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Abstract

BACKGROUND: Epidemiologic studies have demonstrated an association between
endometriosis and the subsequent development of cardiovascular disease. The direct impact of
endometriosis on the progression of atherosclerotic, if any, has not been previously characterized.
Endometriosis leads to systemic inflammation that could have consequences for cardiovascular
health. Here, we report the effects of endometriosis on the development of atherosclerosis in a
murine model.

OBJECTIVE: To determine the contribution of endometriosis in promoting cardiovascular
disease in a murine model of endometriosis.

STUDY DESIGN: Endometriosis was induced in 18 ApoE-null mice, the standard murine model
used to study atherosclerosis. Mice of the same strain were used as controls (N=18) and underwent
sham surgery without inducing endometriosis. Formation of endometriotic lesions were confirmed
after 25 weeks of induction. Atherosclerotic lesions were subjected to H&E staining followed

by measurement of the aortic root luminal area and wall thickness. Total aorta was isolated and

Oil Red O (ORO) staining was performed to quantify the lipid deposits/plague formation, while
biochemical assays were carried out in serum to determine the levels of lipids and inflammatory-
related cytokines.

RESULTS: ApoE mice with endometriosis exhibited increased aortic atherosclerosis compared
to controls as measured by ORO staining, (7.9% vs 3.1%, respectively; p=0.0004). The
endometriosis mice showed a significant 50% decrease in aortic luminal area compared to sham
mice (0.85 mm? vs 1.46 mm?, p=0.03) and a significant increase in aortic root wall thickness (0.22
mm vs 0.15 mm, p=0.04). There were no differences in the lipoprotein profile between mice with
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Condensation
Endometriosis induced inflammation and the development of atherosclerosis in a mouse model, suggesting a causal relationship
between endometriosis and cardiovascular disease.
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endometriosis and sham mice. The serum levels of inflammatory cytokines IL-1a, IL-6, IFN-y
and VEGF were significantly increased in the endometriosis mice.

CONCLUSIONS: This is the first study using a murine model to determine the effect

of endometriosis on atherosclerosis. Inflammation-related cytokines IL1-a., IL-6, IFN-y and
angiogenic factor VEGF released by endometriotic lesions may contribute to the increased
cardiovascular risks in women with endometriosis. To reduce the risk of cardiovascular disease,
early identification and treatment of endometriosis is essential. Future treatments targeting
inflammatory cytokines may help reduce the long-term risk of cardiovascular disease in women
with endometriosis.
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disease

Introduction

Endometriosis is an estrogen dependent inflammatory gynecological disorder characterized
by the growth of endometrial tissue outside the uterus that can cause chronic pelvic

pain and infertility.1=> Endometriosis affects 6-10% of reproductive aged women and

the lesions are most typically found in the pelvic cavity. 87 Although endometriosis
originates as a localized syndrome, the process of inflammation proves to be systemicl:8-11,
where inflammatory cytokines, such as C-reactive protein (CRP), interleukin-1 (I1L-1),
interleukin-1 (IL-6), tumor necrosis factor-a. (7N/F-a), and vascular endothelial growth
factor (VEGF), are found to be elevated in both the serum and the peritoneal fluid of women
with endometriosis.10.12

More recently, endometriosis has been associated with an increased risk of multiple
adverse health conditions including cardiovascular disease, adverse reproductive outcomes,
autoimmunity, endocrine disorders, and a variety of cancers.8:13-15 Epidemiological studies
have specifically identified increased cardiovascular risk in women with endometriosis,
however, the mechanism underlying this has not yet been determined.16-20 The risk may
be indirect and linked to loss of estrogen production resulting from oophorectomy or
suppressive effects of medical therapies. Alternatively, cardiovascular disease may be the
result of direct or indirect effects of endometriosis on vasculature. Atherosclerosis is a
complex inflammatory process involving the interface of lipoproteins, monocyte-derived
macrophages, and T cells with the vessel wall.2122 Women with endometriosis show
significant elevations in markers of endothelial inflammation and activation.23:24 Recent
evidence also suggests higher oxidative stress and an atherogenic lipid profile in women
with endometriosis, which may all contribute to the development of cardiovascular
disesase.25-27

