeated-measures analysis of variance with a Tukey 

post-test using SigmaStat 3.0 software (Systat Software, San Jose, CA). All data passed 

normal distribution and variance tests. A p-value of < 0.05 was considered significant. 
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2.4 Results: 

2.4.1 Effects of ABT-898 on Human Umbilical Vein Endothelial Cell proliferation 

and tube formation in vitro 

To assess the direct effects of the TSP-1 mimetic peptide ABT-898 on endothelial 

cell proliferation and in vitro angiogenesis, assays were conducted using HUVECs. 

Previous studies have demonstrated antiangiogenic and antiproliferative effects of ABT-

898 on endothelial cells in mouse, rat, and marmoset models [17, 21]. Here, we 

demonstrate similar effects on a human endothelial cell line. Serial dilutions of ABT-898 

(0.01, 0.1, 1, or 100 ng/mL) and 5% dextrose control were incubated with 5 x 10
3 

HUVECs for 24 hours. Even a low concentration of ABT-898 (0.1 ng/mL) caused a 

significant reduction in HUVEC proliferation, compared with control (p < 0.05) (Figure 

1.1). To understand the effects of ABT-898 on endothelial tube formation in vitro, 

HUVECs were plated on a three-dimensional extracellular matrix gel and treated with 

serial dilutions of ABT-898 and PBS control. After 18 hours of incubation, HUVECs 

formed tubes with several branching points in the PBS control (Figure 1.2, A and F). 

ABT-898 caused a reduction in both tube formation and branching at 0.01 ng/mL (Figure 

1.2, B and G) and completely abrogated tube formation at 0.1 ng/mL (Figure 1.2, C and 

H), 1 ng/mL (Figure 1.2, D and I), and 100 ng/mL (Figure 1.2, E and J). Tube dimensions 

(Figure 1.2, L) when quantified revealed a significant decrease in branch length and 

width at all concentrations of ABT-898, compared with PBS control (p < 0.001) (Figure 

1.2, K). 
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2.4.2 Characterization of circulating endothelial progenitor cells in peripheral blood 

of experimental and control mice 

CEPCs are bone marrow-derived progenitor cells recruited to the sites of 

angiogenesis and incorporated into neovessels. Recent studies have demonstrated 

recruitment and incorporation of CEPCs into neovasculature of developing endometriotic 

lesions in mouse models [11, 22]. Here, we used CEPC levels in peripheral blood of 

experimental mice as an indicator of neoangiogenesis or regenerative inflammatory 

response to the implanted human endometriotic lesions at four time points (days 7, 18, 

32, and 39; Figure 1.3). Using four-color flow cytometry, CEPCs were characterized as 

SCA-1
+
/c-Kit

+
/CD31

+
/CD45

-
 and detected in peripheral blood of experimental and 

control mice on day 7 (after induction of endometriosis, but before treatment), day 18 (7 

days of treatment with ABT-898 or 5% dextrose control), day 32 (21 days of treatment 

with ABT-898 or 5% dextrose control), and day 39 (7 days after completion of 

treatment). Day 7 levels did not differ significantly from physiological control baseline 

levels, but by day 18 CEPC levels had elevated significantly in ABT-898-treated mice (p 

< 0.05) (Figure 1.4). By day 32, CEPC levels returned to baseline in ABT-898-treated 

and 5% dextrose control groups, and remained there on day 39 (p < 0.05) (Figure 1.4). 

This indicates that significant neovascularization of endometriotic lesions had not been 

initiated by day 7 (2 days after induction of endometriosis), but had been by day 18 (13 

days after endometriosis induction), and was complete by day 32 (27 days after 

endometriosis induction) in our mouse model.  
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2.4.3 Plasma cytokine profile in experimental and control mice 

Peripheral blood plasma cytokines were analyzed at four time points (days 7, 18, 

32, and 39), using a Bio-Rad Bio-Plex Pro mouse cytokine 23-plex assay on a Bio-Plex 

200 suspension array system (Figure 1.5, A–D). Of the 23 cytokines analyzed in this 

multiplex mouse cytokine assay (Table 1), 16 were present in levels above the detection 

limit. ABT-898 caused a decrease in the proinflammatory cytokine G-CSF on day 18 (1 

week after treatment). Control mice had elevated G-CSF in peripheral blood but ABT-

898 had decreased levels, compared with pretreatment. On day 32, ABT-898 G-CSF 

levels remained lower, but 5% dextrose controls returned to pretreatment levels (data not 

shown). 

2.4.4 Effects of ABT-898 on neovascularization of human endometriotic lesions in a 

mouse model 

After induction of human endometriotic lesions, mice were treated with ABT-898 

(n = 6) or 5% dextrose (n = 6) for 21 days (days 11 to 32). At 7 days after the treatment 

ended (day 39), half of the ABT-898 mice (n = 3) and half of the 5% dextrose control 

mice (n = 3) were euthanized. Human endometriotic lesions from mice treated with ABT-

898 (Figure 1.6, A) had decreased vasculature (gross observation) supplying the lesion, 

compared with 5% dextrose controls (Figure 1.6, B). Harvested tissues had several 

characteristics of endometriotic lesions, including glandular cysts and endometrial 

glands, in both the ABT-898 and the 5% dextrose control groups (data not shown).  

 

In another set of experiments, the size of and blood flow to the endometriotic 

lesions in ABT-898-treated and control mice were evaluated at time points week 1, week 
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2, and week 3 of treatment using a high-resolution microimaging system and real-time 

microvisualization. Although no significant differences were observed for lesion size 

using ultrasound three-dimensional imaging, reduced blood flow to the endometriotic 

lesion (Figure 1.6, C–E) was observed in ABT-898-treated mice at week 3 of treatment 

with ABT-898 (Figure 1.6, C), compared with control (Figure 1.6, D). 

Immunofluorescence for CD31, a marker of endothelial cells, was used to visualize 

microvessels in endometriotic lesions. Human endometriotic lesions from ABT-898-

treated mice had reduced levels of CD31
+
 cells (Figure 1.7, A–C), compared with lesions 

from the 5% dextrose control mice (Figure 1.7, D–F). Intensity of CD31 staining 

(quantified using Image-Pro Plus software program) was lower in the endometriotic 

lesions from ABT-898-treated mice (Figure 1.7, G), compared with 5% dextrose controls. 

The reduced peritoneal vasculature, along with fewer CD31
+
 microvessels, provides 

evidence that ABT-898 is affecting neovascularization of human endometriotic lesions. 

2.4.5 Effects of ABT-898 on reproductive outcomes in mice 

Current medical and surgical therapies for endometriosis, such as the use of 

GnRH agonists are not compatible with pregnancy [1]. Here, we assessed the effects of 

the antiangiogenic peptide ABT-898 on mouse fecundity. Mice not sacrificed on day 39 

from the ABT-898 (n = 3) and 5% dextrose control groups (n = 3) were placed in 

breeding pairs on day 70. Mice were sacrificed 12 days after identification of a 

copulation plug. Although all mice from both the ABT-898-treated and the 5% dextrose 

control groups successfully mated, none were pregnant 12 days after identifying the 

copulation plug. Ovarian histology revealed that no corpus luteum had formed in either 

ABT-898-treated or 5% dextrose control groups (data not shown). We concluded that 
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estrogen from the implanted β-estradiol pellet might have impaired normal 

folliculogenesis.  

 

A second mouse experiment was conducted with a similar experimental outline as 

described above. Group 1 received daily injections of 5% dextrose (n = 5), group 2 

received daily injections of ABT-898 (n = 5), and group 3 received daily injections of 

ABT-898 and implantation of a β-estradiol pellet (n = 5). Treatment lasted for 21 days. 

Instead of setting up breeding pairs on day 70, we waited until day 90, to ensure 

sufficient time for fading out effects of implanted estrogen effects and for the return of 

mouse estrous cyclicity. To confirm that mice were undergoing normal estrous cycling, 

vaginal cytology was analyzed for 4 consecutive days. Physiological control (Figure 1.8, 

A, E, I, and M), 5% dextrose control (Figure 1.8, B, F, J, and N), ABT-898 treatment 

(Figure 1.8, C, G, K, and O), and ABT-898 treatment plus estrogen (Figure 1.8, D, H, L, 

and P) groups all had changes in vaginal cytology indicative of a normal estrous cycle. 

Mice were placed in breeding pairs, and sacrificed on gestation day 12. All mice were 

pregnant at gestation day 12, and no significant differences were seen in implantation site 

numbers between control and treatment groups (Figure 1.9, A–E). Histological evaluation 

of implantation sites revealed no gross abnormalities of implantation site structure in 

either treatment or control groups (Figure 1.10, A–H). Fluorochrome-tagged isolectin 

staining exhibited normal vascularization of the maternal-fetal interface in the 

implantation sites of all groups (Figure 1.10, I, J, M, N, Q, R, U, and V), as well as 

typical maternal vessel structure (Figure 1.10, K, L, O, P, S, T, W, and X). 
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2.5 Discussion 

In the present study, we have elucidated the effects of antiangiogenic ABT-898 on 

the neovascularization, growth, and survival of human endometriotic lesions in a murine 

model. Other studies have demonstrated the inhibitory effects of ABT-898 and of the 

first-generation thrombospondin-1 (TSP-1) mimetic ABT-510 on the growth of tumors 

[23, 24, 25, 26]. The utilization of ABT-898 as a potential treatment for endometriosis, 

however, is a novel area of study. Unlike other antiangiogenic therapies tested in animal 

models, which target either endothelial cells or proangiogenic factors alone [14, 27, 28], 

TSP-1 (mimicked by ABT-898) uniquely sequesters VEGF while simultaneously 

inhibiting proliferation and migration of endothelial cells. Furthermore, we have 

evaluated the effects of ABT-898 on reproductive success in chronically treated 

alymphoid mice using a xenograft model of endometriosis.  

 

ABT-898 mimics the antiangiogenic activity of TSP-1, a potent regulator of 

neovascularization. At the cellular level, TSP-1 induces apoptosis [19] and inhibits 

proliferation [29] and migration [30] of endothelial cells via the CD36 pathway. 

