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ABSTRACT 

Endometriosis is a chronic, inflammatory gynecologic disease defined as the presence 

of uterine lining outside of the uterus. It affects approximately 10% of reproductive-aged 

women and symptoms include pain, infertility, and heavy or irregular menses. 

Endometriosis lesions are characterized by excess iron content and macrophage 

infiltration. Despite decades of endometriosis research, little is known about macrophage 

contribution to disease progression or the systemic effects of endometriosis on other 

physiologic processes. The project objectives were to use a nonhuman primate (NHP) 

model of endometriosis to address gaps in knowledge surrounding tissue macrophage 

function, endometriosis and eutopic endometrium metabolism, and systemic iron 

metabolism. The overall hypothesis for this research was that macaque NHPs provide a 

highly translational platform for studying endometriosis and its effects on overall health in 

women. Macrophage function in endometriosis tissue was studied using NHP archived 

tissue, an in vitro cell culture assay, and RT-qPCR. Endometrium and endometriosis 

tissue metabolism was analyzed using isolated mitochondrial respirometric analysis and 

targeted metabolomics. The effects of endometriosis on systemic iron metabolism were 

identified using NHP and human medical records, NHP tissue histomorphometry, and 

serum ELISAs. In endometriosis tissue, macrophage density correlated with nerve fiber 

density and iron concentration. These relationships among macrophages, nerves, and 

iron provide insight into the composition of endometriosis tissue and may be important 

for studying disease pathogenesis. The cell culture protocols developed in this study 

were the initial steps to further establish an endometriosis macrophage function assay. 

Endometrium and endometriosis tissue from NHPs with endometriosis had decreased 

mitochondrial respiration and metabolism, but the cause of these changes remains 

unknown. Finally, NHPs with endometriosis had hematologic evidence of anemia, and 

systemic iron depletion was identified as the major mechanism. Systemic iron depletion 
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despite a high iron diet suggests oral iron supplementation alone is insufficient to replace 

iron stores. Overall, the information presented in this thesis represents the initial steps 

for more accurately modeling macrophage function in endometriosis, identifies 

decreases in mitochondrial function and metabolites in endometrium and endometriosis 

tissue, and highlights systemic iron depletion as a possible sequella of endometriosis. 

Future research will address the areas of multidimensional macrophage function assay 

development, endometrial biology, and iron replenishment strategies for women with 

endometriosis.   
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CHAPTER ONE – Introduction 

 

Endometriosis is an invasive, chronic inflammatory disease defined as 

hormonally responsive, endometrium-like tissue outside of the uterus. Endometriosis 

affects approximately 7 million reproductive-aged women in the United States, resulting 

in chronic pain, infertility, menorrhagia, sexual discomfort, fatigue, and depression (1). 

Endometriosis treatment is often complex and must take into consideration factors such 

as a woman’s age, disease severity, and future reproductive goals (2). Standard 

treatments include non-steroidal anti-inflammatory drugs (NSAIDs), oral contraceptives, 

progestins, and surgical removal (2). However, no method of treatment provides 

consistent, reliable alleviation of symptoms, which highlights the need for more effective 

treatment options (3). After years of diagnostic tests, surgery, and treatments, 

endometriosis often becomes an economic burden for affected women through 

increased healthcare costs and missed career advancement opportunities—potentially 

costing hundreds of thousands of dollars over the course of a woman’s lifetime (4, 5). 

Simoens et al. reported the total average annual cost of endometriosis at approximately 

$63 billion, an amount comparable to the cost of other chronic diseases, such as 

diabetes and Crohn’s disease (5). Despite the overall impact of endometriosis, many 

questions regarding endometriosis development and associated systemic effects remain 

unanswered (6, 7). Relevant preclinical models, such as nonhuman primates (NHPs), 

provide a highly translatable platform for studying endometriosis and its effects on 

women’s health. 
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Nonhuman Primates as Models of Endometriosis 

Model Justification  

Old world female NHP (such as macaques, Macaca sp.) are ideal models for 

studying endometriosis and women’s health. NHPs have reproductive, hormonal, and 

hematopoietic profiles nearly identical to women including cyclic menses (8). In addition, 

NHPs are 93.5% genetically similar to humans, permitting gene expression studies in 

these animals (9). The use of NHPs avoids logistical issues and potential confounds of 

sampling endometrium or other organs from healthy women for controls. NHPs are also 

a readily available source of peripheral blood leukocytes for studying immune cell 

function, which, in combination with ex vivo macaque tissue, could provide a controlled, 

replicable assay for evaluating leukocyte cytokine production, metabolism, and function. 

NHPs with endometriosis can be acquired through two methods: identification of 

naturally occurring cases (i.e., spontaneous endometriosis) or surgical induction. 

Naturally occurring endometriosis has been identified in over 11 species of non-human 

primates including cynomolgus (Macaca fascicularis) and rhesus macaques (Macaca 

mulatta), mandrills (Mandrillus sphinx), baboons (Papio sp.), a gorilla (Gorilla gorilla), 

and a De Brazza’s monkey (Cercopithecus neglectus) (10-14). Of these, baboons, and 

macaques are the most common species used in biomedical research (15). 

Endometriosis occurs at an observed rate of up to 30% in captive macaque populations 

and has a familial component in rhesus macaques, making them a potential resource for 

studying endometriosis genetic and epigenetic alterations (15-18). Surgical induction of 

endometriosis in otherwise healthy NHPs can be accomplished through implantation of 

the eutopic endometrium (uterine lining) into the abdomen with or without exogenous 

estrogenic stimulation (19). One benefit of surgical induction is that it provides an 

opportunity for studying endometriosis implantation and initial growth. However, one 

limitation is that induced endometriosis models may not accurately represent naturally 



 

12 

occurring endometriosis pathogenesis. This thesis focuses on naturally occurring cases 

of endometriosis in cynomolgus and rhesus macaques identified through the Wake 

Forest Primate Center Comprehensive Animal Record System and Necropsy Database.  

 

Clinical Presentation  

 NHPs with endometriosis exhibit many of the commonly reported human 

symptoms, including pain, infertility, and heavy or abnormal menses (20). In NHPs, pain 

may be observed as clutching the abdomen. More often, symptoms of pain and 

discomfort are subtle and nonspecific. For example, NHPs may sit in a hunched posture 

with or without an overall depressed mentality (21). Overall they may move less than 

their healthy counterparts and engage in fewer social interactions (21). Food 

consumption may also decrease around the time of menses, likely resulting from pain. 

However, the direct link between reduced food consumption and pain has not been 

proven (personal observation). Infertility in NHPs with endometriosis is often harder to 

determine than in humans unless the NHP has constant exposure to a male. The first 

indication of infertility may be failure to become pregnant in the years following a 

successful pregnancy (10). Menses in NHPs with endometriosis may be abnormally 

heavy or irregular, which may be due to cytokine production or alterations in hormone 

production resulting from ovarian involvement (22).  

 Clinical symptoms of endometriosis may also develop secondary to space-

occupying lesions in the abdomen or invasion of other tissues. The investigation into 

proper therapeutic interventions for treating these lesions is a quickly growing area of 

endometriosis research in women (23-25). Endometriosis in NHPs commonly manifests 

as pinpoint to several centimeter diameter cysts filled with a dark brown viscous fluid 

(Figure 1A, arrow). Fibrous peritoneal adhesions may or may not be present, and are 

occasionally the only visible gross lesion (Figure 1B, arrows). Cysts or peritoneal 
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adhesions can entrap intestines and obstruct or slow the flow of digesta. In nonhuman 

primates, the colon often becomes adhered to the posterior vagina or uterus resulting in 

constipation (Figure 1C, arrow indicating colon) (12, 26). Episodes of constipation 

frequently coincide with menses, but it is not clear if other factors, such as decreased 

water intake or physical activity, compound the problem. In women, 3-37% of 

endometriosis cases involve the bowel with constipation as a commonly reported 

symptom (27). Less frequently, endometriosis lesions may lead to elevated serum 

biomarkers of renal or hepatic disease, or surgical site dehiscence when cysts or 

adhesions obstruct ureters, invade the liver or diaphragm (Figure 1D), or develop within 

incisional scars (28). Recently, a case of abdominal wall endometriosis was identified in 

a female rhesus macaque at the Wake Forest Primate Center. The macaque developed 

endometriosis in a surgical incision, six years after a Cesarean section. The incision 

appeared to develop exuberant granulation tissue and began to dehisce (28). Abdominal 

wall endometriosis in NHPs is suspected to be a common sequella of Cesarean section 

surgeries, but the rate is unknown. Cases of urinary, hepatic, and abdominal wall 

endometriosis have also been identified in women (23-25). Taken together, the many 

similarities in clinical presentation between NHPs and women make NHPs an 

appropriate preclinical platform for studying endometriosis-associated symptoms and 

treatments.  

  

Clinical Diagnosis 

 Endometriosis diagnosis in NHPs has similarities and differences to diagnosis in 

women. Laparoscopic examination with biopsy, the gold standard for endometriosis 

diagnosis in women, is possible in larger NHP species (baboons and macaques) (29). 

Laparoscopy is less invasive than laparotomy but still involves some degree of 

anesthetic risk. In NHPs with cyst lesions, abdominal and pelvic ultrasound with 
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transcutaneous cyst fluid collection is an alternative to laparoscopic surgery. While 

abdominal ultrasound with cyst fluid collection also has inherent risks such as possible 

cyst rupture or damage to abdominal structures during cyst fluid collection, it may be a 

quick and relatively inexpensive way to differentiate endometriosis from other possible 

causes of abdominal masses (i.e., neoplasia or infection) (28). Endometriosis cyst fluid 

contains abundant erythrocytes with viable and degenerate macrophages and 

occasional epithelial cells and neutrophils (Figure 2). However, diagnosis of 

endometriosis using abdominal ultrasound with cytological cyst fluid analysis should 

always be made in conjunction with clinical history and current symptoms. Ultimately, 

there is a need for less invasive and more specific endometriosis diagnostic tests in both 

women and NHPs. NHPs provide an opportunity for validating these tests before use in 

women. 
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Figure 1. Abdominal endometriosis lesions in macaques. A) 20.5-year-old, female 
cynomolgus macaque (Macaca fascicularis). The uterus is surrounded by a fluid-filled 
cyst (arrow) that contains a dark brown, viscous substance. B) 11.5-year-old rhesus 
macaque (Macaca mulatta). Diffuse peritonitis in a case of endometriosis with fibrous 
adhesions entrapping the intestines and liver (arrows). The serosanguineous fluid 
(arrowhead) in the image was likely a result of chronic abdominal irritation. C) 14.5-year-
old, female rhesus macaque. The colon (arrow) is adhered to the posterior aspect of the 
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uterus by dense fibrous connective tissue. The uterus (asterisk) is surrounded by a cyst 
that contained dark brown fluid. Arrowheads identify the cervical os for orientation. D) 
24-year-old, female rhesus macaque. Endometriosis cysts within the pleural surface of 
the diaphragm (arrows). The liver remains attached.
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Figure 2. Endometriosis cyst fluid cytology. Endometriosis cyst fluid contains dark 
brown debris and abundant viable and degenerate macrophages (arrows). Few 
neutrophils may also be observed (arrowhead). Modified Romanowsky stain, 40X 
original magnification.  
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Gross and Histologic Pathology 

Endometriosis in women is not commonly associated with mortality. Likewise, NHPs 

may live for years with endometriosis before lesions are identified by postmortem 

examination. Endometriosis in NHPs may lead to other conditions that ultimately result in 

mortality. NHPs are often found dead as a result of hypovolemic shock when cyst 

lesions rupture. Slowly leaking cyst lesions lead to chronic peritonitis that may be painful, 

unresponsive to treatment, and necessitate euthanasia. As mentioned previously, 

endometriosis tissue may invade into the parenchyma of abdominal organs, abdominal 

wall, or skin, resulting in peritonitis, organ failure, or non-healing wounds. Unfortunately 

in these cases, mortality results from euthanasia due to untreatable lesion-associated 

pain.  

 On NHP necropsy examination, endometriosis has many of the similar 

appearances and distribution as identified in women. The most common locations of 

endometriosis in women are the ovaries, uterus, and rectovaginal septum (30). These 

are also common locations for endometriosis lesions in NHPs (31). In contrast to 

women, endometriosis in NHPs often forms a large cyst that surrounds the uterus and 

obscures the ovaries (Figure 1A and 1C). The initial origin of the cyst is unknown, but it 

may first develop near the ovaries or in the rectovaginal cul-de-sac. In NHPs, 

endometriosis may form multiple, pinpoint to several centimeter diameter superficial 

cysts filled with dark brown material scattered throughout the peritoneum or on the 

surface of the uterus (31). These cysts may be observed in conjunction with fibrous 

peritoneal adhesions (32). As mentioned previously, peritoneal entrapment of the 

intestines or other abdominal organs is a common finding at necropsy (Figure 1B) (28, 

32). NHPs with endometriosis complications may have peritonitis, hemoperitoneum, or 

other associated lesions (10, 12). Finally, the occasional NHP may not have any gross 
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evidence of endometriosis. In these cases, endometriosis may not be confirmed until 

histopathological evaluation of tissues (personal experience).  

NHP endometriosis tissue is histologically similar to that of women (Figure 3A) 

(11, 31). Endometriosis tissue consists of glandular cuboidal epithelium (Figure 3A, 

arrow) supported by a highly cellular stroma (Figure 3A, asterisk). Macrophages, 

especially those filled with iron (Figure 3A, arrowhead), and granular leukocytes are 

considered “hallmarks” of endometriosis pathology (11, 32). Furthermore, NHP 

endometriosis tissue expresses similar functional responses to hormone stimulation and 

immunohistochemical patterns of estrogen and progesterone receptors. For example, 

NHP endometriosis tissue decidualizes when stimulated by endogenous or exogenous 

progesterone (Figure 3C) (32). Decidualization is a natural process that occurs in the 

early stages of pregnancy to prime the endometrium for embryo implantation. 

Decidualized stromal cells become polygonal with distinct cell borders and abundant 

pale, eosinophilic cytoplasm. While decidualization is a normal process, exuberant 

decidualized endometriosis tissue may be mistaken for neoplasia, or rarely, in results in 

secondary complications such as hemoperitoneum or pneumothorax (33, 34). The 

similarities between women and NHPs endometriosis histology, hormone receptor 

expression and macrophage-based inflammation make NHPs valuable for studying 

molecular aspects of the disease including macrophage function, neuroangiogenesis, 

peritoneal inflammation, and treatment (31, 35-39). 

 

Endometriosis Severity Classification  

 In women, endometriosis severity is scored by the American Society for 

Reproductive Medicine (ASRM) staging scheme (27) The ASRM classification system 

takes into account endometriosis lesion size and invasiveness (i.e., superficial or deep), 

as well as extent and type of abdominal adhesions. Stages are classified as I-IV, with 
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stage IV being the most severe. An adapted ASRM classification scheme is used to 

stage endometriosis in NHPs (40). Distribution of endometriosis severity scores 

assigned to NHPs at the Wake Forest Primate Center followed a “U”-shaped distribution, 

similar to the distribution of endometriosis in women (personal communication)(Figure 

4). ASRM classification schemes provide a way to compare results according to lesion 

severity among species. 

 

Conclusions  

NHPs develop endometriosis that is similar to women with many of the same 

symptoms.  Therefore NHPs provide a translatable model for studying endometriosis 

and its effects on women’s health. The next few sections provide background 

information and rationale for the endometriosis studies presented in this thesis.  
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Figure 3. Endometriosis tissue histology. A) Endometriosis, rhesus macaque 
(Macaca mulatta). Endometriosis tissue is composed of two main tissue types: a 
glandular epithelium (arrow) and a highly vascular stroma (asterisk). Hemosiderin-laden 
macrophages (arrowhead) are also a characteristic feature. H&E, 40X original 
magnification. B) Endometrium, rhesus macaque. Comparative histology of uterine 
endothelium with columnar epithelial glands (arrow) and a highly vascular, densely 
cellular stroma. H&E, 40X original magnification. C) Decidualized endometriosis in a liver, 
rhesus macaque. NHP endometriosis tissue is responsive to progesterone stimulation 
similar to endometriosis in women. Under the influence of exogenous or endogenous 
progestins, endometriosis tissue decidualizes. Stromal cells are polygonal with granular 
cytoplasm. H&E 20X original magnification.  
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Figure 4. NHP endometriosis severity classification. Lesion severity distribution as 
assigned by an adapted American Society for Reproductive Medicine endometriosis 
classification scheme in NHPs. Percent of total cases for each category are presented 
with I = mild and IV = severe. Data comes from a cohort of cynomolgus macaques at the 
Wake Forest Primate Center that were diagnosed with endometriosis at necropsy (n = 
16). Additional demographics on these NHPs were unavailable.   
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Endometriosis Pathogenesis 

Several hypotheses exist for why endometriosis develops, but most propose 

some variation in cell activation, hormonal stimulation, or immune system evasion (41). It 

is highly likely that more than one factor contributes to initial development, invasion, and 

growth – a “multiple-hit” hypothesis resulting in the perfect environment for 

endometriosis growth. One of the most widely accepted origin theories is Sampson’s 

hypothesis of retrograde menstruation (42). Sampson’s theory hypothesizes that 

menstrual fluid flux through the fallopian tubes and into the abdomen (i.e., retrograde 

menstruation) leads to endometriosis development. Menstrual fluid contains endometrial 

stem cells from the zona basalis that are programmed to develop with proper stimulation 

(43). However, up to 90% of women exhibit retrograde menstruation but only 10% 

develop endometriosis. In addition, endometriosis has been identified in locations other 

than the pelvic cavity and as far as the pleural cavity and vertebral bodies (44, 45). 