Hyperlipidemia has long been considered the major risk factor for the development of
atherosclerosis. However, in several animal models of atherosclerosis, inflammation was
shown to play an essential role in the pathogenesis of this disease, mediating all its stages
and driving lipid accumulation in the intima of arteries.2® Multiple inflammatory markers
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including CRP, serum amyloid A, IL-6 and TNF-a are elevated in cardiovascular diseases
and the degree of elevation is associated with worse prognosis.29-31 Endometriosis is also
associated with systemic inflammation and an increased number of activated macrophages.
Hence, both disease processes share similar pathophysiologic mechanisms.32

Under normal conditions, mice do not develop atherosclerosis and require use of
Apolipoprotein E (ApoE)-null mice in research settings.33 ApoE is a ligand that is crucial
for the absorption and removal of atherogenic lipoproteins.3* In the absence of ApoE, mice
develop hypercholesterolemia and early atherosclerotic lesions.3>-37 We report here the
development of severe atherosclerosis in a murine model of endometriosis due to increased
inflammatory related cytokines.

Materials and Methods

Animals

ApoE-null c57BL/6 female mice of 6-8-week-old age were obtained from the Jackson
Laboratory (Bar Harbor, ME, USA) in compliance with an approved Yale Institutional
Animal Care and Use Committee (IACUC). All animals received a chow diet ad /ibitum. All
in-vivo experiments were carried out in accordance with Reporting of In Vivo Experiments
guidelines.38 After 9 weeks of age, mice were randomly divided into two groups (n=18 per
group) and endometriosis was induced and sham surgeries were carried out in the second
group as control. These experiments were conducted in two separate replicates consisting of
10 experimental animals and 10 controls in the first set and 8 per group in the second set of
experiments.

Induction of endometriosis in ApoE mice

Briefly, both uterine horns were extracted from donor ApoE mice by laparotomy. Uterine
horns were separated, and each horn was opened longitudinally and sectioned horizontally
resulting in a total of four sections per uterus. Experimental recipient mice (n=18) were
anesthetized using inhalation of isoflurane (2.5 L/min) in conjunction with oxygen (1.5
L/min). Two uterine segments were sutured either side of the parietal peritoneum of each
experimental mouse using 5-0 polyglactin suture (Vicryl), approximately 1 centimeter apart.
The peritoneum and skin of the experimental mouse were closed with 4-0 polyglactin
suture. Sham surgeries were performed for the control group using the same surgical
procedure without the introduction of donor uterine tissue (n=18). The experimental mice
was allowed to develop endometriosis for 25 weeks. Development of the model was
confirmed post-transplantation by laparotomy and visualization of endometriotic lesions.
After 25 weeks post-transplant and following an overnight fast, the mice were euthanized
and the endometriotic lesions removed. Plasma was collected via cardiac puncture and
stored at 4°C preceding analysis. Whole aortas were perfused and dissected from the three
arches at the aortic arch to the two branches of the iliac arteries, then stored in formalin at
4°C before being subjected to ORO staining.
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H & E staining

Lesions collected from mice with endometriosis were fixed in 5% PFA overnight and
transferred to 70% ethanol the next day, then paraffin embedded and sectioned into 50-um
thick sections using a vibratome. H&E staining was followed by histologic examination for
the confirmation of endometriosis in the ectopic lesions.

Oil red O staining

Oil Red O (ORO) was purchased from VWR Life Science, Solon, OH, USA (Cat. #0684—
100G). ORO staining solution (0.25, weight-to-volume ratio) was prepared with 35 mL ORO
solution in methanol mixed with 10 mL of 1M sodium hydroxide and filtered with filter
paper.39 Whole aortas were washed in 1 mL 78% methanol for 5 minutes on tilted roller
paper, incubated in 1 mL of ORO staining solution for 50 minutes on tilted rollers, destained
for 5 minutes in 1 mL 78% methanol, and stored in phosphate-buffered saline until ready for
mounting and imaging.