Angiogenesis is also inhibited by CD36 signaling through inhibiting VEGFR-2 up-

regulation, which plays a key role in early stages of vascular development [31]. TSP-1 

directly binds and sequesters VEGF [32], and can internalize it through an LRP-1 

mechanism [20]. In physiological angiogenesis involved in the regrowth of endometrium, 

endothelial cells sprout from pre-existing vessels, creating tube-like structures [33]. 

Guided by proangiogenic factors, these new branches will anastomose with each other to 

form a solid blood vessel. During vessel maturation, a process regulated by the Notch 
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signalling pathway [33], protective pericytes are recruited to surround the basement 

membrane [33, 34]. In comparison, endothelial cells lining the newly formed blood 

vessels of the pathological lesions are not stabilized by pericytes and are therefore 

susceptible to the apoptotic effects of ABT-898 [34, 35].  

 

To understand the antiangiogenic effects of ABT-898 in vitro, proliferation and 

endothelial tube formation assays were performed, using HUVECs. At concentrations 

greater than 0.01 ng/mL, ABT-898 inhibited proliferation of HUVECs and completely 

blocked branching of endothelial tubes. Our in vitro findings confirm earlier reports on 

ABT-510, a first-generation antiangiogenic peptide, and its effects on apoptosis and 

proliferation of HUVECs [36, 37]. Another study on ABT-898 also confirmed its 

apoptotic effects on granulosa cells in vitro [17]. To assess the effects of ABT-898 on the 

growth and survival of human endometriotic lesions in vivo, we induced endometriosis in 

Rag2
-/-

Il2r-/-
 mice primed with human estradiol. Unlike nude mice commonly used in 

endometriosis research, these alymphoid mice lack all mature lymphocytes (T
-
B

-
NK

-
). 

Because in our mouse model the NK cells that can be activated in nude mice are lacking, 

our model more widely accepts human tissue grafts. Importantly, alymphoid mice do not 

demonstrate age-related compensatory immunity or thymomas, as seen in SCID mice, 

permitting xenographic studies of much longer duration [38].  

 

Recent evidence has shown that endometriotic lesions must recruit bone marrow-

derived endothelial progenitor cells (EPCs) into the peripheral blood for the formation of 
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new blood vessels at the lesion [11, 22, 39, 40]. Indeed, the mobilization and recruitment 

of EPCs from bone marrow to endometriotic lesions has been demonstrated in mouse 

models of endometriosis in which GFP-positive bone marrow-derived EPCs were found 

within lesions 7 days after induction of endometriosis [11, 22, 40]. Similarly, cancer 

studies have shown the importance of endothelial progenitor cell recruitment in the 

pathological neovascularization of tumors [41, 42, 43].  

 

To understand the correlation of CEPCs with the growth of endometriotic lesions 

in our mouse model, CEPCs were quantified from the peripheral blood of experimental 

mice on a weekly basis, using four-color flow cytometry. At 1 week after induction of 

endometriosis, a significant increase in circulating EPCs was observed in the treated 

group, which we hypothesized to indicate recruitment of EPCs from the bone marrow to 

the endometriotic lesions for neovascularization [39]. A significant decrease in EPC 

levels was observed at 3 weeks after induction of endometriosis in the ABT-898-treated 

group. We presume that extensive recruitment of bone marrow-derived EPCs is required 

during initial neovascularization of the lesion; in accord, CEPCs were increased in both 

ABT-898 and control groups at day 18. CEPCs are not required in later stages of 

development, when endometriotic lesions have fully established their vasculature [42]. 

No differences between EPC levels in treated and control mice were seen for the 

remainder of the treatment. In a related study, decreased numbers of EPCs were 

incorporated into lung carcinoma tumours in mice after treatment with recombinant 

VEGI, an inhibitor of endothelial cell proliferation [39]. Nonetheless, there is lively 

debate in the literature regarding the role of EPCS in neovascularization.  
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Several recent reports confirm that circulating EPCs do not play a role in the 

neovascularization of tumours or during wound repair [44, 45, 46]. We conducted 23-

plex cytokine analysis to assess whether ABT-898 modulates the overall inflammatory 

response to the human endometriotic lesions. Plasma from ABT-898-treated mice had 

lower levels of G-CSF, compared with controls; however, no other significant differences 

were found between treated and control groups. The alymphoid mice used in the present 

study lack immune cells, which normally play a major role in cytokine production, and 

therefore our model does not allow us to completely assess the effects of ABT-898 on the 

inflammatory profiles of treated mice.  

 

Neovascularization of endometriotic lesions is a process absolutely crucial for the 

progression and development of endometriosis, and therefore limiting the blood supply to 

endometriotic lesions could potentially suppress their growth [47]. The inhibitory effects 

of ABT-898 on endothelial cells may prove to be an effective method of limiting 

angiogenesis [17, 21]. In fact, ABT-898 reduced tumor growth and prolonged survival in 

a mouse model of epithelial ovarian cancer [21]. In support of previous studies 

suggesting the antiangiogenic activity of ABT-898 in vivo [17, 21], we found that gross 

vascularization of endometriotic lesions was reduced in mice treated with ABT-898, 

compared with control; these findings were further supported by results of Doppler 

ultrasound imaging. Additionally, the microvessel density of these lesions, visualized 

using CD31
+
 cells, indicated fewer CD31

+
 microvessels in the treated group, compared 

with controls. This provides strong evidence that ABT-898 not only affects blood supply 

to the endometriotic lesion but also affects vascularization within the lesion itself. Thus, 
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we can surmise that treatment with ABT-898 limits the blood supply of the endometriotic 

lesions and potentially inhibits their survival and growth. 

 

Currently, short-term relief from symptoms of endometriosis is achieved through 

hormone therapy (including GnRH agonists, progestins, and oral contraceptives) and 

surgery; however, adverse effects and the recurrence of endometriosis limit use of these 

approaches [1, 48]. Most significantly, these therapies can often preclude pregnancy [1]. 

The majority of the women diagnosed with endometriosis are of fertile age, and thus it is 

of paramount importance to find a viable treatment option that relieves symptoms while 

maintaining reproductive status. 

 

In our original pregnancy trial, using mice chronically treated with ABT-898, 

vaginal cytology revealed that mice given subcutaneous 60-day slow-release estradiol 

pellets remained in estrus, compared with physiological controls, which cycled normally. 

We postulated that the estradiol pellet kept these mice in estrus, resulting in a depletion of 

fully developed ova throughout the 60-day period. Ovaries isolated from physiological 

controls contained primary, secondary, and mature follicles, whereas mice with estradiol 

implants lacked secondary and mature follicles. Previous report indicates that ABT-898 

does not interfere with ovulation [17], so we can infer that it is perhaps the estradiol 

pellet that interfered with reproductive success. To overcome this difficulty, we 

established breeding pairs of ABT-898-treated mice 10 days after the release of estradiol 

had ended. To assess effects of the drug alone on pregnancy, a group treated only with 

ABT-898 alone (no estradiol pellet and no endometriosis) was added. As predicted, mice 
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in all groups yielded normal numbers of implantation sites by gestation day 12, with few 

or no resorptions. Histological analysis confirmed no variation in structural organization 

of the implantation sites. This suggests that ABT-898 does not interfere with the 

reproductive outcomes in chronically treated mice. Moreover, these findings suggest that 

ABT-898 specifically targets pathological angiogenesis without affecting the 

physiological angiogenesis required during pregnancy or wound healing.  

 

Here, for the first time, we provide evidence that ABT-898 can inhibit blood 

vessel development of human endometriotic lesions in a mouse model of endometriosis 

without affecting fecundity. We have shown that ABT-898 inhibits the proliferation of 

endothelial cells in vitro and have shown that it consequently reduces vascularization of 

endometriotic lesions in vivo. Importantly, despite chronic treatment with ABT-898, mice 

successfully yielded normal numbers of implantation sites, suggesting that this drug does 

not interfere with fertility. Further research is needed to elucidate the effects of ABT-898 

on the offspring of treated mice, on ovarian and endometrial physiological angiogenesis, 

and on reproductive outcomes of mice treated during pregnancy. 
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Figure 1.1: ABT-898 inhibits HUVEC proliferation in vitro.  

The proliferation of HUVECs after ABT-898 or dextrose control treatment was 

quantified by calculating the optical density of each treatment group (i.e., subtracting the 

absorbance at 690 nm from the absorbance at 450 nm). All ABT-898 treatment groups 

exhibited a significant reduction in HUVEC proliferation, compared with control. Data 

were analyzed using one-way analysis of variance with a Tukey post-test. Data are 

expressed as means ± SD and are representative of two independent experiments. *p < 

0.05. 
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Figure 1.2: ABT-898 prevents three-dimensional endothelial tube formation in 

HUVECs in vitro.  
 

HUVECs were incubated with different concentrations of ABT-898 (0.01, 0.1, 1.0, or 

100 ng/mL) or PBS control on a solidified extracellular matrix gel for 18 hours. 

Endothelial tube formation was qualitatively assessed by examining tube length and 

branching (arrows). ABT-898 caused a reduction in tube formation at 0.01 ng/mL, and 

completely abrogated tube formation at 0.1, 1.0, and 100 ng/mL. Endothelial tubes were 

visualized under fluorescent (A–E) and bright-field (F–J) confocal microscopy. L and K: 

Endothelial cell tube length (yellow lines) and width (blue lines) (L) were significantly 

reduced at all concentrations of ABT-898, compared with PBS control (K). Data were 

analyzed using analysis of variance with a Tukey post-test. Data are expressed as means 

± SD and are representative of two independent experiments. ***p < 0.001. Original 

magnification, x150. 
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Figure 1.3: Experimental outline of investigation into effects of ABT-898 on 

endometriotic lesion growth, vasculature development, and fecundity.  
 