Venous or lymphatic spread of endometrial fluid may explain these cases but does not 

explain a case of paratesticular endometriosis in a man undergoing estrogen therapy for 

prostatic adenocarcinoma (46). This case of paratesticular endometriosis could be 

explained by mesothelial metaplasia or embryonic Müllarian duct remnants. Mesothelial 

cells or Müllarian duct remnants may become activated as a result of estrogenic 

stimulation or chronic cellular injury (26, 47). Once an endometriosis precursor cell or 

cells are activated, they must persist without immune system removal. One hypothesis 

for endometriosis implant persistence is that immune dysfunction, such as overcoming 

the monocyte-macrophage system of menstrual debris removal, “permits” initial implants 

to survive and develop (48). A better understanding of endometriosis pathogenesis 

would provide insight into therapeutic targets (such as macrophages) for early treatment 

with a drug that would prohibit implant growth or decrease lesion size. Prohibiting 
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implant growth would also decrease endometriosis inflammation and associated clinical 

symptoms, which would improve quality of life for women with endometriosis while 

reducing healthcare costs (49, 50).  

 

Inflammation in Endometriosis   

Endometriosis lesions are histologically and functionally similar to the eutopic 

endometrium (Figure 3A and 3B). It contains two major components: epithelial cells that 

line glands (Figure 3A, arrow) and the highly vascular endometrial stroma (Figure 3A, 

asterisk). Both elements are responsive to ovarian hormone stimulation and, as a result, 

sections of epithelium and stroma cyclically proliferate, undergo apoptosis, and slough. 

In contrast to the endometrium, sloughed endometriosis tissue cannot be expelled from 

the body, and cellular debris accumulates as a dark brown, viscous fluid within cysts (51-

53). Cyst fluid is comprised of cellular debris, hemoglobin, heme and abundant viable 

and degenerate macrophages (Figure 2) (54-57). Hemoglobin can further degrade into 

heme, which contains one iron molecule in the ferrous state (Fe2+). Iron molecules 

undergo the Haber-Weiss-Fenton reaction if released from the heme unit. The Haber-

Weiss-Fenton reaction is a redox reaction that generates damaging hydroxyl radicals 

(58). The resulting reactive oxygen species (ROS) oxidize lipids, damage DNA, increase 

autophagy, and denature proteins (59-61). Macrophages in endometriosis lesions can 

directly scavenge erythrocytes from local microvascular hemorrhages or free 

hemoglobin. These macrophages are classically observed filled with hemosiderin, a by-

product of iron metabolism. Apoptosis of iron-laden macrophages may further contribute 

to local oxidative stress and inflammation (62). Cells damaged from ROS release 

additional proinflammatory cytokines and chemotactic factors (interleukin-1-beta [IL-1β], 
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tumor necrosis factor-alpha [TNF-α], monocyte chemotactic protein 1 [MCP-1], and 

interleukin-6 [IL-6]), recruiting additional leukocytes to the tissue (56).  

 

Macrophage Contribution to Endometriosis Development and Inflammation 

Macrophages are the most common immune cell identified within endometriosis 

lesions and are hypothesized to be the first defense against endometriosis tissue 

implantation and growth (Figure 5) (48, 53, 63-65). Macrophages in endometriosis are 

typically classified as anti-inflammatory as they express CD163 (hemoglobin-haptoglobin 

scavenger), CD208 (mannose receptor) and secrete anti-inflammatory cytokine IL-10 

(35, 66-69). The proinflammatory (i.e., classically activated or M1) versus anti-

inflammatory (i.e., alternatively activated or M2) macrophage classification scheme is 

based upon in vitro macrophage cytokine production, arginine metabolism, and surface 

receptor expression in response to stimulation by specific factors (70). Observations in 

mouse model and in vitro studies support the central role of macrophages in 

endometriosis tissue development and growth through four important observations. First, 

tissue-resident peritoneal macrophages fail to phagocytize initial endometrial cell 

implants outside of the uterus (66). Second, anti-inflammatory macrophages induce 

proliferation of fibroblasts observed with chronic inflammation and support 

neuroangiogenesis through secretion of TNF-α, vascular endothelial growth factor 

(VEGF), angiopoietin receptor (Tie-2), platelet-derived growth factor (PDGF), and MCP-

1(71). Third, macrophages in endometriosis lesions are found in proximity to nerves and 

stimulate nerve fiber formation and activation, making them promising targets for treating 

endometriosis-associated pain (48, 72-74). Finally, altering or reducing numbers of anti-

inflammatory macrophages from endometriosis lesions decreases lesion size (66, 69, 

75-78). However, the majority of these endometriosis macrophage classification and 
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function studies examine a few macrophage surface markers or cytokine production in 

vitro by mouse, NHP, or human peritoneal macrophages. Other studies rely solely on 

surface markers observed on static tissue immunohistochemistry. Currently, no research 

specifically evaluates biochemical pathways involved in cellular debris phagocytosis or 

iron scavenging and metabolism—two potentially important functions of endometriosis-

associated macrophages (72).  

Macrophages are dynamic, and tissue context is essential to understanding 

macrophage function in endometriosis (70). Current in vitro models of macrophage 

function lack specific endometriosis tissue characteristics, such as a high hemoglobin or 

heme environment, that are needed to determine tissue influences on function (55). 

Elevated intralesional iron may decrease macrophage ability to phagocytize cellular 

debris directly through ROS lipid membrane oxidation or indirectly through other 

unknown mechanisms (72). Macrophages play a crucial role in hemoglobin, heme, and 

free iron metabolism and scavenge hemoglobin and heme through the CD163 and CD91 

scavenging receptors, respectively (79). Free hemoglobin securely binds to haptoglobin, 

an acute phase protein made by the liver, that circulates in plasma (80). Endocytosis of 

these hemoglobin and haptoglobin complexes is the most efficient method of 

hemoglobin and haptoglobin scavenging (81). Endocytosed hemoglobin within 

phagocytic vacuoles is broken down into heme and globulins before being transported 

into cytosol by heme transporter 1. In the cell cytosol, heme is further degraded into 

Fe2+, carbon monoxide and biliverdin by heme oxygenase-1 (HO-1) (82). The Fe2+ can 

then be incorporated into the intracellular labile pool of iron for processing or exported 

through ferroportin (82). Most often in hemorrhage, there are insufficient levels of local 

haptoglobin to bind the massive amount of available hemoglobin. However, 

endometriosis stromal and epithelial cells produce a haptoglobin variant (67). Some 

studies suggest the haptoglobin variant may decrease macrophage ability to engulf 
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cellular debris and contribute to endometriosis development, however, the underlying 

mechanism is still unclear (67). True to its nature as an acute phase protein, haptoglobin 

production by endometriosis tissue increases with increased inflammatory cytokine 

concentrations (83). This positive correlation between haptoglobin production and 

inflammation means macrophage ability to engulf debris would decrease when tissue 

damage and inflammation increased. Little is known about CD163- or CD91-mediated 

iron scavenging in endometriosis macrophages. A better understanding of the effects of 

hemoglobin or heme scavenging on endometriosis macrophage function is essential for 

understanding endometriosis pathogenesis. Based on current knowledge, macrophages 

are an important part of endometriosis growth (66, 74, 84). Development of an in vitro 

assay of macrophage function that mirrors the endometriosis environment would provide 

a replicable, high-throughput platform for testing currently available or novel therapeutics 

on macrophage function before moving into a preclinical NHP model.  
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Figure 5. The potential role of macrophages on lesion growth and systemic health. 
1) Macrophages exposed to a high hemoglobin (Hb) environment take on an anti-
inflammatory phenotype (designated here as M(Hb)) that drives endometriosis 
progression through the secretion of vascular endothelial growth factor, tumor necrosis 
factor-α, and platelet-derived growth factor. Macrophages also scavenge iron and 
cellular debris. 2) Current literature suggests high concentrations of Hb in endometriosis 
may reduce the ability of macrophages to scavenge iron and cellular debris leading to 3) 
increased tissue damage and local inflammation. 4) Macrophages recruit more 
inflammatory cells into lesions through secretion of macrophage chemotactic protein-1. 5) 
Inflammation in the form of ROS and proinflammatory cytokines eventually build up in 
endometriosis tissue and into systemic circulation. 6) Once in circulation, 
proinflammatory cytokines, such as IL-6, may result in hepcidin production in the liver. 
Hepcidin is a peptide that decreases iron export from cells through the iron transporter 
protein, ferroportin. As a result, macrophages in endometriosis would be unable to 
export scavenged iron to prevent toxicity, adding to the inflammatory milieu.   
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Systemic Effects of Endometriosis  

Inflammation is an important feature of endometriosis and may have systemic 

implications. Women with endometriosis have increased peritoneal fluid and serum 

biomarkers of inflammation and oxidative stress, including IL-1, IL-6, IL-8, TNF-α, nitric 

oxide, and malondialdehyde (48, 85, 86). Previous metabolomics-based studies in 

women with endometriosis revealed elevated serum levels of metabolites involved with 

pyruvate metabolism, oxidative stress, and thiobarbituric-reactive substances compared 

to women receiving a laparoscopic exam for other reasons (77, 87). In response to 

increased ROS, peritoneal fluid levels of antioxidants, such as superoxide dismutase, 

are decreased in women with endometriosis suggesting antioxidants are consumed 

neutralizing the free radicals (62, 87-90). While there is a relationship among 

endometriosis, inflammation, and oxidative stress, additional research is needed into the 

sources of free radicals, and the effects of free radical formation on immune cell function 

and tissue metabolism (62, 88, 89).  

As mentioned previously, macrophages and iron oxidation are two sources of 

ROS in endometriosis. Other potential sources of ROS exist, such as endometriosis 

mitochondria (91). Mitochondria produce ROS naturally as a byproduct of the electron 

transport chain (ETC) (92). In some chronic inflammatory diseases, chronic ROS 

accumulation in cell cytosol around mitochondria directly oxidizes mitochondrial 

membranes or damages mitochondrial DNA (93). Mitochondrial damage or dysfunction 

would result in to aberrant ROS production and increase local tissue damage. 

Understanding mitochondrial function and tissue energy metabolism may provide 

additional, non-hormone targets for decreasing tissue growth and endometriosis-

associated inflammation.  

Many clinical symptoms of endometriosis can be attributed, at least in part, to 

systemic or local peritoneal inflammation (5, 20, 94). Local unopposed production of 
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ROS decreases fertility by reducing oocyte quality and decreasing embryo implantation 

(95-99). Pain may result from macrophages production of inflammatory cytokines, such 

as IL-1β and TNF-α, which activate pain nerve fibers (69, 100). Dysmenorrhea and 

menorrhagia may result from ovarian involvement in lesions, altering the production of 

hormones that control the menstrual cycle (100, 101). Fatigue, weakness, and malaise 

are often reported by women with endometriosis and are common nonspecific symptoms 

of chronic inflammatory disease (102-104).  There is also growing evidence that women 

with endometriosis may have systemic iron depletion. In a study by Manolov et al., 

women with endometriosis had decreased serum ferritin with elevated serum levels of 

hepcidin (105). Hepcidin is a peptide produced by the liver in systemic inflammation, 

reducing iron export from cells and iron availability for hematopoiesis and other cellular 

processes (106). Furthermore, women with endometriosis exhibit heavy or irregular 

menses. Over time, menstrual losses may result in systemic iron store depletion, adding 

another layer of complexity to iron kinetics in women endometriosis (107). The clinical 

implications of systemic inflammation and chronic blood loss remain unknown. Further 

research into endometriosis systemic iron metabolism and the association with chronic 

inflammation is needed.  
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Figure 6. Schematic showing the proposed relationships among chronic systemic 
inflammation, blood loss, and iron metabolism. Endometriosis results in production 
of inflammatory cytokines that stimulate release of hepcidin from the liver. Hepcidin 
decreases iron available for cellular metabolism and erythropoiesis. Blood is also lost 
from the body through heavy menstruation or into lesions. Over time, iron stores in the 
liver or bone marrow become depleted and may lead to clinical manifestations of iron 
deficiency (i.e., anemia). Erythroferrone released from erythroblasts reverses the effect 
of hepcidin on bone marrow and allows for erythropoiesis during menses. 
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Conclusions 

In summary, endometriosis is a chronic gynecologic disease characterized by 

chronic inflammation, pain, and infertility. There are current gaps in knowledge regarding 

the effects of intralesional macrophages on endometriosis lesion progression and how 

macrophage iron scavenging and cellular debris phagocytosis changes in response to 

the endometriosis environment. Additionally, there is a need for an easily replicable, 

translational in vitro assay that could be used to identify relevant endometriosis 

macrophage metabolism pathways and test potential macrophage-targeted therapeutics. 

Inflammation and oxidative stress are features of endometriosis and likely result from 

iron oxidation and intralesional leukocytes. It is currently unknown if or how ROS affect 

endometriosis or endometrial mitochondrial or tissue metabolism, adding to local 

inflammation. Finally, studies show women with endometriosis may have systemic iron 

depletion with elevated serum levels of hepcidin (105). However, the clinical implications 

and mechanisms behind these changes are unknown. The project objectives were to 

use a nonhuman primate model of endometriosis to address gaps in knowledge 

surrounding tissue macrophage function, endometriosis and eutopic endometrium 

metabolism, and systemic iron metabolism. The overall hypothesis for this research was 

that macaque NHPs provide a highly translational platform for studying endometriosis 

and its effects on overall health.  

 

This thesis addresses gaps in endometriosis knowledge through the following specific 

aims: 

1. Investigate the role of endometriosis-associated macrophages on disease 

pathogenesis through development of an in vitro assay of macrophage iron 

metabolism and phagocytosis, and characterization of macrophages in 

NHP endometriosis tissue. Macrophages in endometriosis are classified as 
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anti-inflammatory based on immunohistochemical expression of CD163 and 

CD206 receptors. Most of the current knowledge of endometriosis macrophage 

function is extrapolated from isolated peritoneal macrophages without 

consideration for the unique characteristics of the endometriosis environment: 

microvascular hemorrhages, free hemoglobin, readily available haptoglobin, 

cellular debris and proinflammatory cytokines. Furthermore, these studies 

suggest high intralesional levels of hemoglobin induce macrophage 

differentiation into an anti-inflammatory phenotype, which contributes to fibroblast 

differentiation and lesion growth. In this thesis, an in vitro assay of macrophage 

function and phagocytosis was developed to delineate the effects of hemoglobin 

and haptoglobin on macrophage function including macrophage ability to 

phagocytize cellular debris. NHP endometriosis tissue was stained for CD163+ 

macrophages, PGP9.5+ nerves, and iron to evaluate macrophage influence on 

endometriosis tissue. Additional details of this study are presented in Chapter 

Two.   

 

2. Identify metabolic differences in eutopic endometrium and endometriosis 

tissue from macaques with endometriosis. Inflammation and oxidative stress 

are key characteristics of endometriosis. ROS may have deleterious effects on 

cellular energy metabolism or mitochondrial function. Mitochondrial dysfunction is 

also suspected to contribute to ROS production in other chronic inflammatory 

diseases such as irritable bowel disease. Study of tissue metabolomics may 

provide insight into the endometriosis physiology, mitochondrial function, and 

drivers of tissue growth. Metabolomic analysis of serum from women with 

endometriosis revealed elevated levels of metabolites associated with glucose 

metabolism and oxidative stress. However, no studies have examined 
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endometriosis or eutopic endometrium metabolism using tissue metabolomics. 

Mitochondrial oxidative phosphorylation was evaluated in endometriosis tissue 

and endometrium using an extracellular flux assay to measure mitochondrial 

oxygen consumption. Targeted metabolomics was also used as a way to assess 

overall changes in endometriosis tissue and eutopic endometrium metabolic 

function. The results of these analyses are presented in Chapter Three. 

 

3. Evaluate the effects of endometriosis on systemic iron kinetics. Women 

with endometriosis often report fatigue as a symptom of endometriosis. Systemic 

iron depletion with elevated serum levels of hepcidin has also been reported in 

women with the disease. Archived tissue and hematologic data from 46 NHPs 

with endometriosis were used to characterize systemic iron metabolism in 

endometriosis. Tissue was evaluated using immunohistochemistry, Prussian blue 

histochemical reactions, and ELISA assays. The Wake Forest Electronic Medical 

Record Database was also used to determine if women with endometriosis 

exhibit hematological signs of anemia or iron depletion. These data and 

conclusions are described in Chapter Four and Appendix, Part C. 