Remnant adventitial fat was carefully removed using fine forceps under an Olympus SZX16
microscope. Using micro dissecting spring scissors, the aortas were cut longitudinally and
pinned flat with lumen side up onto clear-bottom Sylgard-coated glass dissecting dishes,

as described.40 The images were captured using an LEICA DFC295 microscope with a
10450528 0.5x XPF objective lens connected to an Olympus Model U-LH100HG camera at
0.73x with no adjustment to contrast or sharpness. A red threshold was used to analyze the
images, determined based on ability to visualize red stain in regions of plaque formation,
using ImageJ software.

Histology of aortic root

Aortic root and total aorta was separated and mounted in OCT compound and frozen
at —80°C until sections were obtained. Sections (5 uM thickness) were stained with
hematoxylin-eosin (H&E) for histological studies to determine the lumen area and wall
thickness using imageJ software.

Lipid profile analysis
Serum was collected via cardiac puncture after mice were anesthetized. Blood was allowed
to clot for 1 hour at room temperature and supernatant was collected after centrifugation
at 5000 rpm for 10 min and stored at —80°C until used. Serum was analyzed for
lipoprotein profile at Yale Core Center for Biochemical Assays (TG; Diagnostic Chemicals,
Charlottetown, PEI, Canada), and total cholesterol (TC), and high-density lipoproteins
(HDL) (TC, HDL, ThermoFisher Scientific Inc., Waltham, MA). HDL was subtracted from
TC to yield low-density lipoproteins (LDL).

Cytokine assay

Differential expression of cytokines in serum was determined using Mouse Cytokine/
Chemokine 31-Plex Discovery Assay® Array (Cat.# MD31, Eve Technologies Corporation,
Calgary, Canada (MD31). Experiments were carried out in duplicates and averaged for

Am J Obstet Gynecol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mamillapalli et al.

Page 5

cytokines known to be associated with atherosclerosis development (IL1-a., IL-6, IFN-7y,
and VEGF) were plotted (Endo vs Sham).

Statistical analysis

Results

GraphPad Prism was used for statistical analyses of the data. Aortic plaque formation

was quantified by ORO staining. Two objective luminal areas and aortic wall thickness at
equivalent anatomic locations were measured separately for each aorta on ImageJ software,
and an average was taken of the resulting data. T test or Mann Whitney test used to
determine significant differences between groups for quantitative plaque analyses, serum
lipids and serum cytokines.

Lesion formation

Before aortic extraction, we examined the peritoneal cavity of the experimental
(endometriosis) and sham (control) ApoE mice for endometriosis lesions at the implantation
site or suture site. Mice in the endometriosis group all had noticeable bilateral lesions at
25-weeks after transplantation of uterine tissue as shown in Figure 1A. The lesions were
confirmed to be endometriosis using H & E staining that demonstrated growth of glandular
and stromal endometrial tissue as shown in Figure 1B. No lesions were found in the
corresponding location in control mice that underwent sham surgeries.

Plague formation in aorta

To examine the effect of endometriosis on atherosclerotic plaque formation, we used ORO
staining on the aortas with quantification of coloration threshold as displayed in Figure
2A. The ORO staining showed minimal plague formation in the sham ApoE null mice.

In contrast, a large amount of plaque formation was noted in the endometriosis ApoE

null mice. Plaque formation was significantly higher in mice with endometriosis compared
to sham (control) mice as shown in Figure 2B, (mean + SEM: control 3.1 + 0.9%;
endometriosis, 7.9 + 1.6%, p = 0.0004) as determined by quantification of ORO coloration.