To allow for the growth of human endometrium, 60-day, slow-release human estradiol 

pellets were placed subcutaneously in female Rag2
-/-

Il2r-/-
 (alymphoid) mice (n = 12) on 

day 0. Endometriosis was induced on day 5 by surgically placing human eutopic 

endometrium into the peritoneal cavity of the human estradiol-primed mice. From day 11 

to day 32, mice were given daily intraperitoneal injections of ABT-898 (100 mg/kg in 

100 µL of 5% dextrose, n = 6) or 5% dextrose (100 µL, n = 6). Peripheral blood was 

collected on days 7, 18, 32, and 39 for the detection of SCA-1
+
/c-Kit

+
/CD31

+
/CD45

-
 

CEPCs by flow cytometry, and for plasma cytokine profiling. On day 39, mice from the 

ABT-898-treated (n = 3) and 5% dextrose control (n = 3) groups were sacrificed, and 

endometriotic lesions were retrieved for histology and immunohistology studies. The 

remaining mice were placed in breeding pairs on day 70 and were sacrificed on gestation 

day 12, to assess implantation site morphology and litter size outcomes.  
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Figure 1.4: Human endometriotic lesions induce elevated CEPC levels in peripheral 

blood of mice.  

 

Flow cytometry was used to quantify levels of SCA-1
+
/c-Kit

+
/CD31

+
/CD45

-
 CEPCs in 

peripheral blood. CEPC levels were elevated on day 18 in both ABT-898 and 5% 

dextrose, compared with day 7 (pre-treatment) and physiological control groups. By day 

32, however, CEPC levels had dropped below day 7 (pre-treatment) levels in both the 

ABT-898-treated and the 5% dextrose control groups, and remained that way on day 39. 

Data were analyzed using a repeated-measures analysis of variance. Data are expressed 

as means ± SD and are representative of two independent experiments. *p < 0.05. 
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Figure 1.5: 23-Plex cytokine analysis of mouse plasma on days 7, 18, 32, and 39.  

 

Plasma cytokines from peripheral blood were analyzed using a Bio-Plex 200 suspension 

array system. Peripheral blood was collected from experimental and control mice on days 

7 (A), 18 (B), 32 (C), and 39 (D) and plasma samples were analyzed for 23 different 

cytokines. Sixteen analytes were found at levels greater than the detection limit for the 

assay. There was no significant difference between groups or time points. G-CSF plasma 

levels had decreased from pre-treatment values (day 7) by day 18 (1 week of treatment) 

in both ABT-898-treated and 5% dextrose control mice, and remained lower at day 32 (3 

weeks of treatment) and day 39 (1 week after treatment) in both groups (data not shown). 

Data are expressed as means ± SD. 
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Table 1: Cytokines in 23-plex cytokine assay 

Analyte Limit of detection 

(pg/mL) 

Dynamic range 

(pg/mL) 

IL-1α 2 1.79 – 29,248 

IL-1β 7 1.95 – 31,872 

IL-2 3 3.22 – 52,736 

IL-3 2 1.99 – 32,640 

IL-4 3 4.33 – 70,912 

IL-5 2 1.94 – 31,744 

IL-6 2 1.21– 19,776 

IL-9 15 1.12 – 18,304 

IL-10 2 2.29 – 37,586 

IL-12p40 2 1.02 – 16,768 

IL-12p70 4 1.88 – 30,720 

IL-13 9 2.20 – 25,968 

IL-17A 1 1.71– 28,096 

Eotaxin 148 1.46 – 23,920 

G-CSF 1 1.94 – 31,808 

GM-CSF 7 2.14 – 35,008 

IFN-γ 6 1.55 – 25,472 

KC 3 1.91 – 31,360 

MCP-1 14 2.02 – 33,152 

MIP-1α 24 1.97 – 32,320 

MIP-1β 2 1.68 – 27,456 

RANTES 5 1.43 – 23,424 

TNF-α 6 2.28 – 37,312 
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Figure 1.6: ABT-898 affects neoangiogenesis of endometriotic lesions.  

 

Human endometrium introduced into the abdominal cavity of human estradiol-primed 

Rag2
-/-

Il2r-/-
 mice adhered to the peritoneum and induced neovascularization. A and B: 

Based on the gross observations, mice treated with ABT-898 (n = 3) had reduced 

peritoneal vasculature supplying the endometriotic lesions (A), compared with 5% 

dextrose controls (n = 3) (B). Circles indicate areas of vasculature; arrows indicate 

endometriotic lesions. C and D: Doppler imaging of endometriotic lesions was performed 

at weeks 1, 2, and 3 of the ABT-898 treatment. Reduced blood flow to the lesions (dotted 

outlines) was revealed only at week 3 in ABT-898-treated mice (C), compared with 5% 

dextrose controls (D). E: Blood flow to the endometriotic lesions was assessed by 

quantifying the total area representative of vasculature in Doppler images, revealing a 

decrease in blood flow in ABT-898-treated mice, compared with 5% dextrose controls.  
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Figure 1.7: ABT-898 causes a reduction in CD31
+
 endothelial cells in endometriotic 

lesions.  

 

Human endometriotic lesions were stained with anti-human CD31 primary antibody 

conjugated to phycoerythrin, then covered with a coverslip and mounting medium 

containing DAPI. Images were merged. Lesions from Rag2
-/-

Il2r-/-
 mice treated with 

ABT-898 (n = 3) (A–C) exhibited reduced numbers of CD31
+
 endothelial cells, 

compared with 5% dextrose control (n = 3) (D–F). G: Quantification of CD31
+
 staining 

confirmed reduced vascularization in the endometriotic lesions from ABT-898-treated 

mice, compared with controls. Original magnification, x50. Scale bar = 100 µm. 
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Figure 1.8: ABT-898 does not affect the mouse estrous cycle. 

 

All experimental groups [physiological control (A–M), 5% dextrose control (B–N), ABT-

898 (C–O), and ABT-898 with estradiol (D–P)] exhibited changes in vaginal cell ratio 

over 4 days of the estrous cycle. Beginning on day 80, vaginal cell samples were acquired 

on 4 consecutive days to analyze the mouse estrous cycle from ABT-898-treated, ABT-

898 with estradiol, physiological control, and 5% dextrose control mice. Determination of 

cycle stage was based on the proportion of leukocytes (blue arrow), cornified cells (black 

arrow), and epithelial cells (white arrow) present. Results demonstrate progression 

through the four stages of the estrous cycle (diestrus, proestrus, estrus, and metestrus). 

Original magnification, x100. Scale bar = 150 µm. 
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Figure 1.9: ABT-898 does not affect implantation sites or litter size.  

 

Experimental mice were sacrificed on gestation day 12. Compared with physiological 

control (A) and 5% dextrose control (B), mice treated with ABT-898 (C) or with ABT-

898 and estradiol (D) exhibited no significant differences in implantation site numbers 

(E). Resorption sites were sporadically found, but were evenly distributed among the 

experimental groups (E). Scale bar = 1 cm. 
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Figure 1.10: ABT-898 does not affect implantation site structure or vascularization. 

 

Implantation sites were harvested from experimental mice on gestation day 12. A–H: 

H&E staining of implantation sites from all groups revealed normal structural 

organization of the mesometrial lymphoid aggregate of pregnancy (MLAp), decidua 

basalis (DB), and placenta (P). I–X: Isolectin staining of implantation sites indicated 

normal vascularization of the maternal-fetal interface in all experimental groups as well 

as normal maternal vessel structure. Scale bar = 75 µm. 
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3.1 Abstract 

 

Endometriosis is a gynecological disease defined by the growth of endometrium 

outside of the uterus. Although endometriosis contributes to 50% of female infertility 

cases, medical treatments are incompatible with pregnancy. Angiogenesis, the growth of 

new blood vessels from previously existing vasculature, plays a crucial role in 

endometriotic lesion growth. Previously, we demonstrated the effectiveness of 

thrombospondin-1 analog, ABT-898 (Abbott Laboratories) in inhibiting lesion 

vascularization and survival.  We have now evaluated the trans-generational implications 

of ABT-898 treatment before and during mouse pregnancy. We hypothesized that ABT-

898 will target lesion vasculature without affecting pregnancy, offspring development, or 

uterine vascularity in mice. Endometriosis was induced using human endometrium in β-

estradiol-primed BALB/c-Rag-2
-/-

Il2r-/-
 mice receiving intraperitoneal injections of 

ABT-898 or 5% dextrose control for 21 days. Ultrasound assessment of lesion 

vascularization revealed a reduction in blood flow supplying treated lesions. Excised 

lesions stained for CD31
+
 endothelial cells exhibited a decrease in microvessel density. 
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Following confirmation of estrous cycling, mice were bred and treated with ABT-898 on 

gestation days 7, 9, 11, 13, 15, 17, and 19. ABT-898 did not affect litter size across 

generations or offspring weight gain. No obvious histological anomalies were observed in 

the kidney, liver, ovary, or uterus. Our results suggest that ABT-898 inhibits 

endometriotic lesion growth without affecting physiological angiogenesis or pregnancy 

outcomes in mice treated before and during pregnancy. 

 

3.2 Introduction 

Endometriosis is a gynecological disease characterized by the growth of 

endometrium outside of the uterus. The inflammatory nature of the disease results in the 

presentation of symptoms such as dysmenorrhoea, chronic pelvic pain, and infertility [1]. 

In the United States and Canada alone, $23.8 billion dollars ($22 billion USD, $1.8 

billion CAD, respectively) are spent annually on the diagnosis and treatment of 

endometriosis [2, 3, 4]. Approximately 176 million women of reproductive age are 

affected world-wide; however, many women with endometriosis are asymptomatic and 

remain undiagnosed [1, 5, 6, 7]. The treatment of endometriosis is complicated by several 

growth-promoting characteristics of endometriotic lesions. The ectopic endometrium 

produces elevated levels of estrogen and is resistant to progesterone thus supporting the 

survival of the estrogen-dependent lesions [8, 9]. Furthermore, pro-angiogenic factor 

vascular endothelial growth factor (VEGF) is released by the lesion itself perpetuating the 

angiogenic process [10]. The vascular- and estrogen-dependencies of endometriotic 

lesions have been targeted by medical treatments of endometriosis; however, available 

pharmacological therapies fail to concurrently treat associated pelvic pain and infertility. 
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Surgical methods exist to remove endometriotic lesions but this can result in 

scarring of the fimbriae and fallopian tubes as well as a reduction in ovarian reserve [11]. 