 

Overall, these studies found correlations between macrophages and features of the 

endometriosis environment (iron and nerve fibers), and that treatment may have 

implications on macrophage function (Chapter Two.) Preliminary steps towards the 

development of an in vitro and tissue-based assay of macrophage function were also 

presented in Chapter Two. In Chapter Three, decreases in endometrium and 

endometriosis tissue mitochondrial energy metabolism were identified, though the 

source of these changes remains unknown. Finally, over 50% of NHPs with 

endometriosis were anemic and had decreased hepatic and bone marrow iron at 
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necropsy (Chapter Four). Serum hepcidin levels were decreased compared to clinically 

healthy NHPs, which suggests systemic iron depletion, not inflammation, plays a 

significant role in endometriosis-associated hematologic abnormalities (Chapter Four). 

Final results and conclusions for each chapter are outlined in Chapter Five. The 

implications of this research, study limitations and strengths, and future directions are 

also presented in Chapter Five.  
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Abstract  

Introduction 

Endometriosis is a chronic gynecologic disease in which uterine lining develops outside 

of the uterus. Macrophages are the primary immune cell associated with endometriosis 

and are hypothesized to be essential for lesion neurogenesis and growth. However, 

current knowledge of endometriosis macrophage function is extrapolated from 

nonhuman primate (NHP) and human peritoneal macrophages or endometriosis 

histology. Therefore it is unknown how macrophages in tissue affect the growth of 

endometriosis lesions. Conversely, it is unclear how the endometriosis environment 

affects macrophage function, specifically iron scavenging and phagocytosis. We 

hypothesize a high hemoglobin environment, characteristic of endometriosis, decreases 

macrophage ability to phagocytize cellular debris and metabolize iron and increases the 

release of macrophage-derived growth factors that could subsequently promote 

endometriosis lesion progression.   

Methods 

Twenty-eight endometriosis samples were collected from nonhuman primates (NHP) of 

varying backgrounds (e.g., diet, origin, experimental protocols) and clinical treatment 

exposures, including anti-inflammatory or progestin drugs. Endometriosis tissues were 

stained for CD163+ macrophages, PGP9.5+ nerves, and iron. Macrophage and nerve 

density and iron (% area) were measured in all 28 samples. Data were analyzed with 

and without consideration to previous treatment exposure (none [CTRL], nonsteroidal 

anti-inflammatory drugs [NSAIDs], or depo-medroxyprogesterone acetate [DMPA]). 

Monocytes isolated from two clinically healthy NHPs were treated with protein kinase 

activator phorbol 12-myristate 13-acetate (PMA, macrophage control) or hemoglobin and 
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haptoglobin (HH) to reflect the high hemoglobin endometriosis environment. A second 

set of monocytes isolated from the same clinically healthy NHPs received identical 

treatments plus opsonized carboxyl beads as a functional assay of macrophage 

phagocytosis. Cells were incubated overnight then collected for genetic analysis for 

select cytokines, factors, and surface receptors.  

Results 

Within endometriosis tissue, macrophage density was positively correlated with nerve 

density and iron concentration. DMPA treated NHPs had increased macrophage and 

nerve fiber densities compared to control or NSAID groups. In vitro, PMA treated 

monocytes had significantly increased ARG1, HMOX1, VEGF, CD11b, CD68, and FTH1 

expression. Monocytes treated with the highest concentration of HH (250 µg/mL) and 

incubated with the opsonized beads exhibited significant increases in SLC48A1, FGF, 

and CASP3 expression.  

Discussion  

In summary, these data demonstrated a basic correlation between macrophages and 

iron in NHP endometriosis tissue, which suggests a possible role of iron on macrophage 

recruitment into lesions. Macrophage densities also increased with nerve fiber density, a 

finding consistent with human endometriosis biopsies. Endometriosis tissue from NHPs 

treated with DMPA had higher concentrations of macrophages and nerves. In vitro, PMA 

treatment of monocytes resulted in macrophages with an anti-inflammatory phenotype. 

Monocytes incubated with 250 µg/mL HH and carboxyl beads exhibited transcriptional 

evidence of heme toxicity. Altogether these data begin to delineate the relationship 

between macrophage function and the endometriosis environment.   
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Introduction 

Macrophages are the primary immune cell associated with endometriosis and are 

hypothesized to be the first defense against endometriosis invasion and growth (1, 2). 

Endometriotic macrophages in human and nonhuman primate (NHP) tissue acquire an 

anti-inflammatory phenotype and express CD163 and CD206 receptors as observed on 

immunohistochemistry. However, most of the current knowledge of endometriosis 

macrophage phenotype and function has been extrapolated from human or NHP 

peritoneal macrophages (2, 3). Macrophage phenotype is highly tissue-specific and can 

change over time, making peritoneal macrophages poor representatives of 

macrophages within endometriosis tissue (4). Furthermore, macrophages recruited to 

endometriosis tissue encounter a unique environment characterized by microvascular 

hemorrhages, free hemoglobin and heme, cellular debris, reactive oxygen species 

(ROS), and proinflammatory cytokines (5-8). Macrophage plasticity is especially crucial 

in endometriosis as the tissue may change over time with the menstrual cycle or in 

response to treatments (6, 9, 10). 

Macrophage function may affect endometriosis lesion growth. The CD163 

receptor, also known as the hemoglobin-haptoglobin scavenging receptor, is the most 

efficient means of hemoglobin scavenging in the body (11). The CD163 receptor 

mediates uptake of free hemoglobin and hemoglobin that is bound to the acute phase 

protein, haptoglobin. Haptoglobin significantly increases the efficiency of CD163-

mediated hemoglobin scavenging (12). Circulating haptoglobin is readily depleted in 

hemorrhage or hemolysis since greater quantities of available hemoglobin quickly and 

covalently bind to the more limited haptoglobin. In contrast, haptoglobin produced by 

endometriosis tissue results in a greater proportion of hemoglobin-haptoglobin 

complexes (HH) and increased endocytosis of iron by the CD163 receptor, producing 
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macrophages overladen with iron. Binding of hemoglobin-haptoglobin complexes also 

increases activation of the iron metabolism enzyme, heme oxygenase-1, and decreases 

expression of specific phagocytosis receptors (13). Furthermore, haptoglobin induces 

macrophages to produce anti-inflammatory and pro-growth cytokines and neuro-

angiogenic factors (2, 14, 15). In vitro, macrophages stimulated by HH complexes 

produce significantly higher levels of IL-10, macrophage chemotactic protein-1 (MCP-1), 

and interleukin-1 receptor antagonist (IL-1RA) compared to IL-4 or LPS-stimulated 

macrophages (14). There is a lack of information regarding macrophage cytokine or 

factor production or debris phagocytosis in endometriosis tissue. It is also unknown how 

macrophages characteristics in endometriosis compare to in vitro studies using 

peritoneal macrophages. Consequently, there are significant gaps in knowledge 

regarding macrophage iron metabolism and phagocytic ability in response to stimulation 

with HH in vitro or in endometriosis tissue.  

In the present study, archived nonhuman primate (NHP) endometriosis tissue 

and isolated peripheral blood monocytes were used to investigate the mechanisms 

influencing macrophage differentiation and function in endometriosis. Combining ex vivo 

and in vitro experiments allows for identifying essential tissue characteristics and 

replicating them in a controlled environment. Old World NHPs provide a highly 

translational platform for studying endometriosis inflammation and macrophage 

metabolism because they experience menstrual cycles and develop spontaneous 

endometriosis (16, 17). Macaque peripheral blood monocytes provide a model of 

monocyte recruitment and activation as it likely occurs in vivo, with physiologic levels of 

estrogen receptor alpha and CD163 expression. We hypothesize that hemoglobin 

released into endometriosis lesions would increase expression of CD163, reduce 
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macrophage phagocytosis activity, and increase production of anti-inflammatory 

cytokines or growth factors that support endometriosis tissue growth.   

 

Materials and Methods 

Ex vivo Macrophage, Nerve Fiber, and Iron Quantification 

A total of 28 cases of endometriosis were identified in the Wake Forest Necropsy 

Database including 16 cynomolgus (Macaca fascicularis), 11 rhesus (Macaca mulatta), 

and one pigtail (Macaca nemestrina) macaque (mean age 17.48, range 7-31 years). 

These animals were part of Wake Forest IACUC-approved studies conducted under the 

Guide for the Care and Use of Laboratory Animals, Animal Welfare Act, and Animal 

Welfare Regulations (18, 19). Animals were necropsied as part of experimental 

endpoints or to determine the cause of unanticipated death. Tissues collected at 

necropsy were fixed in 10% neutral buffered formalin or 4% paraformaldehyde and 

paraffin embedded. Cases were separated into three cohorts, depending on clinical 

treatment received within two weeks of necropsy: 1) nonsteroidal anti-inflammatory 

drugs (NSAIDs, ketoprofen or meloxicam, n = 8), 2) depo-medroxyprogesterone acetate 

(DMPA, n = 4) or 3) no treatment (CTRL, n = 16). Each case of endometriosis was also 

assigned a modified American Society for Reproductive Medicine (ASRM) endometriosis 

severity score to determine overall severity range and potential differences among 

groups (20, 21). ASRM severity scores provide a standardized method for describing the 

extent of disease and are based on invasiveness and location of lesions. Stage I 

corresponds to minimal and stage IV to severe lesions.   
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Immunohistochemistry  

Tissue sections were stained for macrophages (anti-CD163, 1:800, mouse 

monoclonal, clone EDHu-1, Invitrogen™, Waltham, MA, USA) and nerves (PGP9.5, 

ready-to-use solution, rabbit polyclonal, 318A-18, Sigma, Burlington, MA) or iron 

(Prussian blue histochemical reaction). Anti-CD163 and anti-PGP9.5 stains were 

performed using an automated staining system (Leica Bond RX, Leica Biosystems Inc., 

Buffalo Grove, IL). The Leica Polymer Refine Red Detection Kit DS9390 (Fast Red) and 

Leica Polymer Refine Detection Kit DS9800 (DAB) were used to detect CD163 and 

PGP9.5, respectively. Tissues were counterstained with Mayer's hematoxylin, and 

images were obtained using BX61VS Olympus microscope with Pike camera (Olympus 

Corporation, Waltham, MA,). Only areas of endometriosis tissue with defined epithelial 

glands and stroma (designated as the region of interest) were analyzed with image 

analysis software (Image Pro Premiere 9.1, Media Cybernetics, Inc., Rockville, MD, 

2012) by an observer blinded to treatment groups. Primary macrophage location 

(epithelium or stroma) was noted for each case. Nerves and macrophages were 

quantified per square millimeter (mm2). Finally, Prussian blue-stained slides were 

analyzed for percent iron of total evaluated area.  

In vitro Macrophage Function Assays 

Whole blood was obtained from two adult female rhesus macaques without 

endometriosis. All macaques used for in vitro assays were naïve controls in a long-term 

observational cohort, housed and cared for under the Guide for the Care and Use of 

Laboratory Animals, Animal Welfare Act, and Animal Welfare Regulations (18, 19). 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using 

Leucosep™ tubes (Greiner Bio-one, Monroe, NC) and Ficoll® Paque Plus (GE 
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Healthcare, Marlborough, MA). CD14+ and CD16+ monocytes were isolated using 

magnetic bead selection kits (CD14+ nonhuman primate Microbeads and CD16+ Human 

Monocyte Isolation Kit, Miltenyi Biotech, Germany). The resulting population, verified 

using flow cytometry, was a 91.3% pure mixture of CD14+CD16-, CD14+CD16+, and 

CD14-CD16+ monocytes (Dissertation Appendix Figure A1). Monocytes were plated in a 

24-well cell plastic culture plate (Corning™ Falcon™, Corning, NY) with RPMI 1640 plus 

10% heat-inactivated fetal bovine serum (FBS), and 1% penicillin and streptomycin. 

Phorbol 12-myristate 13-acetate (PMA, lot# 155505-24, Fisher BioRagents®), or human 

hemoglobin (lot# SLBM7780V, Sigma-Aldrich, Burlington, MA) and human haptoglobin 

(pooled, lot# SLBV2433, Sigma-Aldrich) were added to each well in concentrations of 

200nM (PMA), or 50, 150, or 250 mg/mL (hemoglobin and haptoglobin, HH). Phosphate 

buffered saline (PBS) was used as a control. IgG-opsonized carboxyl beads were added 

at a 1:500 dilution (0.1um mean diameter, Cayman Chemicals, Ann Arbor, MI) to a 

second series of cells treated with 200nM PMA, or 50, 150, or 250 mg/mL HH to model 

phagocytosis. Next, cells were incubated at 37°C and 5% CO2 for 24 hours before RNA 

extraction. This experiment was repeated twice, using the same two NHPs, resulting in 

two biological replicates for each treatment group. The experimental design is illustrated 

in Figure 1. 

After 24 hours, RNA was extracted from cells using the RNeasy microkit (Qiagen, 

Hilden, Germany) and sample concentrations were measured using a NanoDrop™ 

spectrophotometer. Sample 260/280 ratios over 1.5 were considered adequate for 

downstream processing. RNA was reverse transcribed into cDNA and relative gene 

expression determined for a custom combination of 36 target genes using real-time, 

quantitative PCR (RT-qPCR, RT2 Profiler Custom Plates, Qiagen, Hilden, Germany). 

Target genes are listed in Table 1. Custom primers and probes were used for estrogen 
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receptor alpha (Esr1) and CD163 RT-qPCR (Table 2.) PCR amplification was performed 

using an Applied Biosystems, Fast 7500 RT-PCR Thermocycler (Waltham, MA).  

A human monocytic leukemia cell line (THP-1 cells, ATCC® TIB-202™) was 

used to confirm bead and hemoglobin uptake into cells. THP-1 cells were incubated at 

37°C and 5% CO2 for 24 hours in a 24-well cell plastic culture plate with the RPMI 1640 

culture mixture described above. HH were added to each well at concentrations of 50 or 

150mg/mL. Once again, phosphate buffered saline (PBS) was used as a control. After 

24 hours, cells were released from the plate by a five-minute incubation with a non-

enzymatic disassociation buffer at 37°C (Gibco™ Waltham, MA). Cells from each group 

were incubated with trypan blue, washed and adhered to slides using a cytospin 

centrifuge. Slides were counterstained and coverslipped using ProLong™ Gold Antifade 

Mountant with DAPI (Invitrogen™). Images were captured with an FV1200 Spectral 

Confocal microscope (Olympus Corporation).  

Statistical Analysis 

Histomorphometry-based nerve and macrophage densities were correlated to 

each other and iron percent area using Pearson correlation (r). Macrophage and nerve 

densities, and iron percent area were compared among control, NSAID and DMPA 

treatment groups using a one-way analysis of variance (ANOVA) with Bonferroni 

posthoc test.  

Each in vitro gene threshold cycle (Ct) was compared to the internal 

housekeeping gene (HPRT) to determine delta Ct. These delta Ct values were 

compared to their respective PBS controls to calculate fold change based upon 

previously established guidelines (22). Gene expression fold change higher than two 

was considered significant. Fold change was compared across cell culture treatment 
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groups for those incubated without (CTRL) and with (PHAGO) FITC-labeled, opsonized 

carboxyl beads using ANOVA.  

For all statistical analyses, data were transformed as necessary to achieve 

Gaussian distribution. P-values less than 0.05 were considered significant. All data 

analysis was completed using Prism 7 (©GraphPad Software, Inc.) statistical software. 

 

Results 

Endometriosis Cohort Severity  

Overall, ASRM endometriosis severity followed a U-shaped distribution with 

32.1% (9/28) receiving a classification of I, 14.3% (4/28) II, 10.7% (3/28) III, and 42.9% 

(12/28) IV (data not shown). There was no difference in severity across treatment groups 

(p = 0.20). Mean severity scores were 2.6 for the untreated group (standard error of the 

mean, SEM = 0.33; range = I-IV), 2.25 for the NSAID group (SEM = 0.526; range = I-IV), 

and 3.75 for the DMPA group (SEM = 0.25; range = III-IV).  

Endometriosis Tissue Histomorphometry 

The close approximation of macrophages to nerves in endometriosis lesions 

(neuroinflammation) is hypothesized to play a role in lesion-associated pain (23). 

Endometriosis macrophage density in this study was positively correlated with nerve 

density (Figure 2A, r = 0.51, p = 0.006). Macrophage density also significantly increased 

with increasing iron content (iron percent area; Figure 2B, r = 0.60, p = 0.001). Nerve 

density was not associated with iron content (Figure 2C, r = 0.19, p = 0.35).  

It was anticipated that clinical treatment could affect endometriosis morphology 

and therefore macrophage and nerve density, and iron concentration were analyzed for 
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treatment effect. NHPs treated with DMPA had significantly increased macrophage 

density compared to CTRL (Figure 3A, p = 0.02) and NSAID (p = 0.009) groups and 

significantly increased nerve density compared to the CTRL group (Figure 3B, p = 0.02). 