Histology of aortic root

Aortas with the aortic root were extracted from mice and fixed in Optimal Cutting
Temperature (OCT) solution Sections were subjected to H&E staining as shown in Figure
3A. The luminal area as well as arterial wall thickness were measured in the H&E stained
sections. The luminal area was significantly reduced while artery wall thickness was
significantly increased in the endometriosis mice compared to sham controls, as shown

in Figure 3B ( lumen area, mean + SEM: sham 1.46 + 0.12 mmZ; endometriosis, 0.85 +
0.14 mm?, p=0.03) and Figure 3C (wall thickness, mean + SEM: sham 0.15 + 0.01 mm;
endometriosis, 0.22 + 0.01 mm; p=0.04), respectively.

Increased cytokine levels in endometriosis ApoE mice

Serum from both endometriosis and sham groups was analyzed for lipoprotein levels
including HDL, LDL, TC as well as glucose levels. We observed no significant changes
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in the levels of these lipoproteins or glucose as shown in Figure 4. We then determined

the expression of various inflammation-related cytokines known to be associated with
atherosclerosis formation. The levels of cytokines IL1-a, IL-6, IFN-r and VEGEF were
each significantly increased (p<0.05) in ApoE mice with endometriosis compared to ApoE
mice without endometriosis as shown in Figure 5.

Structured Discussion/ Comment

1. Principal findings

This is the first study examining the relationship between endometriosis and atherosclerosis
in a murine model. Mice with endometriosis exhibited significant increases in aortic

plaque formation as determined by Oil Red O staining. In addition, a significant decrease

in aortic luminal area and a significant increase in aortic wall thickness was seen in
endometriosis mice. Biochemical analysis of serum revealed that there were no changes

in the lipoprotein profile between mice with endometriosis and sham mice. The serum levels
of inflammatory cytokines IL-1a, IL-6, IFN-y, and in VEGEF were significantly increased
in the endometriosis mice.

Results—In this study, we examined the effect of endometriosis on atherosclerosis
development in a murine model of endometriosis. We used c57BL6/J female mice with

a targeted deletion of ApoE. ApoE null mice are susceptible to arterial plaque formation
and constitute the most widely studied animal model of atherosclerosis.*142 We analyzed
the formation of atherosclerotic lesions 25 weeks after the induction of the endometriosis.
We confirmed that the formation of endometriotic lesions in peritoneal cavity of ApoE mice
was similar to that induced in our previous reports using this endometriosis model in wild
type mice.#3-4> Control mice showed some plaque formation in agreement with studies
previously reporting that ApoE mice develop atherosclerotic plagues.#647 ORO staining of
total aorta isolated from ApoE mice with endometriosis showed significant increases in
plaque development in addition to significant structural differences in aortic root anatomy;,
compared to control ApoE mice. In general, plaque formation increases the thickness of the
arterial wall and reduces the luminal volume of the artery, thereby obstructing the flow of
blood in atherosclerosis.*

Women with endometriosis are at risk for atherosclerosis and cardiovascular disease.1®
Like endometriosis, atherosclerosis is an inflammatory disease with accumulation of lipids
in the wall of arteries leading to the development of atherosclerotic lesions.*® These
lesions can remain stable for long periods of time, however, they eventually harden,
causing arterial rigidity and further narrowing of the lumen. Many risk factors such as
hyperlipidemia, hypertension, inflammation, and diabetes can determine the extent and rate
of atherosclerosis development.? Plasma LDL has a major role in the development of
atherosclerosis®1:52, especially oxidized LDL.534 In the present study, we did not observe
any significant differences in serum lipoprotein levels including LDL, HDL, TGs, and
cholesterol between the two groups of ApoE mice. In the ApoE gene knockout mice the
lipid profile is changed compared to normal mice of the same strain3%; ApoE KO mice
have decreased levels of HDL and increased cholesterol levels, which predispose them
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to atherosclerosis.>>>6 We observed that sham mice developed plagues consistent with
anticipated changes in serum lipid levels that results from deletion of ApoE, however

not as severely as seen in mice with endometriosis,. Further, we observed no changes in
serum glucose levels between the groups, suggesting that diabetes was not a risk factor for
atherosclerosis in this murine model of endometriosis.