Less invasive treatment strategies include oral contraceptives, progestins, and GnRH 

agonists [12, 13]. Although effective in pain reduction the resultant anovulatory state 

induced is incompatible with pregnancy. This has become an obstacle of great 

significance since 50% of cases of female infertility have been associated with 

endometriosis [1]. Women of reproductive age are the sole demographic affected by 

endometriosis; therefore, it is important that medical treatments maintain normal ovarian 

function and fertility in patients who wish to conceive through non-IVF methods. 

 

Endometriotic lesion survival is dependent on early neovascularization within the 

peritoneal cavity [14]. An established vascular network is required to provide a constant 

supply of blood and nutrients to the tissue. Endometriotic lesions become profusely 

vascularized and innervated, particularly in advanced stages of endometriosis [1, 15, 16]. 

Angiogenesis (the growth of new blood vessels from previously existing vasculature) is a 

naturally occurring process in both eutopic and ectopic tissues [17, 18]. Physiological 

angiogenesis is active during wound repair and regeneration of the endometrium with 

newly developed vessels becoming surrounded by a layer of protective pericytes [18]. In 

comparison, pathological angiogenesis within endometriotic lesions and tumours results 

in vessels with exposed endothelial cells due to a lack of pericyte recruitment [18, 19]. 

For this reason, antiangiogenic therapies targeting this weakness in pathological blood 

vessel integrity may be applicable to the treatment of endometriosis.  
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Thrombospondin-1 (TSP-1) is a potent regulator of pathological angiogenesis, 

particularly in tumours [20, 21, 22]. TSP-1 functions to concurrently inhibit endothelial 

cell migration and the release of pro-angiogenic factor VEGF from the extracellular 

matrix [23]. Due to this dual-functionality of TSP-1 to directly and indirectly regulate 

angiogenesis, antiangiogenic drugs have been modeled after this peptide and tested 

against angiogenesis-related diseases such as cancer, neovascular ocular disease, and 

endometriosis [24, 25, 26]. Scientists at Abbott Laboratories have developed a second 

generation TSP-1 mimetic peptide, ABT-898, which induces the apoptosis of endothelial 

cells through interactions with CD36 while inhibiting the binding of VEGF to VEGF 

receptor 2 [27].  

 

In the context of endometriosis, an important aspect of treating female 

reproductive diseases is the maintenance of fecundity. Therefore, it is essential to 

demonstrate whether antiangiogenic drugs such as ABT-898, specifically target 

pathological angiogenesis without affecting physiological angiogenesis. In the current 

study, we examined the trans-generational implications of ABT-898 treatment before and 

during pregnancy on offspring development and reproductive status in a xenograft mouse 

model of endometriosis. 

 

3.3 Materials and Methods 

 

3.3.1 Alymphoid Mouse Model of Endometriosis 

Rag-2
-/- 

Il2r-/-
 double-knockout mice on a BALB/c background lacking T cells, B 

cells, and NK cells (alymphoid) were developed and generously provided by Dr. M. Ito 



58 
 

(Central Institute for Experimental Animals, Kawasaki, Japan). Twenty-one-day release 

β-estradiol 17-acetate pellets (Innovative Research of America, Sarasota, FL, USA) were 

implanted subcutaneously in n = 16 females (6-7 weeks of age) to support the growth of 

estrogen-dependent endometriotic lesions. The following day, endometriosis was induced 

intraperitoneally in the same mice (n = 8, ABT-898 treatment; n = 8, 5% dextrose 

control). A small incision was made in the abdominal wall of each mouse and two 

sections of non-pathological human endometrium (mean weight, 0.0260 g) were adhered 

to the abdominal wall with 3M Vetbond veterinary adhesive (3M, Milton, ON, Canada). 

Human endometrium was obtained from hysterectomized uteri (Kingston General 

Hospital, Queen’s University, Kingston, ON, Canada). All trans-generational studies 

were conducted under barrier husbandry at Queen’s University (Kingston, ON, Canada) 

following protocols approved by the institution’s Animal Care Committee. 

 

3.3.2 ABT-898 treatment regimen 

Experimental mice were assigned to a 5% dextrose control group or an ABT-898 

treated group. Based on pharmacokinetic and half-life studies performed at Abbott 

Laboratories, an ABT-898 concentration of 25 mg/kg was used to conduct this pregnancy 

trial. Seven days after endometriosis was induced, experimental mice were administered 

with intraperitoneal injections of 100 µL of 5% dextrose alone (Baxter Corporation, 

Mississauga, ON, Canada) or 100 µL of ABT-898 (25 mg/kg) (Abbott Laboratories, 

North Chicago, IL, United States) diluted in 5% dextrose (vehicle) for 21 consecutive 

days. On the last day of treatment, half of the mice were sacrificed for gross and 

histological assessment of harvested endometriotic lesions. Breeding pairs were created 



59 
 

for the remaining mice from 5% dextrose control and ABT-898-treated groups. Mice 

were examined every morning until a copulation plug was identified. Pregnant females 

were housed in separate autoclaved cages. To assess the effects of ABT-898 injections 

during pregnancy on fetal development, pregnant females were intraperitoneally injected 

with 100 µL of 5% dextrose alone or 100 µL of ABT-898 (25 mg/kg) in 5% dextrose on 

gestation days 7, 9, 11, 13, 15, 17, and 19. Offspring of the F0 generation were weighed 

at birth, 21 days, and 42 days of age. F1 generation mice were paired for breeding as 

previously described but received no treatment before or during pregnancy.  

 

3.3.3 Plasma collection from Experimental Mice 

Peripheral blood was collected and plasma was extracted for angiogenic cytokine 

analysis on experimental days 7, 14, and 21 of the 21-day treatment regimen. The 

submandibular vein was punctured and 100 µL of blood was collected per experimental 

mouse (n = 8, ABT-898 treatment; n = 8, 5% dextrose control). Blood samples were 

stored in heparin-coated Eppendorf tubes (100 µL heparin 500 USP/ mL; Sigma-Aldrich, 

St. Louis, MO, United States) to prevent clotting and were kept on ice until plasma 

collection. Plasma was extracted from blood samples using a standard protocol. Plasma 

samples were kept frozen at -80 
o
C until further analysis of angiogenic factors. 

 

3.3.4 Angiogenic cytokine analysis of experimental mouse plasma 

Nine cytokines (IL-15, IL-18, bFGF, LIF, M-CSF, MIG, MIP-2, PDGF-BB, and 

VEGF) known to be involved in angiogenesis were quantified in plasma samples 

extracted from the peripheral blood of experimental mice using a Bio-Plex Pro mouse 
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cytokine 9-plex assay (Bio-Rad Laboratories, Mississauga, ON, Ontario) as per our 

previously published protocol [28]. Briefly, 50 µL of coupled beads were pipetted into 

each well of a 96-well Bio-Rad filter plate. The wells were washed twice using a 

magnetic wash station. Immediately, 50 µL of standards, blanks, or samples (diluted 

four-fold) was added to each well. The assay plate was incubated for 1 hour on a shaker 

set at 1100 rpm for 30 seconds and 300 rpm for the remaining incubation time. All 

incubations occurred at room temperature and in darkness. After three additional washes, 

25 µL of detection antibodies provided with the kit was added to each well and the plate 

was incubated for another 30 minutes. Following three washes, 50 µL of streptavidin-

phycoerythrin was pipetted into each well before a 10 minute incubation period. The 

assay plate was then washed three times. Lastly, the plate was incubated with 125 µL of 

assay buffer per well for 30 seconds at 1100 rpm. The final plate reading was recorded 

using the Bio-Plex 200 suspension array system (Bio-Rad Laboratories, Mississauga, 

ON, Ontario) according to the manufacturer’s protocol. 

 

3.3.5 Acquisition of Doppler and Three-Dimensional Ultrasound Images 

Three-dimensional ultrasound images of endometriotic lesions in vivo were 

compiled to comparatively assess the size and volume of lesions from mice treated with 

either ABT-898 or 5% dextrose control. Doppler ultrasound was concurrently conducted 

to assess vascularization within the lesion. Ultrasounds were performed on days 7, 14, 

and 21 (final day) of treatment. Mice were anesthetised with isoflurane and secured to a 

heated ultrasound platform in the supine position. Paws were positioned on top of 

electrocardiogram electrodes on the platform to monitor heart rate. To minimize 
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interference, abdominal fur was chemically removed (Nair hair removal lotion; Church & 

Dwight Canada, Mississauga, ON, Canada). A trained ultrasound technician performed 

the ultrasound examination using a Vevo 770 high-resolution microimaging system 

(VisualSonics, Toronto, ON, Canada) equipped with a real-time microvisualization 

VisualSonics 704 scanhead (center frequency 40 MHz; focal depth 6 mm). Once the 

endometriotic lesion was located, the entire lesion was scanned and two-dimensional 

photos were taken at 20 µm intervals. Three-dimensional images were created using the 

software package included with the Vevo 770 high-resolution microimaging system. 

Using the two-dimensional frames captured by the ultrasound scan, the borders of the 

endometriotic lesion were manually outlined moving from one end of the endometriotic 

lesion to the other. These tracings were compiled by the Vevo 770 software to create a 

three-dimensional representation of the lesion and to calculate the volume (mm
3
). 