There was no difference in iron content among the three groups (p = 0.22, data not 

shown).  

In Vitro Model of Endometriosis Macrophage Function and Iron Scavenging 

Following 24 hours of incubation with PMA, HH or PBS, there were few changes 

in cellular morphology among treatment groups. The 150 and 250 µg/mL HH-treated 

cells had increased background debris (Supplemental Figure 1A-D). Likewise, cells 

treated with 150 and 250 µg/mL HH and incubated with opsonized beads added had 

increased background debris (Supplemental Figure 1G-H). The HH150 and 250 ug/mg 

phagocytosis cells were also in proximity to deposits of brown, granular material 

(presumed hemoglobin). Overall, cell morphology (complexity/phagocyte foot processes, 

adherence, size) did not change among HH treatment groups. Monocyte uptake of 

opsonized beads and hemoglobin was confirmed with confocal microscopy in THP-1 

cells (Supplemental Figure 2).  

Monocytes treated with PMA had transcriptional evidence of differentiation 

towards an anti-inflammatory macrophage phenotype. PMA stimulation resulted in 

increased arginase 1 (ARG1) expression compared to PBS treated cells (Figure 4A, 3.3-

fold increase, p = 0.0009) (24). Expression of the heme degradation enzyme, heme 

oxygenase 1 (HMOX1) was also increased in PMA treated monocytes (Figure 4B, 2.9-

fold increase, p = 0.0009). Finally, vascular endothelial growth factor (VEGF) was up-

regulated in PMA-treated monocytes (Figure 4C, 1.9-fold increase, p = 0.0001). 

Altogether this means PMA-treated monocytes were acceptable macrophage controls.  
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Monocytes treated with PMA, HH 50, 150 or 250 µg/mL and opsonized beads 

showed different changes in gene expression than with any treatment alone. Expression 

of macrophage integrin CD11b was increased in PMA treated phagocytes compared to 

PBS plus bead controls (Figure 5A, 18.5-fold increase, p = 0.04). Macrophage marker 

and scavenger receptor CD68 expression was also increased in PMA treated 

phagocytes (Figure 5B, 3.9-fold increase, p = 0.02). Genes associated with iron 

scavenging pathway were only up-regulated in the PMA treated phagocytes, except for 

heme transporter HRG1 (SLC48A1). SLC48A1 gene expression was increased in 

phagocytes treated with 250 µg/mL HH (Figure 6A) compared to 50 HH (8.8-fold, p = 

0.008) and 150 µg/mL HH (7.1-fold, p = 0.03). Similar to those incubated without 

opsonized beads, PMA treated phagocytes had increased expression of HMOX1 

compared to PBS plus bead controls (Figure 6B, 2.5-fold, p = 0.0009). Expression of 

ferritin heavy chain was increased in PMA treated cells compared to controls (Figure 6C, 

[21,672 fold, p = 0.02). Finally, HH 250 mg/mL treated phagocytes had increased 

expression of fibroblast growth factor 2 (FGF2) compared to 150 µg/mL HH (Figure 7A, 

2.8-fold, p = 0.05) and apoptosis executioner enzyme, caspase 3 (CASP3), compared to 

50 HH (Figure 7B, 2.5 fold, p = 0.019) and 150 µg/mL HH (2.3 fold, p = 0.037). CD163 

expression did not vary significantly among treatment groups or assay type. Naïve 

isolated monocytes and stimulated monocytes showed very low or no expression of 

estrogen receptor alpha (ESR1, data not shown).  

 

Discussion 

In this study we used endometriosis tissue from nonhuman primates and an in 

vitro assay of macrophage function and iron scavenging to identify relationships between 

macrophages and the endometriosis environment. We observed a positive correlation 
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between CD163+ macrophage density and nerve density as well as macrophage density 

and iron content. Although causation cannot be determined, this observation supports 

our hypothesis that macrophages recruited to endometriosis tissue scavenge iron and 

may promote neurogenesis. The correlations we observed between macrophage and 

nerve densities are consistent with the current literature that describes macrophages in 

close approximation with nerves in human endometriosis biopsies (25). We anticipated 

prior clinical treatment could affect macrophage and nerve density, and iron content in 

endometriosis lesions. Endometriosis tissue from NHPs treated with depo-

medroxyprogesterone acetate (DMPA) had increased macrophage and nerve densities 

compared to those treated with NSAIDs or CTRL. In vitro, PMA stimulated monocytes 

had increased gene expression of ARG1, HMOX1, and VEGF indicative of an anti-

inflammatory phenotype with (26). Monocytes incubated with both PMA and opsonized 

carboxyl beads exhibited additional transcriptional evidence of macrophage 

differentiation with increased expression of integrin CD11b and macrophage surface 

marker CD68. Surprisingly, PMA-stimulated macrophages also expressed CD163 and 

had increased expression of iron homeostasis genes (HMOX1, FTH1 and SCL40A1) 

compared to the other treatment groups. Overall, these observations suggest PMA-

treated macrophages could be used for investigating endometriosis macrophage iron 

scavenging and function with the addition of HH.  

Our a priori hypothesis regarding macrophage function in endometriosis was that 

monocytes stimulated with hemoglobin and haptoglobin would differentiate into a unique 

macrophage phenotype that would model endometriosis macrophage characteristics 

observed in tissue. However, monocytes incubated with (HH) had little transcriptional 

evidence of activation compared to PBS treated cells. Monocytes incubated with 

opsonized beads and the highest concentration of HH (250 µg/mL) likely underwent 
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apoptosis. This is supported by increased expression of executioner caspase 3 

(CASP3)(Figure 7B). Monocytes incubated with 250 µg/mL HH also had increased 

expression of heme transporter-1 (SLC48A1), a receptor that exports heme from 

endosomes into cell cytoplasm (27). If hemoglobin was endocytosed into the cell, 

processed to heme and transported into the cytoplasm, HMOX1 would have been up-

regulated in this treatment group. Therefore, the hemoglobin added to cell culture may 

have been broken down into heme. Heme has been shown to directly initiate apoptosis 

through transcription of NF-κβ and activation of caspase 3 to cleave the downstream 

substrate poly-(ADP-ribose) polymerase (PARP)(28). PARP’s primary role is repairing 

DNA damage within stressed cells, and cleavage of PARP ultimately leads to cell 

demise. Any heme products added to cell culture would not have bonded to haptoglobin 

or resulted in increased CD163 receptor expression, as was the case in this experiment. 

Instead, heme would preferentially bind to hemopexin and be endocytosed by the CD91 

receptor (14). It is somewhat unlikely that all of the hemoglobin would be degraded to 

heme. Finally, increased expression of FGF in monocytes treated with the high (250 

µg/mL) concentration of HH may indicate apoptotic macrophages express FGF to recruit 

additional macrophages and fibroblasts. Increased expression of CASP3 and FGF in 

macrophages incubated with 250 µg/mL HH and opsonized particles but not HH alone 

may signify cells show signs of stress when incubated with high concentrations of 

oxidative iron and debris for phagocytosis. Future studies on endometriosis macrophage 

function will include stimulation with PMA before the addition of HH and investigate 

alternate mechanisms associated with heme processing and macrophage death.  

There may have been several factors contributing to increased endometriosis 

macrophages in NHPs treated with DMPA. DMPA is a progestin that decreases 

endometriosis estrogen receptor expression and has anti-inflammatory effects (29-31).  
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Therefore DMPA treatment may result in reduced pro-inflammatory macrophage 

recruitment to endometriosis tissue with increased anti-inflammatory macrophage 

infiltration of activation. Another consideration is that DMPA did not affect macrophage 

and nerve density but that the NHPs receiving DMPA had similar signalment to warrant 

administration of the drug (i.e., menorrhagia, increased pain score). There were no 

differences in modified ASRM severity scores among the groups. However, lesion 

location or severity do not often correlate with observed clinical symptoms (32). 

Additional long-term studies are needed to determine the pre- and post-treatment effects 

of treatments such as DMPA and aromatase inhibitors on inflammation and macrophage 

metabolism.  

Several limitations were considered when evaluating the results of this study. 

First, additional markers of tissue growth and neuroangiogenesis would be helpful to 

fully understand the relationships among macrophages, iron content, and nerve 

densities within endometriosis. For example, nerves may correlate with blood vessel 

density, which may be more tightly related to macrophage density through macrophage 

production of TGF-β, FGF, and VEGF.  In mouse models of endometriosis, FGF, VEGF, 

and platelet-derived growth factor (PDGF) are essential for endometriosis angiogenesis 

(33). Macrophages are not the only immune cell in endometriosis lesions; therefore 

additional information is needed on T cell, natural killer, and B cell populations in 

conjunction with neuroangiogenic cytokines and growth factors. Once relationships are 

identified, it would be beneficial to add these immune cell populations into a 3D cell 

culture model of macrophage metabolism. Finally, it is essential to identify the types of 

hemoglobin and heme products present in endometriosis tissue to understand 

macrophage iron scavenging within lesions and how this affects inflammatory cell 

recruitment. The predominant forms of hemoglobin or heme added to cell culture should 
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mirror the endometriosis environment. Hemoglobin stock characteristics such as the 

ratio of hemoglobin to heme and the oxidative state could be confirmed before cell 

culture treatment using mass spectroscopy or gel electrophoresis.  

 In summary, endometriosis CD163+ macrophage density increases with nerve 

fiber density and iron content. NHPs treated with DMPA had more intra-lesional 

macrophages and nerve fibers. PMA treatment of CD14+/CD16+ monocytes results in an 

anti-inflammatory macrophage phenotype that may be a useful in vitro assay of 

endometriosis macrophage function with the addition of HH. Macrophages incubated 

with hemoglobin and haptoglobin were likely taking in heme with carboxyl beads 

resulting in heme toxicity and apoptosis. Taken together these data emphasize the 

importance of macrophages in endometriosis pathogenesis. Understanding macrophage 

and other inflammatory cell influences on endometriosis pathogenesis provides a 

platform for developing more comprehensive treatments.  
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Figures and Figure Legends 

 

Figure 1. In vitro macrophage function assay experimental design. CD14+ and 
CD16+ monocytes were isolated from whole blood using Leucosep™ tubes and 
magnetic bead selection kits. Monocytes were plated in a 24-well plastic culture plate 
with RPMI 1640 plus 10% heat-inactivated fetal bovine serum (FBS), and 1% penicillin 
and streptomycin. Phorbol 12-myristate 13-acetate (PMA), or human hemoglobin and 
haptoglobin (HH) were added to each well. Phosphate buffered saline (PBS) was used 
as a control and PMA as a macrophage differentiation control. IgG opsonized carboxyl 
beads were added at a 1:500 dilution to a second series of treated cells as a functional 
phagocytosis assay. Cells then were incubated at 37°C and 5% CO2 for 24 hours before 
RNA extraction. The experiment was repeated twice (n = 2). 
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Figure 2. Correlation analyses of nerve density, macrophage density and iron 
percent area in endometriosis. A) Nerve fibers per mm2 were positively correlated with 
macrophages (r = 0.51, p = 0.006). B) Macrophage density also positively correlated 
with iron percent area (r = 0.60, p = 0.001). C) Iron percent area and nerve density were 
not significantly correlated (r = 0.19, p = 0.35). Groups were compared using Pearson’s 
correlation. p < 0.05 was considered significant. 
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Figure 3. Endometriosis macrophage and nerve densities, and iron content by 
treatment. A) Tissue from depo-medroxyprogesterone acetate (DMPA)-treated NHPs 
had higher macrophage density than nonsteroidal anti-inflammatory drugs (NSAID)(p = 
0.009) or non-treated animals (CTRL) (p = 0.02). B) PMA-treated NHPs had increased 
nerve density compared to non-treated NHPs (p = 0.02). C-E) MPA treated NHPs had 
increased numbers of CD163+ macrophages (red) and PGP9.5+ nerve fibers (brown, 
arrowheads) compared to NSAID and CTRL groups. Macrophages were primarily 
observed in the endometriosis stroma. 40X original magnification. F-H) Prussian blue 
iron staining did not differ among treatment groups. Iron was observed within 
endometriosis stromal cells or macrophages (arrows). 20X original magnification. * = p < 
0.05, ** = p < 0.01.  
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Figure 4. Gene fold changes in monocytes treated with PMA or HH in absence of 
opsonized beads. A) ARG1 expression was significantly increased in PMA treated 
monocytes compared to those treated with PBS (3.3-fold, p = 0.0009). Likewise, B) PMA 
treated monocytes had increased gene expression of HMOX1 (2.9 fold, p = 0.0009), and 
C) VEGF (1.9-fold, p = 0.0001) compared to PBS treated controls. n = 2 replicates in 
each treatment group. Fold change > 2 or < -2 was considered significant. Significant 
fold changes were then compared using one-way analysis of variance. * = p < 0.05, ** = 
p < 0.01, *** = p ≤ 0.001. PMA, phorbol 12-myristate 13-acetate; HH, hemoglobin and 
haptoglobin 

 

 

  



 

72 

Figure 5. Macrophage integrin and scavenger gene expression in monocytes that 
received opsonized beads plus HH or PMA. A) CD11b gene expression was 
increased in PMA treated cells incubated with IgG opsonized carboxyl beads compared 
to PBS plus bead controls (18.5-fold increase, p = 0.04). B) PMA treated monocytes 
incubated with opsonized beads and PMA also had increased expression of CD68 
compared to PBS plus bead controls (3.9-fold increase, p = 0.02). Fold change 
calculation is in reference to expression level in cells incubated with PBS and IgG-beads. 
n = 2 replicates in each treatment. Fold change > 2 or < -2 was considered significant. 
Significant fold changes were then compared using one-way analysis of variance. * = p < 
0.05. PMA, phorbol 12-myristate 13-acetate; HH, hemoglobin and haptoglobin 
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Figure 6. Iron scavenging gene expression in monocytes treated with opsonized 
beads plus HH or PMA. A) Monocytes treated with 250µg/mL HH had increased 
expression of SLC48A1 compared to those treated with 50 HH (8.8-fold, p = 0.008) or 
150 µg/mL HH (7.1-fold, p = 0.03). B) Monocytes treated with PMA had increased 
expression of HMOX1 (2.5-fold, p = 0.0009), and C) FTH1 (21,672-fold, p = 0.02) 
compared to the PBS control. n = 2 replicates in each treatment group. Fold change 
calculation uses cells incubated with PBS plus IgG-beads as a control. Fold change > 2 
or < -2 was considered significant. Significant fold changes were then compared using 
one-way analysis of variance.  * = p < 0.05, ** = p < 0.01, *** = p ≤ 0.001. PMA, phorbol 
12-myristate 13-acetate; HH, hemoglobin and haptoglobin 
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Figure 7. Growth factors and apoptosis markers gene expression in monocytes 
that received opsonized beads plus HH or PMA treatments. A) Monocytes treated 
with 250 µg/mL HH had 2.8 fold-increased expression of FGF1 compared to HH 150 
µg/mL treated phagocytic cells (p = 0.05.) B) HH 250 µg/mL treated cells also had 
increased expression of CASP3 compared to 50 (2.5 fold, p = 0.019) and 150 µg/mL HH 
(2.3 fold, p = 0.037). Fold change calculation uses PBS incubated with IgG-beads added 
as a test control. n = 2 replicates in each treatment group. Fold change > 2 or < -2 was 
considered significant. Significant fold changes were then compared using one-way 
analysis of variance. * = p < 0.05. PMA, phorbol 12-myristate 13-acetate 
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Table 1. Custom primer sequences for estrogen receptor and CD163 

Gene Forward Primer Reverse Primer  

ESR1 TCACATGATCAACTGGGCAAAGA AGAAGGTGGACCTGATCATGGA 

CD163 ATCCACCTTCCCCTCTCTCT TTGTTGGGCCCAGAGATGAT 
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Table 2. Macrophage locations in endometriosis tissue 

 Treatment Before Necropsy 

Macrophage Location  CTRL NSAID DMPA Total 

Epithelium Only 0 0 0 0 

Stroma Only 11 7 4 22 

Epithelium and Stroma 3 0 0 3 

None 2 1 0 3 

Total  16 8 4 28 

CTRL = no treatment prior to necropsy, NSAIDs = non-steroidal anti-
inflammatory drugs, DMPA = medroxyprogesterone acetate 
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Supplemental Figure 1. In vitro monocyte morphology by treatment. A-D) CD14+, 
CD16+ monocytes were isolated from peripheral blood mononuclear cells and incubated 
with PBS (vehicle), PMA (macrophage control), and hemoglobin and haptoglobin (HH) at 
a concentration of 150 and 250µg/mL as a model of macrophage function in 
endometriosis. Morphology did not differ among treatment groups. There was increased 
cellular debris (presumed hemoglobin) in the groups treated with 150 and 250µg/mL HH 
(C-D). E-H) Likewise, cellular morphology did not change among groups treated with 
opsonized beads. There was increased hemoglobin within assays that included 
hemoglobin and haptoglobin (G-H) PBS = phosphate buffered saline, PMA = phorbol 12-
myristate 13-acetate; 
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Supplemental Figure 2. Localization of FITC-labeled IgG beads and Alexa Fluor™ 
647-labeled hemoglobin in THP-1 cells. THP-1 human monocytes were incubated with 
PBS and 50 and 150 µg/mL of HH for 24 hours then incubated with trypan blue for 5 
minutes to quench cell surface fluorescence. Beads were identified within PBS, HH 50 
and HH 150 µg/mLtreated monocytes. 40X original magnification.  
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Supplemental Table 1. Macrophage genes evaluated by RT-qPCR. 