We hypothesize that the increased number and size of plaques formed in ApoE mice

may be due to additional inflammation induced by endometriosis. Endothelial dysfunction
triggers the infiltration of monocytes into the artery wall. Monocytes differentiate into
macrophages that are filled with excess cholesterol resulting in the formation of foam
cells. 5798 The foam cells in turn trigger inflammation, further damaging the vessel wall.
In addition to the contribution from foam cells, endometriotic lesions also contribute to
inflammation. We and others have previously demonstrated increased systemic inflammation
in women with endometriosis.1> Here, our data showed significant increases in the

levels of inflammatory cytokines IL1-a, IL-6, IFN-y, and VEGEF in ApoE mice

with endometriosis compared to ApoE mice without endometriosis. These results are
consistent with previously reported results in cardiovascular disease where IL1-a, IL-6,
IFN-y, and VEGF levels are significantly increased.5%-67 Therefore, the increase in these
specific cytokines support a shared inflammatory pathway underlies endometriosis and
atherosclerosis. Similarly, increased angiogenic factor VEGF levels promote lesion growth
by initiating new vascularization.57-68 Increases in VEGF mediated by endometriosis may
further compound the development of atherosclerosis.

Clinical implications—Endometriosis has long been considered a gynecologic disease,
however, it has been increasingly shown to be associated with other systemic illnesses,
including cardiovascular disease. Women with endometriosis are typically lean and do not
have obvious risk factors for cardiovascular disease; it is unknown if the epidemiologic
association with cardiovascular disease is directly related to endometriosis or due to other
cofounders. Determining that endometriosis causes cardiovascular disease may change
efforts to identify and treat the disease, as well as provide a model to test potential
preventative measures.

An immense number of confounders prevent direct attribution of cardiovascular disease

to endometriosis in human studies. Women with endometriosis often undergo surgeries
that impact hormone production and may lead to early menopause. Endometriosis patients
also have a lower BMI and altered behavior. They are treated with multiple hormonal
medications and anti-inflammatory drugs. These interventions all modify cardiovascular
disease, and it is difficult to distinguish the direct effects of endometriosis from our
treatment of the disease. An animal model allows for the determination of cause and effect
without these confounders.

2. Research Implications

This is the first experimental murine model of endometriosis that demonstrates increased
arterial plaque formation caused by endometriosis. While our study has not dissected
the complete signaling pathways involved in inflammation that led to plaque formation,
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these findings support the need for further studies to investigate the underlying molecular
mechanisms. We identify atherosclerosis as a possible sequala of endometriosis as well as
several novel targets to reduce the risk of cardiovascular disease in this population.

3. Strengths and limitation of the study

We chose an intentionally simple model of endometriosis to clearly demonstrate that
endometriosis leads to increased cardiovascular disease. The strength of our study is
induction of endometriosis in ApoE null mice, an inbred strain of mice that allowed
transplantation of uterine tissue to create endometriosis without immune rejection; this
in-vivo murine model allows us to demonstrate severe plaque development due to
endometriosis. Further, the model allowed us to study the effect of inflammation induced
by endometriosis in promoting the development of cardiovascular disease. There were no
changes in the lipid profile while inflammatory-related cytokine levels were significantly
increased. We identify endometriosis as leading to atherosclerosis through an inflammatory
pathway.

While allowing us to determine a causal relationship between endometriosis and
cardiovascular disease, we are also limited by the animal model used to study this disease.
The ApoE null mouse model is the standard model used for atherosclerosis research, and
accurately mimics human plaque formation, however the model used may not account for
all aspects of human endometriosis. Another potential weakness of the study is the variation
in size and development of endometriotic lesions. This limits the ability to assess the degree
of inflammation induced by each lesion reflected by the levels of inflammatory-related
cytokines.