 

3.3.6 Necropsy and collection of endometriotic lesions and organs 

On the final day of treatment (day 21), experimental mice (n = 4, ABT-898-

treated; n = 4, 5% dextrose control) were sacrificed by cervical dislocation. The 

abdominal cavity was surgically opened in order to observe the location of the 

endometriotic lesions. Lesions were removed and immediately snap-frozen in Cryomatrix 

optimal cutting temperature compound (Thermo Scientific, Kalamazoo, MI, United 

States). Cryo-embedded lesions were stored at -80
o
C until further use. The liver, kidney, 

uterus, and ovaries were carefully excised and immersion fixed in 4% paraformaldehyde 

for 6 hours before being transferred to 70% ethanol where they were stored until tissues 

could be paraffin-embedded. 
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3.3.7 Implications of ABT-898 treatment on physiological angiogenesis, fertility and 

pregnancy outcomes in mice 

To assess the effects of ABT-898 on physiological angiogenesis and reproductive 

outcomes, female Rag-2
-/- 

Il2r-/-
 double-knockout mice were treated with ABT-898 or 

5% dextrose control for 21 consecutive days before creating breeding pairs. Following 

treatment, normal cycling of ABT-898 and 5% dextrose treated mice through the estrous 

cycle was confirmed by staging vaginal cytology samples collected on four consecutive 

days. Vaginal cell samples were collected by aspirating the vaginal canal with 50 µL of 

PBS. Aspirated cells were smeared on Superfrost Plus slides (Fisher Scientific, Ottawa, 

ON, Canada) and were air-dried for 5 minutes. Slides were hydrated in chilled methanol, 

100% ethanol, 95% ethanol, 70% ethanol, and water for 1 minute intervals each. Tissues 

were stained with Harris’ hematoxylin (Fisher Scientific, Ottawa, ON, Canada), rinsed 

with water, and stained with 1% eosin (Fisher Scientific, Ottawa, ON, Canada) for 15 

seconds. Stained tissues were then dehydrated in increasing concentrations of ethanol 

(70%, 95%, 100%) for 1 minute each followed by 3 minutes in xylene. Slides were 

cover-slipped as previously described. One female was housed with one male mouse until 

a copulation plug was identified indicating successful mating and gestation day 0. To 

non-invasively confirm pregnancy, plugged females were weighed daily to identify a 

gradual increase in weight associated with fetal growth. On gestation days 7, 9, 11, 13, 

15, 17, and 19, pregnant females were injected with 100 µL of ABT-898 (25 mg/kg) in 

5% dextrose or 100 µL of 5% dextrose alone depending on the treatment regimen 

previously administered (i.e. mice treated with ABT-898 before pregnancy received 

injections of ABT-898 during pregnancy). An average weight of the offspring was taken 
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on the day of birth, 21 days, and 42 days of age. Offspring were monitored from the time 

of birth for physical abnormalities.  

 

3.3.8 Histology and immunohistochemical staining of organs 

Specimens of liver, kidney, ovary and uterus harvested from experimental mice 

on day 21 of treatment were paraffin-embedded and cut into 5 µm sections and were 

stained following a standard hematoxylin and eosin (H & E) protocol. Briefly, slides 

were deparaffinized in xylene for 6 minutes followed by 4 minutes in 100%, 90%, and 

70% ethanol to re-hydrate the tissue. After rinsing for 3 minutes under running tap water 

and 1 minute in deionized water, sections were stained with Harris’ hematoxylin (Fisher 

Scientific, Ottawa, ON, Canada) for 1 minute. Immediately, slides were rinsed in running 

tap water for 5 minutes followed by a 1-minute stain with 1% eosin (Fisher Scientific, 

Ottawa, ON, Canada). Sections were dehydrated in increasing concentrations of ethanol 

for 4 minutes each (70%, 90%, 100%) with a final 4-minute step in xylene. Slides were 

coverslipped using Permount mounting medium (Electron Microscopy Sciences, 

Hatfield, PA, United States). Vimentin was immunohistochemically localized in the 

uterus and ovary of ABT-898 treated mice and 5% dextrose controls. Briefly, slides were 

deparaffinized as previously described followed by a 15 minute antigen-retrieval step in 

sodium citrate buffer (pH 6.0) at 95
o
C. Sections were rinsed with PBS, incubated with 

0.03% peroxidase block for 30 minutes, and rinsed again with PBS. A protein block was 

then performed using 1% bovine serum albumin in PBS for 60 minutes. Slides were 

incubated with vimentin primary antibody (Ab7388, Abcam, USA) at 1:500 dilution for 

overnight at 4
0
C. The sections were incubated with secondary polyclonal goat ant-rabbit 



64 
 

biotynylated antibody (DAKO cytomation) at 1:1000 dilutions for 60 minutes at room 

temperature. Extravidin (DAKO Cytomation) was added to each section for 30 minutes 

followed by a PBS rinse. Sections were incubated with DAB chromogen for 1minute. 

Before coverslipping, a hematoxylin counterstain (10 seconds) was conducted. 

 

3.3.9 Statistical analysis 

Analysis of cytokine data and offspring weight gain was performed using a 

repeated measures two-way ANOVA with a Tukey post-test. Litter size data were 

analyzed using a one-way ANOVA with a Tukey post-test. All data samples passed 

normal distribution and variance tests. A p-value < 0.05 was considered significant. All 

statistical analyses were performed using SigmaStat 3.0 software (Systat Software, San 

Jose, CA). 

 

3.4 Results 

 

3.4.1 ABT-898 affects the growth and neovascularization of human endometriotic 

lesions in a mouse model 

To induce endometriosis, human eutopic endometrial fragments were adhered to 

the abdominal wall of female Rag-2
-/- 

Il2r-/- 
mice primed with human β-estradiol pellets 

(n = 16). Mice were randomly assigned to a treatment group receiving either 

antiangiogenic ABT-898 (n = 8) or 5% dextrose control (n = 8) for 21 consecutive days. 

On days 7, 14, and 21 of treatment ultrasounds were conducted to qualitatively 

investigate the vascularization and development of endometriotic lesions in vivo. Three-

dimensional visualizations of the endometriotic lesions acquired by ultrasound revealed 
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no significant changes in lesion volume in the ABT-898 treated mice compared to 5% 

dextrose controls (Figure 2.2, A, B, D, E). Concurrently, Doppler ultrasound of the 

lesions revealed a reduction in blood flow supplying the endometriotic lesions of mice 

treated with ABT-898, thus, highlighting the antiangiogenic effects of this peptide 

inhibitor (Figure 2.2, C and F). On the final day of treatment, mice from ABT-898 (n = 4) 

and control (n = 4) groups were sacrificed and endometriotic lesions were harvested. 

Microvessel density within the lesion was visualized with CD31 immunostaining of the 

endothelial cells lining the blood vessels. The degree of CD31
+
 staining was greater in 

the lesions collected from mice treated with 5% dextrose (Appendix D). These findings 

support the antiangiogenic role of ABT-898 in reducing the neovascularization of 

endometriotic lesions in vivo. 

 

3.4.2 Trans-generational evaluation of the effects of ABT-898 on mouse pregnancy 

Current treatment options for endometriosis target the minimization of chronic 

pain through methods which preclude pregnancy [1]. We have previously shown that 

treatment with ABT-898 does not interfere with mouse fertility and that implantation site 

structure and vascularization was normal on gestation day 12 [28]. In this study, for the 

first time, we have assessed the effects of ABT-898 on full-term mouse pregnancies and 

offspring development in a trans-generational study (Figure 2.1). 

In the first stage of our study, we induced endometriosis in F0 generation mice (n 

= 16) and chronically treated them with ABT-898 (n = 8) or 5% dextrose (n = 8) for 21 

days. Upon cessation of treatment, we evaluated the effects of ABT-898 treatment on 

mouse estrous cyclicity by staging vaginal cell samples for four consecutive days. 
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Similarly, vaginal cell samples were collected from F1 generation mice to monitor 

estrous cycling and fecundity. The four stages of estrous were identified in all treatment 

groups within the F0 generation (Figure 2.3, A, B, E, F, I, J, M, N) and F1 generation 

(Figure 2.3, C, D, G, H, K, L, O, P). These results suggest that ABT-898 does not affect 

estrous cycling of chronically treated mice or their subsequent offspring. 

 

In agreement with our previous findings, all F0 generation mice treated with 

ABT-898 (n = 4) or 5% dextrose (n = 4) for 21 consecutive days were able to achieve a 

pregnant state irrespective of experimental group. To evaluate the effects of fetal 

exposure to high concentrations of ABT-898 (25 mg/kg), pregnant F0 generation mice 

received intraperitoneal injections of ABT-89 or 5% dextrose on gestation days 7, 9, 11, 

13, 15, 17, and 19. The treatment received during pregnancy was consistent with the 

experimental group assigned prior to the initial treatment. No significance was found 

between the size of litters from F0 generation mice treated with ABT-898 or 5% dextrose 

during pregnancy (Figure 2.4, A). To determine the effects of ABT-898 treatment on 

offspring growth, F1 generation pups were weighed at birth, 21 days, and 42 days post-

partum. F1 generation pups from mothers treated with ABT-898 or 5% dextrose during 

pregnancy gained weight at a comparable rate with no significance between treatment 

groups (Figure 2.4, B).  

 

To identify trans-generational effects of ABT-898 on pregnancy outcomes, F1 

generation pups were raised to reproductive age (6 - 7 weeks old) for breeding. 

Copulation plugs were identified in all experimental groups and pregnancies were 
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maintained without interference or treatment. The number of F2 generation pups per litter 

was not significantly different between ABT-898 and 5% dextrose control groups (Figure 

2.4, A).  

 

3.4.3 Effects of ABT-898 on physiological angiogenesis and cytokine profiles 

Angiogenesis is crucial in physiological processes including ovarian follicular 

development and pregnancy [29]. Consequently, we examined the effects of 

antiangiogenic ABT-898 on normal physiological angiogenesis in the uterus. Uteri were 

harvested from F0 generation mice chronically treated with ABT-898 (n = 4) or 5% 

dextrose (n = 4). We used Vimentin immunohistochemistry to assess proliferation and 

differentiation of cells in the uteri and ovaries obtained from ABT-898 treated and 

control mice. Vimentin is an intermediate filament protein expressed by mesenchymal 

cells types including endothelial and stromal cells. Vimentin staining was found in 

stromal and endothelial cells but not in the epithelial compartments. The relative level of 

stromal and endothelial cell staining was comparable between the uteri and ovaries of 

mice treated with 5% dextrose (Figure 2.5, A, B) and ABT-898 (Figure 2.5, C, D). The 

preservation of cellular and vascular integrity within the uteri and ovaries exposed to 

ABT-898 provides evidence that physiological angiogenesis may not be impaired by the 

antiangiogenic effects of ABT-898. 