 Phagocytosis Macrophage 
Differentiation 

Iron 
Metabolism 

Wound 
Healing Cytokines Apoptosis Steroid 

Receptors 

Gene 
ID 

AXL  ARG1 FLVCR1 FGF2 IFNG CASP3 ESR1 

CD11b  CD14 SLC40A1  CCL2  IL1A  CASP9 ESR2 

CD35 CD163 HAMP MMP12  IL10    

 CD64 CD68 HMOX1 MMP2  IL6    

 STAB2 SOD3 SLC48A1 MMP9 CXCL8   

 TIMD4  FTL TGFB1 
TIMP3 

TNF   

   FTH1 VEGF    
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Abstract  

Objective 

Endometriosis is characterized by growth of uterine-lining (endometrium) outside of the 

uterus. The major sources of inflammation in endometriosis are inflammatory cells, such 

as macrophages, and oxidation of hemoglobin-bound iron. In other chronic inflammatory 

diseases, mitochondrial dysfunction is suspected to play a role in disease pathogenesis. 

However, little is known about endometriosis mitochondrial function or its effects on 

tissue metabolism. The objectives of this study were to analyze mitochondrial function in 

endometrium and endometriosis tissue and to identify the metabolic features of these 

tissues that may contribute to disease.   

 

Methods 

A nonhuman primate (NHP) model of spontaneous endometriosis was used to 

investigate mitochondrial function and energy metabolism in endometriosis tissue and 

endometrium. Mitochondrial function was measured using mitochondrial respirometry 

analysis to determine if changes in oxidative phosphorylation exist in endometrium and 

endometriosis tissue compared to control endometrium from clinically healthy NHPs. 

Targeted metabolomics was applied to tissues to quantify key metabolites in energy and 

amino acid biosynthesis pathways.   

 

Results 

Mitochondrial function assays showed endometrium from NHPs with endometriosis had 

reduced complex II-mediated oxygen consumption rates (OCR) across all energy states 

(basal, p = 0.01; state 3, p = 0.02; state 3u, p = 0.04; state 4o, p = 0.008) and 

endometriosis tissue had reduced state 3, complex I-mediated OCR (p = 0.02) and 

respiratory control rates (p = 0.01) compared to control endometrium. Targeted 
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metabolomics revealed carnitine (p = 0.001), creatine phosphate (p = 0.01), NADH (p = 

0.0001), FAD (p = 0.001), tryptophan (p = 0.0009), and malic acid (p = 0.005) were 

decreased in endometriosis tissue compared to control endometrium samples from 

clinically healthy NHPs. FAD (p = 0.004), tryptophan (p = 0.0004) and malic acid (p = 

0.03) were significantly decreased in endometrium from NHPs with endometriosis 

compared to control endometrium. Significant metabolites identified in both 

endometriosis and endometrium samples from animals with endometriosis were part of 

amino acid biosynthesis or energy metabolism pathways.  

 

Conclusion 

In this study, endometrial mitochondrial energy production and metabolism were 

decreased in eutopic endometrium and endometriosis tissue. Decreased mitochondrial 

energy production may be due to oxidative stress-induced damage to mitochondrial DNA 

or membranes, a shift in cell metabolism (i.e., Warburg effect), or decreased energy 

substrate; however, the cause of remains unknown. Additional research is needed to 

determine the implications of reduced mitochondrial energy production and metabolism 

on endometriosis and endometrium. 
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1. Introduction 

Endometriosis is a chronic gynecological disease characterized by oxidative stress 

and chronic inflammation[1, 2]. Macrophages and, to a lesser extent, lymphocytes 

produce reactive oxygen species (ROS) in an attempt to clear the endometriosis tissue 

and scavenge hemoglobin [3]. Hemoglobin-bound iron from inflammation-induced 

erythrocyte diapedesis or cyclic endometrium-like tissue sloughing is another source of 

ROS in endometriosis tissue [4-6]. Studies of endometriosis and other chronic 

inflammatory diseases (e.g., Crohn’s disease) suggest oxidative stress may also 

originate from other metabolic sources, such as defects in mitochondrial metabolism [1, 

7]. There is little information in the current literature on endometriosis or endometrial 

mitochondrial function or how mitochondrial function may contribute to endometriosis-

associated oxidative stress.  

The mitochondrion is the cell power plant, and it provides the most efficient transfer 

of electrons from the reduced forms of nicotinamide adenine dinucleotide (NADH) and 

flavin adenine dinucleotide (FADH2) to oxygen and, eventually, the high-energy 

phosphate bond of adenosine triphosphate (ATP) [8]. Mitochondria consist of an outer 

membrane surrounding an inner membrane-bound matrix. The inner mitochondrial 

membrane contains electron transport chain (ETC) proteins I-V. A high energy electron 

is transferred among membrane complexes I (NADH dehydrogenase complex), III 

(cytochrome b-c1 complex), and IV (cytochrome oxidase complex), which moves protons 

into the space between the inner and outer mitochondrial membranes (i.e., the 

intermembrane space)[9]. Proton movement into the intermembrane space is 

responsible for formation and maintenance of an electrical voltage gradient across the 

inner mitochondrial membrane, driving ATP production via ATP synthase or complex V. 

Complex V is the final step in the ETC that uses ion flux from the inner membrane space 

back into the mitochondrial matrix to catalyze ATP synthesis from ADP, a proton, and 
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inorganic phosphate. ETC function in tissue is analyzed through mitochondrial isolation 

and evaluation of oxygen consumption during five energy states: baseline (state 2), or 

after the addition of adenosine diphosphate (ADP, state 3), oligomycin (state 4o), 

carbonyl cyanide p-(tri-fluromethoxy)phenyl-hydrazone (FCCP, state 3u), or antimycin A 

[10]. Addition of ADP to the assay measures maximum physiologic respiration by 

providing ADP as an energy substrate. Oligomycin inhibits ATP synthase (complex V) 

and therefore shuts down the production of ATP from ADP. FCCP allows protons to rush 

through into the inner mitochondrial membrane into the matrix, and thereby “uncoupling” 

the rate of ETC progression and ATP synthesis. Finally, antimycin A blocks transfer of 

electrons at protein complex III and shuts down the energy transfer and proton gradient 

needed for ATP production. In addition to overall mitochondrial oxidative 

phosphorylation, specific proteins in the electron transport chain can be assessed with 

the addition of specific substrates or ETC protein blocking agents. Direct isolation and 

evaluation of endometriosis and endometrial mitochondrial function may provide insight 

into cellular metabolism, and mitochondrial ROS could be a potential therapeutic target 

for decreasing oxidative stress in endometriosis.  

The metabolome of a biosystem may provide insight into changes in mitochondrial 

function or ROS production. Few metabolomics-based studies have investigated 

metabolic alterations in endometriosis. According to those studies, women with 

endometriosis have elevated serum levels of 11 metabolites involved in pyruvate 

metabolism and oxidative stress [1, 11]. Those studies also identified a diagnostic 

pattern of serum metabolites in women with endometriosis that had a predictive ability 

greater than 80% and sensitivity, specificity, and classification rate over 90% [1, 11]. 

Serum metabolites may not mirror tissue metabolism [12, 13]. Therefore, we used a 

macaque nonhuman primate (NHP) model of spontaneous endometriosis, mitochondrial 

respirometry assays, and targeted metabolomics to determine if there are metabolic 
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alterations in endometrium and endometriosis tissue compared to endometrium from 

clinically healthy controls. NHP tissues taken at necropsy provide a highly translatable 

platform for studying endometrial metabolism. In addition, NHPs provide a source of 

clinically healthy endometrium without the ethical issues involved in endometrial biopsy 

of clinically healthy women. We hypothesized that endometriosis tissue would have 

increased mitochondrial respiration due to the relative proliferative nature of the tissue 

[14]. Conversely, we hypothesized endometrium would have decreased respiration 

similar to other tissues affected by ROS [7]. We also anticipated elevated tissue 

concentrations of metabolites related to oxidative stress and pyruvate metabolism in 

both endometriosis and endometrium and that these changes would mirror those 

previously observed in human serum [1, 11, 15]. This study provides an opportunity to 

better understand endometriosis pathogenesis and the effects of metabolism on 

endometrial biology. In addition, treating chronic inflammation or mitochondrial 

dysfunction in endometriosis may be a strategy to reduce metabolic biomarkers of 

systemic oxidative stress and effects of inflammation on the endometrium. Ultimately, 

decreasing associated chronic inflammation may improve overall systemic health in 

women with endometriosis [16-18].  

 

2. Materials and Methods 

Mitochondria were isolated from fresh endometriosis tissue and endometrium 

from four rhesus macaques with endometriosis (Macaca mulatta, ages 11.5-16, mean 

age 14.6, endometriosis abbreviated EMO, endometrium EM) and endometrium from 

four clinically healthy control cynomolgus macaques (Macaca fascicularis, ages 12-14, 

mean age 12.8, control endometrium abbreviated CTRL)(Figure 1). Tissues were 

harvested at necropsy, performed as experimental endpoints to other studies. The 
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control group was from a study examining the effects of a plant-based, prudent diet on 

behavior and social stress. The endometriosis group was part of a study examining the 

use of a compound to treat endometriosis-associated pain. The endometriosis group 

was also receiving a plant-based diet (monkey chow). Endometriosis cases were 

assigned a modified American Society for Reproductive Medicine (ASRM) classification 

of endometriosis severity [19, 20]. All animal studies were approved by the Wake Forest 

School of Medicine (WFSM) IACUC, using the Guide for the Care and Use of Animals 

and the Welfare Act and Animal Welfare Regulations [21, 22]. WFSM is accredited by 

the Association for Assessment and Accreditation of Laboratory Animal Care 

International (AAALAC).  

 

2.1 Mitochondrial Bioenergetics  

At necropsy, CTRL, EM, and EMO were placed in Dulbecco's phosphate-

buffered saline on wet ice until mitochondrial isolation was initiated, usually within two 

hours. Briefly, whole tissues were homogenized and mitochondria separated from the 

rest of the cell pellet by density gradient centrifugation. The isolated mitochondrial 

oxygen consumption rate (OCR) was measured after adding ADP, oligomycin, FCCP, or 

antimycin A using the Seahorse XF24-3 Extracellular Flux Analyzer (Agilent 

Technologies, Santa Clara, CA, USA).  Both five and ten micrograms (µg) of 

mitochondrial protein were tested in the analyzer to determine optimal conditions. 

Samples were run in duplicate or triplicate. Mitochondrial oxygen consumption was 

reported as picomole of oxygen per µg of mitochondrial protein. Assays were run to 

specifically examine the function of electron transport chain complex II (with the addition 

of succinate as the substrate and rotenone to block complex I) and complex I (with the 

addition of pyruvate as the substrate and malate to block complex II). Respiratory control 

rate (RCR) was calculated for each group and complex (I or II) as OCR from State 
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3u/State 4o. Proton leak was calculated as the difference between State 4o and post-

antimycin A OCR. OCR, RCR, and proton leak for each complex were compared using 

one-way analysis of variance (ANOVA) or the non-parametric equivalent as suitable. P 

values less than 0.05 were considered significant. 

In addition to endometriosis status, samples were analyzed according to 

menstrual cycle phase (i.e., follicular, luteal, menses). Within the control group, three 

animals were in luteal phase, and one was in follicular phase at the time of tissue 

collection. In the endometriosis group, two animals were in luteal phase, one was in 

follicular phase, and one had histologically atrophic endometrium. Menstrual cycle phase 

was determined in control NHPs by histopathological evaluation and serum estrogen 

and progesterone ratios. Cycle phases were determined in NHPs with endometriosis by 

histopathology and daily vaginal swab evaluation for menses. The OCR, RCR, and 

proton leak was determined for each menstrual cycle phase and analyzed using a one-

way ANOVA or the non-parametric equivalent. P values less than 0.05 were considered 

significant.  

 

2.2. Targeted Metabolomic Analysis 

Tissues from eight NHPs without endometriosis (CTRL) and 17 NHPs with 

endometriosis were identified using the Wake Forest School of Medicine, Primate Center 

Necropsy Database (total n = 37). From these 25 NHPs, 20 endometrial samples (n = 8 

samples of control endometrium, CTRL; n = 12 samples of endometrium from the 17 

NHPs with endometriosis, EM) and 17 endometriosis tissue samples (EMO) were 

analyzed for 28 metabolites (Table 1) by the Wake Forest Proteomics and Metabolomics 

Shared Resource facility (Figure 2). For metabolite extraction, a portion of each tissue 

sample was weighed into a homogenization tube containing 1.4 µm ceramic beads. After 

weighing, 800 µL of methanol, 250 µL of water, and 50 µL of 500 ng/µL MES internal 
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standard solution were added to the tubes. The tubes were then closed and 

homogenized with a Bead Ruptor 24 (OMNI International, Kennesaw, GA) in 6 cycles of 

20 seconds. The contents were then transferred to glass tubes to which 800 µL of 

chloroform and 400 µL of water were added. The tubes were then mixed thoroughly and 

centrifuged to separate the layers. The top layer of each extract was then collected and 

evaporated to dryness in a SpeedVac evaporator. Each sample was then reconstituted 

in 1 mL of water and centrifuged at 18,000 x g for 10 minutes. The supernatants were 

collected for LC-MS/MS analysis. 

LC-MS/MS analysis was performed using a Shimadzu UHPLC-MS/MS equipped 

with two LC-30AD pumps, a SIL-30AC autosampler, a CBM-20A communications bus 

module, a DGU-20A5R degassing unit, a CTO-30A column oven, and an 8050 triple-

quadrupole mass spectrometer utilizing a DUIS source. The analytical samples 

underwent separation on a Restek Ultra PFPP column (150 x 2.1 mm, 3 µm; Restek, 

Bellefonte, PA) under gradient conditions with a mobile phase A consisting of 0.1% 

formic acid in water and a mobile phase B consisting of 0.1% formic acid in 100% 

acetonitrile. The gradient began with 2 minutes at 0% B followed by a ramp to 25% B 

between 2 and 5 minutes, another ramp to 35% B between 5 and 11 minutes, a final 

increase from 35% to 95% B between 11 and 15 minutes, a hold at 95% B from 15 to 20 

minutes, then a decrease to 0% B between 20 and 20.10 minutes, and a final hold at 0% 

B from 20.10 to 25 minutes. A flow rate of 0.25 mL/minute was used with a sample 

injection volume of 10 µL. Ionization in positive and negative ESI modes occurred in the 

DUIS source with the following conditions: nebulizing gas flow of 2 L/min, heating gas 

flow of 5 L/min, interface temperature of 350°C, DL temperature of 250°C, heat block 

temperature of 400°C, and a drying gas flow of 15 L/min. Additional mass spectroscopy 

settings are provided in supplemental table 1. 
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Statistical analyses of tissue metabolite concentrations were completed using 

MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) [23-25]. Briefly, concentrations were 

log transformed to normalize the data. Next, principal component analysis (PCA) and 

partial least squares discriminate analysis (PLS-DA) were used to identify possible 

associations among metabolites and predictive ability of metabolites to determine 

differences in tissue type (CTRL, EM, or EMO). Next, metabolites were analyzed using 

variable importance in projection (VIP) scores [26]. Metabolites with PLS-DA VIP scores 

above one were considered potentially significant and further analyzed using one-way 

ANOVA and Tukey’s HSD post-doc tests to determine significant metabolic differences 

between EM or EMO and CTRL. P values less than 0.05 were considered significant. 

Significant metabolites were entered into the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway analysis in MetaboAnalyst 4.0 to determine possible 

involved pathways. The top ten matched pathways for all metabolites identified through 

MetaboAnalyst 4.0 were 1) aminoacyl-tRNA biosynthesis, 2) nitrogen metabolism, 3) 

alanine, aspartate, and glutamate metabolism, 4) arginine and proline metabolism, 5) 

glycine, serine, and threonine metabolism, 6) pantothenate and CoA biosynthesis, 7) 

valine, leucine and isoleucine biosynthesis, 8) cysteine and methionine metabolism, and 

9) cysteine and methionine metabolism, and 10) citric acid cycle. Pre-matching all 

targeted metabolites to pathways allows for comparison between possible pathway 

combinations and those identified after analysis. 