Conclusions

This is the first study demonstrating that ApoE mice with endometriosis exhibit severe
plaque formation likely due to endometriosis induced inflammation rather than changes in
the lipoprotein profile. Inflammation-related cytokines IL1-a, IL-6, IFN-y, and angiogenic
factor VEGF released by or in response to the lesions may contribute to the increased
cardiovascular risks in women with endometriosis. To reduce the risk of cardiovascular
disease, early identification and treatment of endometriosis is essential. Future treatments
specifically targeting inflammatory cytokines may help reduce the long-term risk of
cardiovascular disease in women with endometriosis.
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AJOG at a Glance:
Why was this study conducted?

Endometriosis has long been considered a gynecologic disease, however, it has

recently been demonstrated to be associated with other systemic illnesses, including
cardiovascular disease. Women with endometriosis are typically lean and lack obvious
risk factors for cardiovascular disease; it is unknown if the epidemiologic association
with cardiovascular disease is directly related to endometriosis or due to other
cofounders, including drug effects and surgical treatments. Determining a link between
endometriosis and cardiovascular disease can identify and treat a previously unidentified
at-risk patient population.

Key findings
. Established endometriotic lesion formation in ApoE ™~ mice as evidenced by
histology.
. Identified more severe plaque development in the aortas of mice with

endometriosis compared to controls using Oil Red O (ORO) stain.

. Histology studies with H&E staining revealed that thickening of the aortic
root wall and decreased luminal area in mice with endometriosis.

. Biochemical analysis revealed no change in lipid profile while inflammatory-
related cytokines and angiogenic factor levels were significantly increased in
endometriosis mice.

What does this study add to what is already known?

This is the first study demonstrating increased arterial plaque formation with
endometriosis using a murine model. Endometriosis did not affect the lipid profile but did
increase production of inflammatory-related cytokines known to promote atherosclerosis.
We identify atherosclerosis as a possible sequelae of endometriosis, as well as several
novel targets to reduce the risk of cardiovascular disease in women with endometriosis.
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Figure 1.
Endometriotic lesion formation. (A) Gross morphology of endometriotic lesions from

representative mice. (B) Lesion section stained by H & E showing glandular and stromal
tissue, consistent with endometriosis.
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Figure 2.
Quantification of plaque formation in the aorta. (A) ORO staining demonstrates plaque

formation both in sham and endometriosis ApoE mice. The intensity of the red color is
directly proportional to the amount of plaque formation. (B) Percent of ORO staining

in whole aorta. There was a significant increase (in atherosclerotic plaque formation in
endometriosis group compared to sham group (N=18 per group). Each bar represents the
mean £ SEM; * denotes p=0.0004 between the endometriosis and sham groups.
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Figure 3.
Lumen area and arterial wall thickness in the aortic root. (A) Representative section of the

aortic root stained by H & E. (B) Average lumen area measured in H&E stained sections.
There was significant reduction in lumen area in endometriosis mice. Each bar represents the
mean + SEM. * denotes p < 0.05 between endometriosis and sham groups (n=18. (B) The
average wall thickness of the aortic root measured in H&E stained sections. Wall thickness
was significantly increased in endo mice. Each bar represents the mean = SEM. * denotes p
< 0.05 between endometriosis and sham groups (n=18).
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Figure 4.
Determination of different lipid levels in serum. (A) HDL (B) LDL (C) Triglycerides (D)

Cholesterol (E) Glucose. There were no significance differences in various lipid levels
between the sham and endometriosis groups. Data are presented mean + SEM (n=18).
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Elevated levels of cytokines. Serum levels of cytokines associated with atherosclerosis.
(A) IL1-a, (B) IL-6, (C) IFN-y, and (D) VEGEF. The levels of all these cytokines were

significantly increased in the endometriosis group compared to sham group. Each bar

represents the mean £ SEM (n=18). *denotes p < 0.05 between endometriosis and sham

groups.
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