 

To quantitatively assess the effects of ABT-898 on physiological angiogenesis, 

we analyzed the plasma levels of nine cytokines (IL-15, IL-18, bFGF, LIF, M-CSF, MIG, 

MIP-2, PDGF-BB, VEGF) involved in angiogenesis during chronic treatment with ABT-
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898 or 5% dextrose. Plasma was extracted from peripheral blood samples collected on 

days 7, 14, and 21 of treatment. At each time point, no significant differences in IL-15, 

IL-18, bFGF, LIF, M-CSF, MIG, MIP-2, PDGF-BB, or VEGF levels were observed 

between experimental groups (Figure 2.6, A-I, respectively). 

 

3.4.4 Effects of ABT-898 on kidney, liver, ovary and uterus histology 

Antiangiogenic drugs such as thalidomide have been associated with a high rate 

of organ dysgenesis [30, 31]; therefore, we evaluated the effect of ABT-898 on liver, 

kidney, ovary, and uterus morphology and histology. Following a 21-day treatment 

regimen, F0 generation mice receiving injections of ABT-898 (n = 4) and 5% dextrose (n 

= 4) were sacrificed for the collection of the liver, kidney, ovaries, and uterus. Mice from 

the F1 generation were also sacrificed for harvesting of the liver, kidney, ovaries, and 

uterus (n = 4 per group). Sections were stained with hematoxylin and eosin and were 

examined for structural damage symptomatic of organ pathologies. Kidney sections from 

F0 and F1 generations exhibited similar numbers of glomeruli oriented within the 

Bowman’s capsule as well as structurally normal renal tubules irrespective of treatment 

(Figure 2.7, A-D). In the liver, the proper organization of hepatic cords separated by 

sinusoids was observed in mice treated with ABT-898 or 5% dextrose (Figure 2.7, E-H). 

Primary and secondary follicles were found in the ovaries of mice from both of the 

experimental groups and generations (Figure 2.7, I-L) and no architectural damage was 

observed. Lastly, staining of the collected uteri revealed uterine glands and vessels in 

both ABT-898 and 5% dextrose treated mice (Figure 2.7, M-P). Overall, no obvious 
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histological anomalies were observed. These findings provide evidence that chronic 

treatment with ABT-898 may not affect organ function and histology. 

 

3.5 Discussion 

Endometriosis is a primary cause of female infertility contributing to 

approximately 50% of cases [1, 32]. Despite the high success rate of available treatments 

to reduce primary symptoms such as pelvic pain, the treatment of endometriosis-related 

infertility is complex due to the estrogen-dependent nature of the disease [33]. Treatment 

of endometriosis with hormone-regulating agents has proven efficacious in the 

elimination of pelvic pain through anti-estrogenic effects. Gonadotropin-releasing 

hormone (GnRH) agonists, oral contraceptives, synthetic androgens, and progestins are 

commonly prescribed therapies which modulate the expression of sex steroids [1, 12, 13, 

34]. Unfortunately, these methods induce an anovulatory state in patients; therefore, these 

therapeutic options are not recommended for the treatment of endometriosis-related 

infertility [35]. In fact, there is some evidence suggesting that fertility does not rebound 

after cessation of hormone-modulating treatment [11]. Surgical ablation of 

endometriomas may be recommended for patients with severe endometriosis but such 

invasive procedures may reduce the ovarian reserve [35]. In this study, we evaluated the 

effects of ABT-898 treatment on the development of endometriotic lesions and the 

consequent trans-generational implications of antiangiogenic treatment on pregnancy in a 

murine model. 

 

Recent evidence suggests the growth and survival of endometriotic lesions may 

be impaired through the inhibition of pathological angiogenesis to reduce the supply of 
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nutrients to the ectopic tissue [28]. The unique dual-functionality of ABT-898 induces the 

apoptosis of endothelial cells via the CD36 pathway while simultaneously sequestering 

pro-angiogenic VEGF [27, 28, 36]. In this way, ABT-898 functions to inhibit vascular 

development through the regulation of endothelial cell proliferation and migration. 

Pathological vessels may be specifically targeted by ABT-898 because a lack of pericytes 

surrounding the endothelial cells leaves them vulnerable to antiangiogenic agents [18, 

19]. In contrast, physiological angiogenesis results in the formation of mature vessels 

stabilized by pericytes which may hinder the antiangiogenic effects of ABT-898 [18, 19]. 

Previous studies have reported the in vivo inhibition of abnormal vasculature by ABT-

898 in marmosets and mice [27, 37]. Campbell et al. demonstrated that the 

antiangiogenic activity of ABT-898 induced a regression in epithelial ovarian tumours in 

a mouse model [37]. Similarly, we have demonstrated the effectiveness of 

thrombspondin-1 analog, ABT-898, in reducing the vascularization of human 

endometriotic lesions in a mouse model [28]. Through examination with Doppler 

ultrasound, we confirmed that treatment with ABT-898 decreases the blood supply to the 

endometriotic lesion compared to mice treated with 5% dextrose. In agreement with our 

previous findings at the cellular level, lesions excised from mice treated with ABT-898 

revealed fewer CD31
+
 endothelial cells than 5% dextrose controls. This evidence 

suggests that ABT-898 functions to inhibit vascularization of endometriotic lesions 

following chronic treatment. Although the impact of antiangiogenic therapies on 

endometriotic lesion growth has been evaluated in the past, to our knowledge no studies 

to date have elucidated the implications of thrombospondin-1 mimetic treatment on 

reproductive status and pregnancy. In our current study, we examined the effects of ABT-
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898 on pregnancy, offspring development, and physiological angiogenesis in a murine 

model of endometriosis. 

For the first time, we have evaluated the efficacy of ABT-898 as a treatment for 

endometriosis and its compatibility with mouse pregnancy. We have previously observed 

that chronic treatment with ABT-898 prior to pregnancy did not affect healthy mouse 

implantation site structure on gestation day 12 [28]. In extension, we have now created a 

modified treatment regimen in which mice were injected with ABT-898 for 21 

consecutive days before pregnancy and at seven time-points during pregnancy. In 

concurrence with our earlier findings, screening of vaginal cytology of mice treated with 

ABT-898 revealed normal estrous cycling [28]. As expected, all experimental mice were 

able to breed and maintain pregnancies. F0 generation mice receiving injections of ABT-

898 or 5% dextrose during pregnancy delivered a comparable number of pups (F1 

generation).  Subsequently, pregnant F1 generation mice in both treatment groups yielded 

litters of similar size. Assessment of offspring growth showed that F1 generation mice 

from ABT-898 treated mothers gained weight at approximately the same rate as 5% 

dextrose controls when weighed at birth, 21 days, and 42 days of age. From these results 

alone we can conclude that treatment with ABT-898 does not prevent mice from 

achieving pregnancy or successfully reaching term. In addition, F1 generation pups 

successfully grew to reproductive age and achieved an appropriate weight for their age 

irrespective of treatment. It is possible that adverse health effects may be transmitted to 

subsequent generations; therefore, breeding pairs were established within the F1 

generation to assess reproductive status. Using methods consistent with those of the F0 

generation, normal estrous cycling was confirmed through evaluation of vaginal cell 



72 
 

samples prior to breeding. The number of F2 generation mice per litter was comparable 

between the two treatment groups, consistent with our findings from litters delivered by 

the F0 generation.  Our results suggest that ABT-898 does not impair reproductive status 

or pregnancy rates of mice chronically treated prior to pregnancy. Importantly, normal 

development and fertility was not impeded in the offspring of mothers treated with ABT-

898 during pregnancy and no trans-generational effects were observed.  

 

The importance of testing agents related to pregnancy was highlighted by the 

deleterious side-effects of using thalidomide as a treatment for morning sickness during 

pregnancy [30]. Fetal exposure to thalidomide resulted in severe limb defects such as 

dysmelia (amelia and phocomelia) and organ dysgenesis (particularly kidney and heart 

defects) [31]. The resultant rate of malformation in humans was approximately 20-30% 

[30, 38]. Thalidomide was tested on various animal models; however, malformations 

were not observed in rats or mice but were present in monkeys, rabbits, and zebrafish due 

to differences in the activation of liver microsomes [31]. Despite this, it cannot be denied 

that mandatory preliminary drug testing on pregnant animals is crucial for the 

identification of teratogenic effects before human trials are initiated [30]. With few 

exceptions, the majority of drugs yielding birth defects in humans reflect similar 

terotagenic effects in animal models of pregnancy [38]. Given the high association of 

thalidomide usage during pregnancy with organ dysgenesis, we examined the histology 

of the kidney, liver, ovary, and uterus of F0 generation mice chronically treated with 

ABT-898 before pregnancy was achieved. We also examined the kidney, liver, ovary, 

and uterus histology of offspring born to mothers treated with ABT-898 during 
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pregnancy (F1 generation). No obvious gross or histological anomalies were observed in 

the kidney, liver, ovary, and uterus obtained from F0 and F1 generations. Based on our 

findings, treatment of ABT-898 before and during pregnancy may not affect kidney, 

liver, ovary, and uterus morphology or histology in mice. 