 

3. Results 

3.1. Mitochondrial Respirometry  

Electron transport chain complex I- and II-mediated mitochondrial respiration was 

decreased in endometrial and endometriosis tissue from NHPs with endometriosis. 
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Specifically, endometrium had decreased complex-II mediated OCR at baseline (Figure 

3A, p = 0.003) and in states 3 (Figure 3B, p = 0.02), 4o (Figure 3C, p = 0.008), and 3u 

(Figure 3D, p = 0.04). Endometriosis tissue also had decreased complex II-mediated 

OCR in baseline energy state (Figure 3A, p = 0.04). Furthermore, endometriosis tissue 

also has decreased complex I-mediated respiration in state 3 (Figure 4A, p = 0.02) and 

complex I RCR compared to control endometrium (Figure 4B, p = 0.01). There was no 

difference in complex I- or II-mediated respiration RCR or protein leak among CTRL, EM 

or EMO tissues.  

Age and phase of the menstrual cycle were hypothesized to affect mitochondrial 

respiration. There was no significant difference in age between control and 

endometriosis groups (p = 0.12).  Menstrual cycle phases were not different between 

control and endometriosis NHP except for one macaque with endometrial atrophy in the 

endometriosis group. There were several differences in OCR when analyzed by 

menstrual cycle phase, regardless of disease state. Basal complex II-mediated OCR 

was significantly decreased in the atrophic endometrium when compared to the luteal 

phase endometrium (Figure 5A, p = 0.03). State 4o complex I-mediated OCR was also 

significantly decreased in atrophic endometrium compared to follicular and luteal phase 

endometrium (Figure 5B, p = 0.008). No other differences were observed in OCR, RCR 

or proton leak across phases of the menstrual cycle.  

 

3.2 Endometriosis Energy Metabolism 

 PCA and PLS-DA did not identify distinct metabolic patterns among control, 

endometrium and endometriosis tissues (Figure 6). However, PLS-DA VIP scores 

identified ten significant metabolites based upon principal components one and two. 

These metabolites included: carnitine, nicotinamide adenine dinucleotide (NADH), L-α-

glycerophosphocholine, malic acid, glucose-6-phosphate, glutathione, adenosine, 
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creatine phosphate, tryptophan, and flavin adenine dinucleotide (FAD). One-way 

ANOVA confirmed significant differences among tissue types for six of the metabolites.  

 Significant metabolites differed by tissue when compared to control endometrium. 

Endometriosis tissue had decreased carnitine (Figure 7A,p = 0.002), creatine phosphate 

(Figure 7B, p = 0.01), NADH (Figure 7C, p = 0.0001), malic acid (Figure 7D, p = 0.005), 

and FAD (Figure 7E, p = 0.001) compared to clinically healthy control endometrium. In 

endometrium from NHPs with endometriosis, malic acid (Figure 7D, p = 0.03), FAD 

(Figure 7E, p = 0.004) and tryptophan (p = 0.0009) were significantly decreased 

compared to control endometrium.  

 Pathway analysis of significant metabolites in endometriosis or endometrium were 

mapped to relevant pathways and compared to the original number of metabolites 

evaluated in each pathway. Significantly decreased metabolites in endometriosis 

matched to the riboflavin metabolism pathway (1 of 1 original riboflavin metabolites); 

however, the p value was not significant (p = 0.05). Significant metabolites in 

endometrium from NHPs with endometriosis mapped to two pathways: (1) tryptophan 

biosynthesis and metabolism (1 of 2 original metabolites, p = 0.03), and (2) nitrogen 

metabolism (1 of 1 original metabolite, p = 0.04).  

 

4. Discussion 

Endometriosis tissue and endometrium from NHPs with endometriosis had 

evidence of decreased mitochondrial respiration, and tissue metabolism compared to 

control endometrium from clinically healthy NHPs. In endometriosis tissue, complex I-

mediated mitochondrial respiration and RCR were decreased. All energy states of 

complex II-mediated mitochondrial respiration were decreased in endometrium from 

NHPs with endometriosis. Metabolomic analysis of endometriosis tissue and 
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endometrium revealed depletion of metabolites involved in tryptophan, nitrogen and 

riboflavin metabolism. Altogether these data may signify cellular damage, a shift in 

endometrial and endometriosis metabolism from mitochondria-driven oxidative 

phosphorylation to alternative pathways, or mitochondrial dysfunction.  

One possible explanation for diminished metabolite concentrations and 

mitochondrial oxygen consumption is mitochondrial damage by ROS from hemoglobin 

oxidation, inflammatory cells, and ETC, resulting in less efficient energy production from 

available substrates. These changes could be due to negative feedback from ROS or 

damage to mitochondrial DNA resulting in functional mutations [27]. Decreased energy 

substrates in endometriosis and endometrium may be due to the proliferative nature of 

the tissue or due to degradation by proteases associated with inflammation [14]. A 

second possible mechanism for decreased mitochondrial respiration involves shunting of 

glucose into aerobic glycolysis (i.e., the Warburg effect) to meet increased energy 

demands of endometriosis tissue, similar to cancer cell metabolism [28]. There is also 

evidence that mutations in proto-oncogenes such as phosphatase and tensin homolog 

deleted on chromosome 10 (PTEN) may contribute to the unrestricted growth of 

endometriosis tissue further increasing cellular energy demands [29]. However, we did 

not see an increase in lactic acid as would be expected if glycolysis was being shunted 

away from oxidative phosphorylation to fermentation. Additional investigation into 

Akt/PI3K activity and MYC expression are needed to confirm such an increase in aerobic 

glycolysis in endometriosis tissue.  

Differences in the electron transport chain components implicated in decreased 

mitochondrial respiration between endometriosis (complex I) and endometrium (complex 

II) may be explained by variable sources and concentrations of ROS within each tissue 

or the overall tissue environment. Women with endometriosis have increased serum and 

peritoneal fluid oxidative stress reflected in higher levels of nitric oxide, hydrogen 
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peroxide, hydroxyl radicals, superoxide ions, and free iron [30]. Endometriosis tissue 

ROS likely originate from a combination of hemoglobin oxidation, mitochondria 

production, and inflammation resulting in superoxide and hydroxyl ions [4]. Alternatively, 

the source of ROS in endometrium may be more restricted to lower concentrations of 

circulating ROS combined with the cyclic production of anti-inflammatory enzymes such 

as cyclooxygenases at the time of menses [31].  

Six metabolites involved in tryptophan, riboflavin, and nitrogen metabolism were 

significantly decreased in endometriosis tissue and endometrium from NHPs with 

endometriosis. These metabolites did not map to similar glucose metabolism and 

oxidative stress pathways identified in human serum and peritoneal fluid metabolomics 

studies [1, 11]. This discrepancy is likely a function of comparing serum to tissue 

metabolites. Overall, low levels of amino acids may be an indication of depletion possibly 

due to inflammation or cellular consumption; however, the cause in this study remains 

unclear. One specific amino acid synthesis pathway is worth highlighting: tryptophan 

metabolism. In endometriosis, inflammation-induced catabolism of tryptophan is thought 

to permit immune tolerance of endometriosis implants [32]. Additional global 

metabolomic analyses of serum and tissue are needed to confirm these findings. 

Age and menstrual cycle phase had little difference in mitochondrial function. One 

NHP with endometriosis had histologically atrophic endometrium that may correspond to 

decreased hormonal stimulation. Histologically atrophic endometrium does not 

necessarily mean the endometrium was not receiving estrogen or progesterone 

stimulation. This particular NHP had an ASRM severity score of IV, presumably 

stimulated by ovarian or endometriosis production of estrogen [33]. Excluding this NHP 

from data analysis did not affect most outcomes. Baseline (Supplemental Figure 1A, p = 

0.02), state 4o (Supplemental Figure 1B, p = 0.02) and state 3 (Supplemental Figure 1C, 

p = 0.03) complex-II mediated OCR remained statistically decreased in endometrium 
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from NHPs with endometriosis. The major difference observed was that state 3u 

complex II-mediated respiration in endometrium from NHPs with endometriosis was no 

longer significantly decreased compared to control endometrium (Supplemental Figure 

1D, p = 0.23) but it was significantly decreased compared to endometriosis tissue (p = 

0.03). Endometriosis tissue complex I state 3 mitochondrial respiration and RCR were 

no longer significantly decreased compared to controls, although complex I state 3 

respiration trended towards significance (not shown, p = 0.058). It is important to note 

that the sample size for this study was small, even with multiple OCR measurements per 

animal. Any changes in statistical significance after removing data from this NHP could 

also be due to a type II error due to insufficient power [34]. A larger, more 

comprehensive study would clarify these findings.   

There are limitations to this study that should be considered when interpreting these 

data. First, mitochondrial bioenergetics were performed on isolated mitochondria from all 

cell types within the tissue (i.e., stromal, glandular epithelial, and inflammatory cells). It is 

likely that endometriosis contains increased dead and dying cells with altered 

mitochondrial function. Second, when comparing endometriosis to eutopic endometrium 

one must take into account the genetic and physiologic differences between the tissues 

[35]. However, endometrium is the most morphologically and physiologically similar 

tissue to endometriosis and examining differences between the two may provide insight 

into endometriosis pathogenesis.  

In conclusion, endometrium and endometriosis from NHPs with endometriosis had 

decreased energy metabolism, likely resulting from shifts in energy metabolism away 

from oxidative phosphorylation or increased endometriosis-associated oxidative stress. If 

inflammation is found to be the cause of these metabolic changes, these data may 

support the combined use of anti-inflammatory drugs with hormones for endometriosis 
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treatment. However, additional research is needed to better define the relationships of 

endometriosis-associated inflammation, mitochondrial function, and tissue metabolism.  
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Table 1: Selected metabolites 

Glutathione Adenosine Valine 

Nicotinamide adenine dinucleotide 
(NADH) 

Flavin adenine dinucleotide 
(FAD)  

Methionine 

Glycine Phenylalanine Fumaric Acid 

Aspartic acid Tryptophan Citric Acid 

Glutamine  Glucose 6-phosphate   Lactic Acid 

Lysine Glutamic acid Uracil 

Threonine Alanine Carnitine 

L-α-Glycerophosphocholine Histidine Malic Acid 

Nicotinic acid Arginine Pyruvate 

Leucine Creatine Phosphate   
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Figure 1. Schematic illustrating the mitochondrial respirometric analyses 
experimental design. Tissues were collected from four nonhuman primates (NHPs) 
with and four without endometriosis (n = 8 total NHPs). These NHPs were part of the 
larger metabolomics cohort. Endometrium and endometriosis tissue were collected from 
the four NHPs with endometriosis and were designated EM and EMO, respectively. 
Control endometrium the clinically healthy NHPs was abbreviated CTRL. Mitochondria 
were isolated from whole tissue and oxygen consumption rate (OCR) of electron 
transport chain (ETC) complex I- and complex II-mediated oxidative phosphorylation 
was assessed. OCR data for EM and EMO were compared to CTRL using a one-way 
analysis of variance (ANOVA). Data from endometrium samples (EM and CTRL) were 
combined and analyzed by ANOVA according to menstrual cycle phase.   
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Figure 2. Targeted metabolomics and statistical analyses experimental design. 
Eight clinically healthy and 17 nonhuman primates (NHP) with endometriosis were 
identified through the Wake Forest Primate Center Comprehensive Animal Record 
System (CARS). Of the 17 NHPs with endometriosis, 12 had available endometrium for 
analysis. Endometrium from clinically healthy animals was designated CTRL. 
Endometrium and endometriosis tissue from NHPs with endometriosis were EM and 
EMO, respectively. Targeted metabolomics was performed by the Wake Forest 
Proteomics and Metabolomics Shared Resource facility. Twenty-nine metabolites were 
identified using LC-MS/MS. Statistical analyses of tissue metabolite concentrations were 
completed using MetaboAnalyst 4.0. Metabolite concentrations were log-transformed 
and analyzed by partial least squares (PLS) and principal component (PCA) analyses. 
Significant metabolites determined with PLS and PCA were further analyzed using one-
way analysis of variance (ANOVA) and GraphPad statistical software. Finally, 
metabolites that proved significant with both PLS/PCA and ANOVA were entered into 
pathway analysis algorithms associated with MetaboAnalyst 4.0 to identify relevant 
pathways.  
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Figure 3. Complex II mediated respiration was decreased in endometrium from 
NHPs with endometriosis. A) Endometrium (EM, p = 0.003) and endometriosis (EMO, 
p = 0.04) tissue mitochondrial OCR were decreased at baseline respiration compared to 
control endometrium (CTRL). B) Complex II-mediated State 3 (p = 0.02), C), State 4o (p 
= 0.008), and D) State 3u (p = 0.04) respiration were decreased in endometrium from 
NHPs with endometriosis. One-way ANOVA, p < 0.05 considered significant. 
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Figure 4. Complex I-mediated respiration was decreased in endometriosis tissue. 
A) State 3 OCR (p = 0.02) and B) respiratory control rate (RCR, p = 0.01) were 
decreased in endometriosis tissue (EMO) compared to control endometrium (CTRL). 
One-way ANOVA, p < 0.05 was considered significant. EM, endometrium from NHPs 
with endometriosis.  
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Figure 5. Complex II-mediated basal and complex I-mediated state 4o oxygen 
consumption rates were decreased in atrophic endometrium. A) Complex II-
mediated basal OCR in all endometrium samples separated by menstrual cycle phase, 
regardless of an endometriosis diagnosis. Atrophic endometrium from the non-cycling 
animal had decreased basal OCR compared to follicular and luteal phase endometrium 
(p = 0.04). B) Likewise, state 4o complex I-mediated OCR was decreased in atrophic 
endometrium (p = 0.008). No other significant differences were observed in OCR across 
the menstrual cycle. One-way ANOVA, p < 0.05 is significant.   
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Figure 6. Principal component (PCA) and partial least squares (PLS-DA) scatter 
plots of metabolite concentrations from endometrium and endometriosis tissue. 
Red triangles are control endometrium (CTRL), green pluses are endometrium from 
NHPs with endometriosis (EM) and blue “x” represent endometriosis tissue (EMO).  
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Figure 7. Metabolites in the tryptophan, riboflavin, and nitrogen metabolism 
pathways were decreased in endometriosis tissue and endometrium. A) Carnitine 
(p = 0.002) and B) creatine phosphate (p = 0.01), were decreased in endometriosis 
tissue (EMO) compared to endometrium from clinically healthy nonhuman primates 
(NHPs)(CTRL). C) Nicotinamide adenine dinucleotide (NADH) was decreased in EMO 
compared to CTRL (p = 0.0001). D) Malic acid was decreased in EMO (p = 0.005) and 
endometrium from clinically healthy controls (EM, p = 0.03). E) Flavin adenine 
dinucleotide (FAD) and F) tryptophan concentrations were also decreased in EMO (FAD, 
p = 0.001; tryptophan, p = 0.0009) and EM (FAD, p = 0.004; tryptophan, p = 0.0004) 
compared to CTRL. One-way ANOVA, p < 0.05 was considered significant. Carnitine 
and NADH data were back-transformed from natural log and square root, respectively.  
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Supplemental Figures 

Supplemental Table 1. M/z Transitions and Collision Energies 

Metabolite m/z(1) m/z(2) Polarity 
Target Collision 

Energy 
Glutathione 308 84.05 + -24 

NADH 666 649.1 + -17 
Glycine 75.9 30.1 + -12 

Aspartic acid 134 74.05 + -15 
Glutamine 147.1 84.05 + -25 

Lysine 147 84.1 + -25 
Threonine 120.1 74.1 + -12 

L-a-Glycerophosphocholine 257.7 104.1 + -16 
Glutamic acid 147.9 84.1 + -20 

Alanine 89.9 44.1 + -13 
Histidine 155.9 110.05 + -20 
Arginine 175.1 70.1 + -30 
Creatine 132.1 90.1 + -14 
Valine 118.1 72.1 + -16 

Methionine 149.9 56.1 + -20 
Nicotinic acid 124.1 78.05 + -22 

Leucine 132.1 86.15 + -15 
Adenosine 268.1 136.05 + -25 

FAD 786.2 136.1 + -47 
Phenylalanine 166.1 120.1 + -20 

Tryptophan 205.1 188.15 + -10 
Uracil 113 70 + -17 

Carnitine 162.1 103.05 + -18 
Glucose 6-phosphate_N 259 97 - 15 

Citric acid_N 191 111.15 - 12 
Malic Acid 133.1 114.95 - 17 
Lactic Acid 89.3 89.05 - 7 
Pyruvate 86.9 87.05 - 7 

Fumaric Acid 115.1 71 - 0 
MES 196.2 100.05 + -23 
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Supplemental Figure 1. Complex II-mediated OCR remained significantly 
decreased after exclusion of the NHP with an atrophic endometrium. A) 
Endometrial mitochondrial OCR is decreased at baseline (EM, p = 0.02), B) energy state 
4o (p = 0.02), and C) energy state 3 (p = 0.03). D) EM complex II-mediated OCR was no 
longer significant compared to control endometrium (CTRL) in state 3u (p = 0.04) but 
was significantly decreased compared to endometriosis tissue (EMO, p = 0.03). One-
way ANOVA or nonparametric equivalent, p < 0.05 considered significant.  
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Abstract   

Endometriosis is characterized by endometrial tissue development outside the uterus. 