 

Conception and pregnancy are processes which are both dependent on the 

conservation of physiological angiogenesis. Angiogenesis is essential to the maintenance 

of the endometrium and normal ovarian function, particularly follicular development 

[39]. During human pregnancy, angiogenesis drives the vascularization of the placenta 

through development of the villous tree meeting the increasing nutrient demands of the 

growing fetus [19, 40, 41]. Garside et al. showed that pre- and early-antral follicles were 

undisrupted in marmosets treated with antiangiogenic ABT-898 [27]. We have previously 

demonstrated that mice treated with ABT-898 before breeding were able to achieve 

pregnancy and developed histologically normal implantation sites on gestation day 12 

[28]. Since mice treated with ABT-898 were able to successfully conceive and deliver 

healthy offspring in this study, it can be concluded that ABT-898 may not affect 

physiological angiogenesis in pregnancy. Nine angiogenic cytokines (IL-15, IL-18, 

bFGF, LIF, M-CSF, MIG, MIP-2, PDGF-BB, and VEGF) were quantified in plasma 

samples collected from mice treated with ABT-898. Analysis of cytokine levels at three 

time-points during ABT-898 treatment revealed no significant changes in comparison to 

mice treated with 5% dextrose. ABT-898 functions to inhibit the release of VEGF from 

endothelial cells; however, a significant decrease in peripheral VEGF was not observed. 

These results suggest that high concentrations of ABT-898 may not have a system-wide 
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effect on pro-angiogenic cytokine levels in vivo. Alternatively, local treatment with ABT-

898 via intraperitoneal injection directly into the peritoneal cavity may not result in a 

systemic inhibition of VEGF release. To further investigate the effects of ABT-898 on 

physiological angiogenesis, the uteri and ovaries from treated mice were 

immunohistochemically stained for vimentin to label endothelial cells and stromal cells 

but no qualitative differences were observed between treatment groups. From these 

findings, it can be reasoned that ABT-898 may not impair the development and 

maintenance of physiological vessels which play an important role in pregnancy. ABT-

898 may function to specifically target abnormal vasculature associated with 

endometriotic lesions. 

 

For the first time, the data presented provides evidence of the compatibility of 

ABT-898 treatment with pregnancy and offspring development in a trans-generational 

murine model of endometriosis. These results demonstrate that high doses of ABT-898 

during pregnancy do not impair reproductive status, litter size, or offspring growth across 

three generations of mice. Furthermore, the antiangiogenic effects of ABT-898 resulted 

in an inhibition of pathological angiogenesis within endometriotic lesions while 

physiological angiogenesis of the uterus was maintained. Importantly, organ dysgenesis 

was absent in ABT-898 treated mice revealing no histological anomalies in the kidney, 

liver, ovary, and uterus. Future investigations will require detailed evaluation of the 

effects of ABT-898 treatment on embryonic development and organ toxicity. 
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Figure 2.1: Experimental outline of a trans-generational study investigating the 

effects of ABT-898 on endometriotic lesion vascularity and pregnancy outcomes. 
 

Twenty-one-day-release human β-estradiol pellets were subcutaneously implanted in 

female Rag-2
-/-

 Il2rɣ
-/-

 double-knockout mice on a BALB/c background (n = 16, F0 

generation). The next day, endometriosis was surgically induced by adhering sections of 

eutopic human endometrium to the abdominal wall. Seven days following the induction 

of endometriosis, mice were divided into two treatment regimens: mice were 

intraperitoneally injected with 100 µL of ABT-898 in 5% dextrose (25 mg/kg, n = 8) or 

100 µL of 5% dextrose alone (n = 8) for 21 consecutive days. On the final day of 

treatment n = 4 mice per group were euthanized for the collection of endometriotic 

lesions and organs. The remaining mice in each group were paired for breeding. Pregnant 

mice received injections of ABT-898 or 5% dextrose (as previously described) on 

gestation days 7, 9, 11, 13, 15, 17, and 19. Offspring (F1 generation) were raised to 

reproductive age (6 - 7 weeks) and breeding pairs were created to assess reproductive 

status while receiving no treatment during pregnancy. Offspring of the F1 generation (F2 

generation) were also raised to reproductive age. Vaginal cytology was analyzed to 

identify estrous cycling before creating breeding pairs. All offspring were weighed at 

birth, 21 days, and 42 days post-partum. Organs were harvested from F0 and F1 

generations to histologically assess organ structure and pathology. 
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Figure 2.2: ABT-898 reduces the neovascularization of endometriotic lesions.  

 

Endometriosis was surgically induced in female alymphoid Rag-2
-/-

 Il2r -/-
 mice primed 

with slow-release human β-estradiol pellets. Three-dimensional ultrasound images were 

compiled to qualitatively assess endometriotic lesion volume. On average, lesion size was 

comparable between mice treated with 5% dextrose (A, top profile; B, side profile) and 

ABT-898 treated mice (D, top profile; E, side profile). Doppler ultrasounds revealed a 

reduction in blood flow supplying the endometriotic lesions following chronic treatment 

with ABT-898 (C, F).  
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Figure 2.3: Chronic treatment with ABT-898 does not affect mouse estrous cycling.  
 

In preparation for breeding, vaginal cell samples collected on four consecutive days from 

F0 generation mice treated with 5% dextrose (A, E, I, M) or ABT-898 (B, F, J, N) were 

analyzed by observing the ratio of leukocytes (green arrows), cornified cells (blue 

arrows), and epithelial cells (black arrows). The vaginal aspirate of the F1 generation 

from mothers treated with 5% dextrose (C, G, K, O) or ABT-898 (D, H, L, P) were also 

analyzed prior to breeding. Both F0 and F1 generations progressed normally through 

diestrus, proestrus, estrus, and metestrus. Scale bar = 75 µm, Magnification 400x. 
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Figure 2.4: ABT-898 treatment before and during pregnancy does not affect litter 

size or impair offspring weight gain.  
 

F0 generation female mice received injections of ABT-898 or 5% dextrose for 21 

consecutive days before breeding and during pregnancy on gestation days 7, 9, 11, 13, 

15, 17, and 19. No significance was found between the litter sizes of the F0 generation 

experimental groups (A). Breeding pairs were created within the F1 generation and (A) 

average litter size was observed to be similar in the ABT-898 and 5% dextrose control 

groups (F2 generation).The F1 generation pups were weighed at birth, 21 days, and 42 

days post-partum (B). No significant differences were observed between treatment 

groups.  
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Figure 2.5: ABT-898 does not affect proliferation and differentiation of cells in the 

uterus or ovary of chronically treated mice.  

 

The uterus and ovaries of mice treated with 5% dextrose (A, B) or ABT-898 (C, D) for 

21-consecutive days were immunohistochemically stained for Vimentin revealing 

staining in the stromal and endothelial cells but not in the epithelial cells. No differences 

were observed for Vimentin staining between control and ABT-898 treated groups. Scale 

bar = 75 µm, Magnification 400x. 
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Figure 2.6: Angiogenic cytokine profiles of mouse plasma samples from ABT-898 or 

5% dextrose control groups collected on days 7, 14, and 21 of treatment. 

 

IL-15 (A), IL-18 (B), bFGF (C), LIF (D), M-CSF (E), MIG (F), MIP-2 (G), PDGF-BB 

(H), and VEGF (I) levels were analyzed on days 7, 14, and 21 of a chronic 21-day 

treatment regimen using a Bio-Plex Pro mouse cytokine 9-plex assay. For all nine 

cytokines, no significant differences (p < 0.05) were detected between ABT-898 treated 

mice and 5% dextrose controls on days 7, 14, or 21. Data are expressed as means ± SD. 
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Figure 2.7: Kidney, liver, ovary, and uterus histology from mice chronically treated 

with ABT-898 or 5% dextrose control.  

 

Following treatment with 5% dextrose (A, E, I, M) or ABT-898 (B, F, J, N), experimental 

mice from the F0 generation were sacrificed for kidney, liver, ovary, and uterus 

collection. F1 generation mice from mothers treated with 5% dextrose (C, G, K, O) or 

ABT-898 (D, H, L, P) were also sacrificed at 6-7 weeks of age to assess organ structure. 

Hematoxylin and eosin staining of the kidney, liver, ovary, and uterus revealed no 

obvious architectural damage indicative of organ pathologies in the F0 and F1 

generations irrespective of treatment received. Scale bar = 75 µm.  
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Chapter 4 

Synopsis and Conclusion 

4.1 Summary 

Endometriosis is a benign gynecological disease defined as the pathological 

growth of endometrium outside of the uterus. The inflammatory nature of the disease 

results in the presentation of symptoms ranging from chronic pelvic pain to infertility [1]. 

The neovascularization of endometriotic lesions is crucial for their survival; therefore, the 

suppression of pathological vessel growth may inhibit disease progression [2, 3]. The 

antiangiogenic properties of thrombospondin-1 mimetic, ABT-898, function to inhibit the 

proliferation of endothelial cells by inducing apoptosis and sequestering angiogenic 

growth factors [3, 4]. In this thesis, the effects of ABT-898 on in vitro angiogenesis were 

determined using a human endothelial cell line. Subsequently, the efficacy of chronic 

ABT-898 treatment on endometriotic lesion vascularity and growth was evaluated in a 

xenograft mouse model of endometriosis. Utilizing a trans-generational mouse model, the 

effects of ABT-898 treatment during murine pregnancy on offspring development and 

fertility were examined. Lastly, an assessment of physiological angiogenesis and organ 

histology was conducted. 

To investigate the effects of ABT-898 in vitro, human umbilical vein endothelial 

cells (HUVECs) were treated with serial dilutions of ABT-898. A significant reduction in 

HUVEC proliferation was observed even at a low concentration of ABT-898 supporting 

the anti-proliferative activity of ABT-898 in vitro [4]. Exposure to increasing doses of 

ABT-898 revealed apoptosis of endothelial cells and disruption of characteristic tube 
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formation. These findings supported our initial hypothesis that ABT-898 inhibits 

endothelial cell proliferation. 

In the first in vivo experiment of this thesis, human endometrium was surgically 

adhered to the abdominal wall of female BALB/c-Rag-2
-/-

Il2r-/-
 alymphoid mice to 

induce endometriosis. The development of endometriotic lesions is dependent on early 

vascularization, a process which has been suggested to be promoted by the homing of 

endothelial progenitor cells (EPCs) from the bone marrow to the angiogenic niche 

(endometriotic lesion) [5, 6, 7]. During a chronic 21-day treatment with ABT-898, 

peripheral blood samples were collected on a weekly basis from experimental mice to 

quantify levels of EPCs. We observed an increase in EPC levels 11 days after disease 

induction suggesting a recruitment of EPCs to the lesion. A decline in EPCs was detected 

14 days later signifying completion of neovascularization resulting in a decrease in EPC 

migration into peripheral blood. To evaluate the in vivo inflammatory response to ABT-

898 exposure, 23 cytokines were profiled in plasma samples from experimental and 

control mice. Although a reduction in G-CSF was observed in ABT-898-treated mice, the 

alymphoid nature of our mouse model may not accurately depict an expected immune 

response. Vascularity changes within the endometriotic lesions were visualized using 

Doppler ultrasound and CD31 immunofluorescent staining. On the final day of ABT-898 

treatment, qualitative decreases in microvessel density and blood flow supplying the 

lesions were observed. Gross observation of the lesions also revealed a reduction in 

visible blood vessels indicating an effect of ABT-898 on endometriotic lesion 

neovascularization. In agreement with our in vitro findings, endometriotic lesions from 

ABT-898 treated mice contained fewer CD31
+
 microvessels suggesting a direct effect on 
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vascularization. The reproductive status of the remaining ABT-898 treated mice was 

assessed through identification of normal estrous cycling. A pregnant state was achieved 

by all experimental mice yielding a comparable number of implantation sites and 

resorptions on gestation day 12 irrespective of treatment. In addition, staining of gestation 

day 12 implantation sites revealed normal implantation site structure and healthy 

vascularization on the fetal and maternal sides in all experimental groups. In this study, 

we have provided evidence that ABT-898 inhibits human endometriotic lesion 

neovascularization without affecting fecundity.  

Following the aforementioned single-generation pregnancy trial, the compatibility 

of ABT-898 with fertility and pregnancy was evaluated across three generations utilizing 

a murine model of endometriosis. Before breeding, vaginal cytology samples from 

experimental mice revealed normal cell-type distribution throughout the four stages of 

estrous demonstrating that ABT-898 does not interfere with estrous cycling and 

reproductive status. Using a modified treatment regimen, F0 generation female mice were 

chronically dosed with ABT-898 for 21-days and at 7 time-points during pregnancy. 

Supporting the findings of our initial pregnancy study, F0 generation mice treated with 

ABT-898 before and during pregnancy yielded normal litter sizes. F1 generation mice 

were monitored for weight gain and physical abnormalities from birth to reproductive age 

at which point normal estrous cycling was identified. To detect effects of ABT-898 

exposure on subsequent generations, F1 mice were bred (receiving no treatment during 

pregnancy) and delivered offspring comparable in number to the F0 generation. From 

these results, it can be concluded that ABT-898 treatment before and during pregnancy 
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does not have trans-generational effects on mouse reproductive status, pregnancy, or 

offspring development. 

Physiological angiogenesis is a fundamental process in pregnancy and the 

maintenance of organ function [8]. Organ dysgenesis has been associated with the use of 

antiangiogenic drug, thalidomide, during pregnancy [9, 10]; therefore, we also 

investigated the effects of ABT-898 administration on organ histology and vascularity in 

the aforementioned trans-generational mouse model. In this study, the uteri and ovaries 

collected from F0 generation mice exhibited vimentin staining of endothelial cells and 

stromal cells comparable to controls suggesting that ABT-898 may not affect 

physiological angiogenesis in the uterus or ovary. In addition, no obvious histological 

abnormalities were found in the kidney, liver, ovary, and uterus from F0 and F1 

generation mice. Since mice treated with ABT-898 were able to successfully conceive 

and deliver healthy offspring, it can be concluded that ABT-898 may not affect 

physiological angiogenesis involved in pregnancy. Nine angiogenic cytokines (IL-15, IL-

18, bFGF, LIF, M-CSF, MIG, MIP-2, PDGF-BB, and VEGF) were quantified in plasma 

samples collected from mice treated with ABT-898. Analysis of cytokine levels at three 

time-points during ABT-898 treatment revealed no significant changes in comparison to 

mice treated with 5% dextrose. ABT-898 is known to sequester VEGF and inhibit its 

release from endothelial cells [3, 4]; however, no significant differences in VEGF levels 

were detected between ABT-898-treated mice and controls. This absence of change in 

systemic VEGF levels may be a result of the local administration of ABT-898 directly 

into the peritoneal cavity. 
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This thesis has presented data regarding the effects of chronic ABT-898 treatment 

on endometriotic lesion vascularization, murine pregnancy, physiological angiogenesis, 

and organ histology across multiple generations. Investigation of the antiangiogenic 

activity of ABT-898 in vitro and in vivo confirmed that ABT-898 functions to inhibit 

pathological angiogenesis affecting endometriotic lesion survival while processes 

involving physiological angiogenesis such as pregnancy and organ function are 

unaffected. The results of this thesis highlight the potential compatibility of ABT-898 

treatment with mouse pregnancy. With further research, the implications of ABT-898 

exposure on embryonic development and organ toxicity will be elucidated. 

 

4.2 References 

1. Giudice LC: Endometriosis. N Engl J Med 2010, 362:2389-2398.  

2. Groothuis P, Nap A, Winterhager E, Grümmer R: Vascular development in 

endometriosis. Angiogenesis 2005, 8:147-156. 

3. Nakamura DS, Edwards AK, Virani S, Thomas R, Tayade C: Thrombospondin-1 

Mimetic Peptide ABT-898 Affects Neovascularization and Survival of Human 

Endometriotic Lesions in a Mouse Model. Am J Pathol 2012, 181(2):570-582. 

4. Garside SA, Henkin J, Morris KD, Norvell SM, Thomas FH, Fraser HM: A 

thrombospondin-mimetic peptide, ABT-898, suppresses angiogenesis and 

promotes follicular atresia in pre-and early-antral follicles in vivo. Endocrinology 

2010, 151:5905-5915. 

5. Laschke M, Giebels C, Menger M: Vasculogenesis: a new piece of the 

endometriosis puzzle. Hum Reprod Update 2011, 17:628-636.  



93 
 

6. Laschke MW, Giebels C, Nickels RM, Scheuer C, Menger MD: Endothelial 

progenitor cells contribute to the vascularization of endometriotic lesions. Am J 

Pathol 2011, 178:442-450.  

7. Becker CM, Beaudry P, Funakoshi T, Benny O, Zaslavsky A, Zurakowski D, 

Folkman J, D'Amato RJ, Ryeom S: Circulating endothelial progenitor cells are 

up-regulated in a mouse model of endometriosis. Am J Pathol 2011, 178:1782-

1791.  

8. Chung AS, Ferrara N: Developmental and pathological angiogenesis. Annu Rev 

Cell Dev Biol 2011, 27:563-584.  

9. McBride WG: Thalidomide and congenital abnormalities. Lancet 1961, 2:1358. 

10. Ito T, Ando H, Handa H: Teratogenic effects of thalidomide: molecular 

mechanisms. Cell Mol Life Sci 2011, 68:1569-1579. 

  



94 
 

Appendix A: 

List of Cytokines for 23-plex assay 

IL-1α: Interleukin-1 alpha  

IL-1β: Interleukin-1 beta  

IL-2: Interleukin-2  

IL-3: Interleukin-3  

IL-4: Interleukin-4  

IL-5: Interleukin-5  

IL-6: Interleukin-6  

IL-9: Interleukin-9  

IL-10: Interleukin-10  

IL-12p40: Interleukin-12 (p40)  

IL-12p70: Interleukin-12 (p70)  

IL-13: Interleukin-13  

IL-17A: Interleukin-17 A 

Eotaxin  

G-CSF: Granulocyte-colony stimulating factor  

GM-CSF: Granulocyte-macrophage-colony stimulating factor  

IFN-γ: Interferon-gamma  

KC: Keratinocyte chemoattractant 

MCP-1: Monocyte chemotactic protein-1 (macrophage/monocyte chemotactic and 

activating factor)  

MIP-1α: Macrophage inflammatory protein-1 alpha  

MIP-1β: Macrophage inflammatory protein-1 beta  

RANTES: Regulated upon activation, normal T-cell expressed, and secreted  

TNF-α: Tumour necrosis factor-alpha 
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Appendix B: 

List of Cytokines for 9-plex assay 

IL-15: Interleukin-15 

IL-18: Interleukin-18 

bFGF: Basic fibroblast growth factor 

LIF: Leukemia inhibitory factor 

M-CSF: Macrophage-colony stimulating factor 

MIG: Monokine induced by interferon-gamma 

MIP-2: Macrophage inflammatory protein-2 

PDFG-BB: Platelet-derived growth factor-BB 

VEGF: Vascular endothelial growth factor 
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Appendix C:  

List of Antibodies 

Antibody (Rat anti-mouse) Concentration         Company 

Phycoerythrin-cyanine 5 (PEC5) for CD45 0.4 µg/mL BD Biosciences 

Phycoerythrin (PE) for CD31  0.4 µg/mL  

(flow cytometry) 

BD Biosciences 

33.3 µg/mL  

(immunohistochemistry) 

BD Biosciences 

Phycoerythrin-cyanine 7 (PEC7) for Sca-1 0.4 µg/mL BD Biosciences 

Fluorescein isothiocyanate (FITC) for c-Kit 0.4 µg/mL BD Biosciences 
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Appendix D: 

CD31
+
 endothelial cells are reduced in endometriotic lesions treated with ABT-898. 

 

Human endometriotic lesions from mice chronically treated with ABT-898 or 5% 

dextrose were harvested for immunofluorescent staining of CD31
+
 endothelial cells. 

Lesions were stained with rat phycoerythrin-conjugated anti-mouse CD31 primary 

antibody and DAPI. Lesions treated with a 5% dextrose control (A-C) revealed greater 

microvessel density compared to lesions exposed to ABT-898 which exhibited a decrease 

in CD31
+
 endothelial cells (yellow arrows, D-F). Scale bar = 100 µm, Magnification 

400x. 

 