Anemia and iron depletion are not commonly recognized as accompanying 

endometriosis in women, despite chronic abdominal inflammation and heavy menstrual 

bleeding. The objective of this study was to examine iron kinetics associated with 

endometriosis using a nonhuman primate (NHP) model, to better understand the 

underlying mechanism of abnormal hematogram values in women with endometriosis. 

Hematologic data from forty-six macaques with endometriosis were examined for signs 

of iron depletion. Bone marrow, liver, and serum were used to elucidate whether iron 

loss or inflammation best explained the hematologic findings. Additional serum markers 

and intestinal biopsies from NHPs with and without endometriosis were evaluated for 

patterns in iron kinetics across the menstrual cycle and for relative dietary iron absorbing 

capacity. Almost half of the NHPs with endometriosis were anemic. Overall, NHPs had 

decreased red blood cell counts, increased mean corpuscular volumes, and an 

increased percentage of reticulocytes. They also had decreased serum hepcidin, and 

less hepatic and bone marrow iron. Intestinal ferroportin-1 expression, a mediator of iron 

absorption, was increased, indicating that despite a high dietary iron, intestinal iron 

absorption could not compensate for iron losses. We concluded that use of oral iron 

supplementation alone does not replenish iron stores in endometriosis. Based on these 

data, iron stores should be evaluated in women with endometriosis, even without overt 

clinical signs of anemia.   
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Introduction  

Endometriosis, characterized by the growth of endometrial tissue implants outside 

the uterus, affects up to 200 million women between the ages of 15-55 worldwide13. 

Women with endometriosis can experience severe pelvic and abdominal pain, infertility, 

and heavy or irregular menses29. Over time, menstrual losses may result in iron store 

depletion with detrimental downstream effects on hematopoiesis and cell metabolism8. 

Women with endometriosis commonly report fatigue, weakness, and malaise; these are 

also symptoms of anemia but often unrecognized as such24.  

In addition to possible excessive blood loss through heavy menses, chronic systemic 

inflammation is another possible mechanism of iron unavailability in endometriosis. 

Proinflammatory cytokines produced by endometriosis tissue and its associated 

inflammatory cells may increase serum cytokine concentration and activate the hepcidin-

mediated pathway. Hepcidin is a peptide produced in the liver that results in endocytosis 

of ferroportin-1, an iron exporter. Ferroportin-1 is essential for iron movement throughout 

the body. The ferroportin-1 transporter in the duodenum catalyzes dietary iron transfer 

across the basolateral aspect of enterocytes into circulation. Under inflammatory 

conditions, upregulation of hepcidin results in diminished expression of ferroportin-1 on 

the intestinal mucosa basolateral membrane via endocytosis and degradation, reducing 

plasma iron absorption26. Downregulation of the transporter confines iron to the liver, 

bone marrow, or splenic macrophages, and decreases overall systemic iron available for 

cell metabolism and erythropoiesis12.  

Little is known about iron kinetics and erythropoiesis in women with endometriosis. 

Studies, based on a few serological markers of iron homeostasis, report conflicting 

results17; 29. In unpublished preliminary analyses using the Wake Forest Baptist Medical 

Center electronic record database we compared pre-operative hematologic values of 
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women with (n = 60) and without (n = 30) surgically confirmed endometriosis. A 

complete treatment history and American Society for Reproductive Medicine (ASRM) 

severity stage for women with endometriosis in the study were unavailable. We found 

women with endometriosis had significantly decreased hematocrit (P = 0.009, mean ± 

SEM = 37.9 ± 0.584) and hemoglobin (P = 0.031, mean ± SEM = 12.6 ± 0.206) 

concentrations compared to age-matched controls. We also observed hematocrit, 

hemoglobin, and mean corpuscular volumes below calculated control 95% confidence 

intervals. Additional, more comprehensive studies in women are essential to verify these 

initial findings. 

The overall goal of the study was to better understand iron kinetics in endometriosis. 

Mechanistic studies are essential for developing successful strategies to mitigate 

endometriosis-associated anemia and other clinical symptoms. Thus, we examined 

hematologic parameters and systemic iron status in an established NHP macaque 

model of spontaneously occurring endometriosis. NHPs are more suitable models of 

endometriosis and iron kinetics than other animal models, as they have physiologically 

similar menstrual cycles and naturally develop endometriosis (at a rate of up to 30%)4; 31. 

NHPs also allow for sampling of tissues (e.g. liver and bone marrow) difficult to ethically 

obtain from healthy women. We hypothesized that iron loss is the primary mechanism 

underlying symptoms of iron depletion in endometriosis, while the hepcidin-mediated 

iron sequestration pathway has a secondary role. We also predicted that an optimum 

window might exist during the menstrual cycle when dietary iron absorption would be 

most efficient to potentially counteract menstrual iron loss.  
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Materials and Methods 

Selection of NHP cohorts 

Archived hematologic data from cynomolgus (Macaca fascicularis) and rhesus 

(Macaca mulatta) macaques were collected from databases of clinical records and 

necropsies performed at the Wake Forest School of Medicine (WFSM), Clarkson 

Campus. All animal use was approved by the Wake Forest School of Medicine Animal 

Care and Use Committee in accordance with the Guide for the Care and Use of 

Laboratory Animals30. WFSM is compliant with the Animal Welfare Act and Animal 

Welfare Regulations and is accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC)2; 3.  

We included samples and data from NHPs diagnosed with naturally occurring 

endometriosis by cyst fluid cytopathology or histopathology (mean age 18 years, range 

8-32 years; n = 46), with no other condition (i.e. neoplasia, chronic bleeding disorders) or 

experimental treatment that may alter hematologic parameters. The endometriosis 

cohort included 40 cynomolgus and 6 rhesus macaques. Samples and data from 

controls were selected from NHPs with a clinically normal uterus and no histopathologic 

indications of systemic inflammation noted at necropsy (mean age 18 years; n = 46). 

Controls also had received no experimental treatments that could potentially affect 

hematologic values. The control cohort consisted of 30 cynomolgus and 16 rhesus 

macaques. There were no significant hematologic differences between species within 

each cohort. NHPs were housed in either outdoor corals or indoor cages and were fed 

commercial (Monkey Chow, Fiber-Plus®, Tekland, Harlan Laboratories, 2016) or 

customized diets. Customized diets included variations on an in-house formulated high 
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saturated fat and high sugar diet. These diets contained an average iron concentration 

of 230 ppm. Animals had ad libitum tap water access. Reference intervals for 

hematologic parameters were calculated using 95% confidence intervals in data from 

controls, as established in the literature10.  

Evaluation of bone marrow and liver  

Bone marrow sections from 12 controls and 10 NHPs with endometriosis (a subset of 

the 46 NHPs noted above, all samples were from cynomolgus macaques) were stained 

for erythrocyte precursors (alpha hemoglobin stabilizing protein, αHSP, rabbit polyclonal 

antibody, Rockland Antibodies, Limerick, PA, USA, 1:10,000) and megakaryocytes 

(CD61, Thermo Scientific, Waltham, MA, USA, mouse monoclonal antibody, clone 2f2, 

1:50)21 using an automated staining system (Leica Bond RX, Leica Biosystems Inc., 

Buffalo Grove, IL). Epitope Retrieval Solution 2 was used to label αHSP and CD61 with 

a pH of 9 for 20 minutes at 99°C. The Leica Polymer Refine Detection Kit DS9800 (DAB) 

and Leica Polymer Refine Red Detection Kit DS9390 (Fast Red) were used to detect 

CD61 and αHSP, respectively. Tissues were counterstained with Mayer’s hematoxylin 

and images were digitized using a Hamamatsu NDP Nanozoomer slide scanner. A total 

of three randomized fields from each digital slide were analyzed with image analysis 

software (Image Pro Premiere 9.1, Media Cybernetics, Inc., Rockville, MD, USA, 2012) 

to achieve a power of 0.80. A blinded observer evaluated all images; erythroid 

precursors and megakaryocytes were quantified per square micron.  

Ten NHPs with endometriosis and ten clinically healthy, age-matched controls from 

the parent macaque cohort were used for iron analyses. The endometriosis cohort 

consisted of nine cynomolgus and one rhesus macaque. The control group was entirely 

cynomolgus macaques. Formalin-fixed, paraffin-embedded liver and bone marrow 
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blocks were cut into 5 µm (liver) or 3 µm (bone marrow) sections, and stained for iron 

with a Prussian blue histochemical reaction. Images were digitized and processed 

similar to bone marrow with three random images per slide evaluated for blue channel 

percent area using Image Pro Premiere imaging software. Twenty liver sections (n = 10 

endometriosis, 10 control) from the overall cohort were also directly analyzed for iron 

concentration using inductively coupled plasma mass spectrometry (ICP-MS, ARUP 

Laboratories, Inc., Salt Lake City, UT). 

Analysis of the hepcidin-mediated iron sequestration pathway  

Serum hepcidin (DRG® Bioactive Hepcidin 25 High Sensitivity ELISA, DRG 

International Inc., Springfield Township, NJ, USA) and IL6 (Quantikine® HS ELISA, R&D 

Systems, Minneapolis, MN, USA) were measured using ELISA kits. Serum iron and total 

iron binding capacity (TIBC) were analyzed at Kansas State University through IDEXX 

laboratories (IDEXX Laboratories, Inc., Westbrook, ME) by colorimetry on a Cobas Bira 

biochemical analyzer (Roche Diagnostics, Indianapolis, IN, USA).  

Hepcidin and erythroferrone measurement across the menstrual cycle 

Serum hepcidin and erythroferrone concentrations were evaluated across the 

menstrual cycle using ELISA kits (erythroferrone kit, human FAM132, LifeSpan 

BioSciences, Inc., Seattle, WA) in seven clinically healthy, ovulatory cynomolgus 

macaques (mean age 19 years). Erythroferrone is a peptide released from erythrocyte 

precursors that permits erythropoiesis in the presence of systemic inflammation 

(increased serum cytokines) and increased serum hepcidin14. These seven NHPs were 

experimentally naïve control animals from a previous study7. The NHPs had daily vaginal 

swabs for approximately 10 consecutive weeks in order to determine menses length and 

quantity. Serum was collected three times per week and tested for progesterone 
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concentrations using a commercially available coated-tube RIA (Diagnostic Products 

Corporation, Los Angeles, CA). Macaques were included in this cohort if they had 

regular menstrual cycles as determined by daily swab data and were otherwise clinically 

healthy.  

Ferroportin-1 transporter immunoreactivity   

Sections of archived duodenum tissue from seven clinically healthy NHPs and seven 

NHPs with endometriosis (n = 13 cynomolgus; n = 1 rhesus, the rhesus was part of the 

endometriosis cohort) were stained for ferroportin-1 iron transporter (PA5-22993, rabbit 

polyclonal antibody, Life Technologies, Carlsbad, CA, 1:600) using the automated 

staining system previously described. Vector® Red (Vector Laboratories, Burlingame, 

CA) was used as the chromophore with Mayer’s hematoxylin as a counterstain. Positive 

and negative controls for immunohistochemistry were segments of duodenum from a 

healthy NHP. Slides were digitized using a BX61VS Olympus microscope and Pike 

camera (Olympus Corporation, Waltham, MA, USA). Images were then analyzed for 

overall intestinal mucosa integral optical density (lum/µm2) using Image Pro Premiere 

9.1. Immunofluorescence was used to verify distribution of ferroportin immunoreactivity: 

Vector® Red was the fluorochrome and slides were coverslipped with Prolong® Gold 

Anti-fade mountant with DAPI (Life Technologies, Carlsbad, CA, USA). NHPs in the 

endometriosis and control groups were matched by stage of menstrual cycle based upon 

uterine histology and swabbing data27. Seven NHPs were studied in the follicular phase 

(n = 4 with endometriosis, n = 3 controls) and six in the luteal phase (n = 3 with 

endometriosis, n = 3 controls).  
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Statistical analyses 

Power calculations were determined using G*power, power calculation software (© 

Franz Faul, Edgar Erdfelder, Albert-Georg Lang, and Axel Buchner, 2006, 2009). 

Statistical analyses were performed using Prism 7 statistical software (GraphPad 

Software, Inc., La Jolla, CA, USA). Two-sided Student’s t or Mann-Whitney tests were 

used to compare means between hematology and tissue iron groups, as appropriate, 

based upon rules of normalcy. Differences in hepcidin and erythroferrone concentrations 

across menstrual cycle days were analyzed using Kruskal-Wallis and Dunn’s multiple 

comparisons tests. A two-way ANOVA was used to compare inverse transformed 

intestinal ferroportin-1 immunoreactivity data between disease status and phase of the 

menstrual cycle. A p-value of less than 0.05 was considered significant for all statistical 

methods.  

Results 

Hematology evaluation  

There were no significant differences in age (Table 1), body weight (not shown), or 

diet composition (not shown) between the two cohorts. Macaques with endometriosis 

had severity and distribution grades correlating to ASRM endometriosis grades of I 

(37.5% of NHPs with endometriosis), II (12.5% of NHPs with endometriosis), III (0% of 

NHPs with endometriosis) or IV (50% of NHPs with endometriosis)1; 22. Forty-one percent 

(19/46) of NHPs with endometriosis were classified as anemic at necropsy based on 

decreased red blood cell (RBC) counts, hemoglobin concentrations, and hematocrit 

values. In addition, over 57% had at least one indicator of RBC regeneration on their 

hematology report, including anisocytosis, polychromasia, poikilocytosis, or 

reticulocytosis (data not shown). None of the control animals had clinical signs of anemia. 
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Compared with healthy controls, NHPs with endometriosis had significantly lower RBC 

counts (13% decrease, P = 0.0002), increased mean corpuscular volumes (MCV, 11% 

increase, P < 0.0001), and increased percent reticulocytes (124% increase, P = 0.006) 

(Figure 1). Mean corpuscular hemoglobin was also increased in NHPs (MCH, P = 

0.0003) with endometriosis but is likely an artifact.   
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Table 1. Hematologic values of macaques with endometriosis 

Parameter Group Mean SEM SD 95% CI P 

Age, years Control∞ 18 0.845 5.73 16.6-
20.0 

0.79 

 Endometriosis∞ 18 0.661 4.49 16.7-
19.3 

- 

RBC, 106/µL Control∞ 6.23 0.121 0.82 6.0-6.5 0.0002* 

 Endometriosis∞ 5.40 0.180 1.22 5.0-5.8 - 

Hb, g/dL Control∞ 11.85 0.239 1.62 11.4-
12.3 

0.31 

 Endometriosis∞ 11.41 0.369 2.50 10.7-
12.2 

- 

Hct, % Control∞ 38.80 0.757 5.14 37.3-
40.3 

0.19 

 Endometriosis∞ 37.07 1.069 7.25 34.9-
39.2 

- 

MCV, fL/cell Control∞ 62.65 1.026 6.96 60.6-
64.7 

<0.0001* 

 Endometriosis∞ 69.65 1.164 7.90 67.3-
72.0 

- 

MCH, pg Control∞ 19.12 0.317 2.15 18.5-
19.8 

0.0003* 

 Endometriosis∞ 21.35 0.416 2.82 20.5-
22.2 

- 

MCHC, g/dL Control∞ 29.32 0.662 4.50 28.0-
30.7 

0.27 

 Endometriosis∞ 30.66 0.309 2.09 30.0-
31.3 

- 

Reticulocytes, 
%^ 

Control† 0.60 0.09 0.29 0.29-0.8 0.006* 

 Endometriosis† 1.51 0.33 1.09 0.7-2.2 - 

*P ≤ 0.05; ^Values were back-transformed from log(y) 
RBC, red blood cells; Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular 
volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular 
hemoglobin concentration; CI, confidence interval.  
∞, n = 46; †, n = 11 
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Figure 1. Red blood cell counts and indices of red cell regeneration in NHPs with 
endometriosis. (A) Red blood cell counts were decreased in NHPs with endometriosis 
compared to controls, P = 0.0002. (B) NHPs with endometriosis had increased mean 
corpuscular volume (MCV), P = 0.0003. (C) These NHPs also had increased percentage 
of red cells that were reticulocytes, P = 0.006 . Hematology measurements obtained at 
necropsy. For A and B: control, n = 46 and endometriosis, n = 46. For C: control = 11, 
endometriosis = 11. Data were analyzed using Student’s t tests. Percentages of 
reticulocytes were log transformed before analysis; back-transformed data are presented. 
A, B, and C presented as mean ± the standard error of the mean. * indicates significance. 
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Iron kinetics, storage, and hematopoiesis  

Despite the apparent histologic presence of abdominal inflammation in NHPs with 

endometriosis, there were no significant differences in mean serum IL6 between groups 

(43% increase, P = 0.30) (Figure 2A). In addition, although increased systemic IL6 

generally increases hepcidin production from hepatocytes, NHPs with endometriosis had 

significantly lower levels of hepcidin than controls (73% decrease, P = 0.04) (Figure 2B).  

Serum iron and TIBC are short-term markers of iron movement; when interpreted 

together, they may be used to extrapolate systemic iron status. Serum iron was 

significantly decreased in NHPs with endometriosis compared to controls (23% decrease, 

P = 0.03) (Figure 2C), but there were no differences in TIBC between groups (P = 0.36) 

(Figure 2D). There were also no significant differences in sample hemolysis scores 

between groups, which may also account for differences in serum iron measurement 

(data not shown).  

Iron levels were significantly decreased in the bone marrow of NHPs with 

endometriosis (55% decrease, P = 0.02) (Figure 3A, 3B). These NHPs also had 

significantly decreased hepatic iron content (on histomorphometry, 53% decrease and P 

= 0.01; direct measurement 63% decrease, P = 0.04) (Figures 3C and 3D). 

Histomorphologic assessment of liver demonstrated that distribution of iron within 

hepatocytes versus Kupffer cells did not differ between NHPs with and without 

endometriosis. A decrease in hepatic iron concentration was confirmed using ICP mass 

spectroscopy for direct iron quantification (Figure 3E). On immunohistochemistry and 

light microscopy, although we observed no significant differences in numbers of 

erythroid precursors (P = 0.99), megakaryocytes tended to be increased in those with 

endometriosis (77% increase, P = 0.05) (Figure 4), consistent with findings in women 

with endometriosis9. 
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Figure 2. Serum hepcidin and free iron in NHPs with endometriosis. (A) There was no 
difference in serum interleukin-6 (IL-6) concentrations (control, n = 8; endometriosis, n = 
14), P = 0.3. (B) Hepcidin was decreased in NHPs with endometriosis, P = 0.04 (control, 
n = 8; endometriosis, n = 11). Serum was also tested for (C) iron (control, n = 11; 
endometriosis, n = 14), and (D) total iron binding capacity (TIBC) (control, n = 11; 
endometriosis, n = 14). Serum iron was significantly decreased in the endometriosis 
group, P = 0.03. Data were analyzed using Student’s t tests and presented as mean ± 
the standard error of the mean. Boxes (control) or circles (endometriosis) represent 
individual data points. * indicates significance.  
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Figure 3. Hepatic and bone marrow iron concentrations in NHPs with endometriosis. (A) 
Bone marrow iron concentrations from NHPs with endometriosis were significantly 
decreased when assessed using Prussian blue histochemical stain and 
histomorphometric analyses, P = 0.022 (control, n = 10; endometriosis, n = 10). (B) 
Representative images of bone marrow stained with Prussian blue; original 
magnification 400X. Iron formed large clumps within the control bone marrow (top, large 
arrows). (C) Hepatic iron was decreased in NHPs with endometriosis, P = 0.013 (control, 
n = 10; endometriosis, n = 9). (D) Hepatocytes from NHPs with and without 
endometriosis, stained with Prussian blue; original magnification 400X. Kupffer cells 
within sinusoids often contained iron (top, small arrows). (E) Hepatic iron values were 
validated using direct inductively coupled plasma-mass spectroscopy, P =  0.036 
(control, n = 10; endometriosis, n = 10). Data presented as mean ± the standard error of 
the mean. Boxes (control) or circles (endometriosis) represent individual data points. 
Data from A, C, and E were analyzed using Student’s t tests. * indicates significance.  
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Figure 4. Erythroid precursors in NHPs with endometriosis. Bone marrow was stained 
for erythrocyte precursors (EP) using αHSP (A) and megakaryocytes (B) using CD61. 
Slides were imaged and each cell type was quantified. There was no difference in either 
erythroid precursor (P = 0.998) or megakaryocytes (P = 0.053) per square micron 
between the two groups. Data were analyzed using Student’s t tests and are presented 
as mean ± the standard error of the mean. (C) Representative images of bone marrow 
erythroid precursors (Fast Red) and megakaryocytes (DAP.) Original magnification 20X. 
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Serum hepcidin and erythroferrone concentrations during the menstrual cycle 

No significant differences were observed in serum concentrations of hepcidin (P = 

0.84) or erythroferrone (P = 0.99) (Figure 5A). Multiple comparisons among calendar day 

samples also did not reveal significant differences in erythroferrone or hepcidin 

concentrations (P =  >0.9999). Representative menstrual cycles and serum hepcidin, 

erythroferrone, and progesterone concentrations are shown in Figure 5B.  
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Figure 5. Hepcidin and erythroferrone concentrations across the menstrual cycle in 
healthy NHPs. (A) Hepcidin and erythroferrone concentrations across the menstrual 
cycle shown in 7 healthy cynomolgus macaques. The sampling captured two complete 
menstrual cycles per NHP (30 samples per NHP, 205 samples total). There was no 
statistically significant change in serum concentration of either peptide following ANOVA 
with multiple comparison analyses. Data are presented as mean ± the standard error of 
the mean for each set of replicates. (B) Representative menstrual cycle from a clinically 
healthy NHP with serum hepcidin, erythroferrone, and progesterone concentrations 
depicted across the menstrual cycle. Gray boxes indicate menses.  
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Figure 6. Ferroportin-1 transporter immunoreactivity was significantly increased in the 
small intestine of NHPs with endometriosis. (A) Sections of duodenum from NHPs with 
(n = 6) and without (n = 7) endometriosis were evaluated for ferroportin-1 transporter 
immunoreactivity. Ferroportin-1 immunoreactivity was significantly increased in NHPs 
with endometriosis, P = 0.01. (B) Grouped by menstrual cycle phase there was no 
difference in ferroportin-1 immunoreactivity, P = 0.54 (control, follicular phase n = 4; 
control, luteal phase n = 3; endometriosis, follicular phase, n = 4; endometriosis, luteal 
phase n = 2). Data in (A) and (B) are presented as mean ± the standard error of the 
mean, were analyzed using Student’s t tests, and are displayed as back-transformed 
from inverse values. (C) Representative sections of duodenum from control NHPs and 
NHPs with endometriosis stained for ferroportin-1, 400X original magnification. (+) 
denotes the immunohistochemical positive control, (-) the immunohistochemical negative 
control. (D) Prussian blue staining of intestinal villi from NHP with and without (control) 
endometriosis, 200X original magnification. * indicates significance 
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Duodenal ferroportin-1 transporter immunoreactivity  

NHPs with endometriosis had increased expression of ferroportin-1 transporters in 

the duodenum compared to controls (220% increase, P = 0.01) (Figure 6A). There was 

no difference in ferroportin-1 transporter expression in duodenal sections taken from 

NHPs in follicular or luteal phases (P = 0.54)(Figure 6B). This is consistent with the 

relatively low hepcidin concentrations in the serum of those with endometriosis, because 

elevated hepcidin results in endocytosis and degradation of intestinal ferroportin-1. 

Distribution of ferroportin was primarily apical and intracellular in both groups of NHPs, 

with stronger immunoreactivity in those with endometriosis (Figure 6C). Figure 6D 

depicts intestinal Prussian blue histochemical iron staining in NHPs with and without 

endometriosis. In this image, control NHPs had more iron-laden cells within villi. The 

interaction of hepcidin with intestinal iron sequestration is currently under investigation. 

Discussion 

In the current study NHPs with endometriosis had RBC indices indicative of anemia. 

Decreased hepatic and bone marrow iron stores, decreased serum hepcidin, and 

decreased serum iron levels in these animals supports iron loss as the major 

mechanism behind the hematologic abnormalities. NHPs with endometriosis also had 

elevated ferroportin-1 transporters within the duodenum sections, and an apparently 

greater capacity to absorb dietary iron. Nonetheless, NHPs with endometriosis had 

decreased hepatic and bone marrow iron stores indicating dietary iron supplementation 

alone may be insufficient to restore systemic iron homeostasis in cases of endometriosis. 

Altogether, the mechanistic findings presented here may have greater implications in 

women with endometriosis and further studies in women are needed.  
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Our NHP model had two hematologic parameters that are not classically considered 

characteristic of systemic iron loss: increased MCV and percent reticulocyte counts 5. 

The absence of increased erythroid precursors in bone marrow led us to postulate that 

systemic iron was low enough to diminish, but not stop, erythropoiesis in most NHPS 

with endometriosis. In a rodent model of iron kinetics, systemic iron loss through 

phlebotomy resulted in regenerative anemia when animals consumed an iron-sufficient 

diet 6. These findings likely explain the signs of regeneration (i.e. increased reticulocyte 

counts, MCV) in our NHP model, in which NHPs had decreased iron stores and were 

chronically losing blood through menses while concurrently consuming a high iron diet.  

We anticipated serum IL6 would be increased due to the inflammation associated 

with endometriosis. However, we found that serum IL6 was not significantly increased. 

This is likely due to the chronicity of endometrial lesions, with some NHPs receiving a 

diagnosis years before evaluation at necropsy. Women with endometriosis have variable 

serum and peritoneal fluid levels of proinflammatory cytokines, including IL6, but there is 

a gap in knowledge regarding the circulating inflammasome in NHPs with 

endometriosis15; 18; 20; 23; 25. Decreased serum hepcidin levels are likely mediated through 

transmembrane protease, serum 6 (TMPRSS6) by low hepatic iron stores 11. Increased 

TMPRSS6 gene transcription reduces hepcidin production by hepatocytes in response 

to low serum iron. If both IL6 and hepcidin were increased in NHPs with endometriosis, 

hematologic abnormalities would likely have been caused by iron sequestration in the 

liver and bone marrow. If so, hepatic or bone marrow iron stores would be similar 

between the two groups. Since there was a significant difference, additional studies are 

needed to determine if other serum cytokines or proteins (e.g. TNFα, C-reactive protein) 

are involved in endometriosis and iron kinetics independent of the hepcidin-mediated 

pathway.    
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Dietary iron supplementation is commonly used to prevent clinical signs of iron 

deficiency in women. Ferroportin-1 transporters in the duodenum, present on both the 

basolateral and apical membrane of enterocytes, promote dietary iron absorption and 

enhance movement of iron throughout the body to areas of need 12. In our macaque 

model, high dietary iron and abundant expression of duodenal ferroportin-1 appeared 

insufficient to restore serum iron or bone marrow and hepatic iron stores associated with 

endometriosis. This observation suggests that iron supplementation alone may be 

inadequate to correct the hematologic defects in nonhuman primates. We suspect the 

same is true for women but the translational implications are unknown. Anti-inflammatory 

therapies, proposed as therapeutic alternatives to suppression of the hypothalamic-

pituitary-ovarian axis for treatment of pelvic pain, also may help to correct iron deficiency 

associated with endometriosis. Future studies with such agents should address this 

endpoint 28. In addition, hepcidin and erythroferrone concentrations in clinically healthy 

NHPs did not appear to vary through the menstrual cycle. This result suggests that there 

may be no optimal time in the cycle for iron supplementation. The increase in ferroportin-

1 immunoreactivity is consistent with our finding of decreased serum hepcidin in 

endometriosis, since hepcidin concentrations are inversely associated with 

internalization and degradation of ferroportin-1 19.  

Limitations to this study should be taken into account. First, we examined iron 

homeostasis at a single time point (i.e. necropsy) for each NHP. Systemic iron 

concentrations are constantly in flux, and the mechanism driving iron depletion may 

change from initial disease development. Therefore, a longitudinal study is needed to 

better address fluctuations and interactions between inflammatory mediators and 

systemic iron levels. Second, large variations in hepcidin or erythroferrone levels are 

likely to be nullified by the tightly controlled, high dietary iron present in nonhuman 
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primate diets, including the diet fed to our NHPs 19. Iron in NHP diets is plant-based and 

less bioavailable than that of meat-based iron 16. Women potentially consume more 

meat-based iron than NHPs at variable levels, which complicates the use of ferroportin-1 

immunoreactivity as a relative measure of dietary iron absorption. Third, like women, 

NHPs have individual variability in menstrual cycle lengths and timing of hormone peaks. 

Evaluating serum hepcidin and erythroferrone data according to cycle day, irrespective 

of cycle length, potentially increases variability in the data and decreases the opportunity 

to detect significant differences. To correct for these differences, we performed 

regression analyses comparing serum progesterone levels to hepcidin or erythroferrone. 

However, serum progesterone levels did not correlate with either peptide.  Finally, NHPs 

with endometriosis potentially have more exaggerated changes in serum hepcidin and 

erythroferrone than healthy animals. Increased blood loss during menses in NHPs with 

endometriosis would be expected to result in sharp decreases in hepcidin production 

and increases in erythroferrone, which were not observed in this study 12; 29. 

In conclusion, the use of high dietary iron alone did not replenish iron stores in NHPs 

with endometriosis. Iron deficiency and anemia often accompany endometriosis but may 

be under-recognized. Additional studies are needed to more fully understand systemic 

and intralesional iron kinetics in this disease.  



 

 133 

Acknowledgements: This work was supported in part by the NCI Cancer Center 

Support Grant (P30CA012197) to the Comprehensive Cancer Center of Wake Forest 

Baptist Medical Center; NIH grants T32OD010957-37, T35OD010946, P30CA012197; 

and the North Carolina Biotechnology Center (2015-IDG-1006). This project was also 

funded by the Wake Forest School of Medicine Pathology Department Mature Pilot 

Grant (120-100400-00000-700066-ENDO23.) The authors acknowledge the support of 

the Comparative Pathology Laboratory Shared Resources (Jean Gardin, Cathy Mathis, 

and Lisa O’Donnell) of the Wake Forest Baptist Medical Center Comprehensive Cancer 

Center. They also thank Drs. Michael Nader, Thomas Register, Janice Wagner, Jay 

Kaplan, and J. Mark Cline from the Wake Forest School of Medicine for contribution of 

NHP tissues. The authors acknowledge the editorial assistance of Karen Klein, MA, 

through the Wake Forest Clinical and Translational Science Institute (UL1TR001420; PI: 

McClain). Finally, the authors thank the anonymous reviewers for their constructive 

critiques.  



 

 134 

References 

1. 1985. Revised American Fertility Society classification of endometriosis: 1985. 

Fertil Steril 43:351-352. 

2. Animal Welfare Act. 1966. Title 7 §2131-2159. 

3. Animal Welfare Regulations. 1966. Title 9 §1.1-12.10. 

4. Atkins HM, Lombardini ED, Caudell DL, Appt SE, Dubois A, Cline JM. 2016. 

Decidualization of Endometriosis in Macaques. Vet Pathol 53:1252-1258. 

5. Bullock GC, Delehanty LL, Talbot AL, Gonias SL, Tong WH, Rouault TA, 

Dewar B, Macdonald JM, Chruma JJ, Goldfarb AN. 2010. Iron control of 

erythroid development by a novel aconitase-associated regulatory pathway. 

Blood 116:97-108. 

6. Burkhard MJ, Brown DE, McGrath JP, Meador VP, Mayle DA, Keaton MJ, 

Hoffman WP, Zimmermann JL, Abbott DL, Sun SC. 2001. Evaluation of the 

erythroid regenerative response in two different models of experimentally 

induced iron deficiency anemia. Veterinary clinical pathology / American Society 

for Veterinary Clinical Pathology 30:76-85. 

7. Clarkson TB, Ethun KF, Pajewski NM, Golden D, Floyd E, Appt SE. 2014. 

Effects of bazedoxifene, conjugated equine estrogens, and a tissue-selective 

estrogen complex containing both bazedoxifene and conjugated equine 

estrogens on cerebral artery atherosclerosis in postmenopausal monkeys. 

Menopause-the Journal of the North American Menopause Society 21:8-14. 

8. Coad J, Pedley K. 2014. Iron deficiency and iron deficiency anemia in women. 

Scandinavian journal of clinical and laboratory investigation Supplementum 

244:82-89; discussion 89. 



 

 135 

9. Ding D, Liu X, Duan J, Guo SW. 2015. Platelets are an unindicted culprit in the 

development of endometriosis: clinical and experimental evidence. Hum Reprod 

30:812-832. 

10. Friedrichs KR, Harr KE, Freeman KP, Szladovits B, Walton RM, Barnhart 

KF, Blanco-Chavez J, American Society for Veterinary Clinical Pathology. 

2012. ASVCP reference interval guidelines: determination of de novo reference 

intervals in veterinary species and other related topics. Veterinary clinical 

pathology / American Society for Veterinary Clinical Pathology 41:441-453. 

11. Frydlova J, Prikryl P, Truksa J, Falke LL, Du X, Gurieva I, Vokurka M, Krijt J. 

2016. Effect of Erythropoietin, Iron Deficiency and Iron Overload on Liver 

Matriptase-2 (TMPRSS6) Protein Content in Mice and Rats. PLoS One 

11:e0148540. 

12. Ganz T, Nemeth E. 2012. Hepcidin and iron homeostasis. Biochimica et 

biophysica acta 1823:1434-1443. 

13. Giudice LC. 2010. Clinical practice. Endometriosis. N Engl J Med 362:2389-

2398. 

14. Kautz L, Jung G, Nemeth E, Ganz T. 2014. Erythroferrone contributes to 

recovery from anemia of inflammation. Blood 124:2569-2574. 

15. Lebovic DI, Mueller MD, Taylor RN. 2001. Immunobiology of endometriosis. 

Fertil Steril 75:1-10. 

16. Lim KH, Booth AO, Nowson CA, Szymlek-Gay EA, Irving DO, Riddell LJ. 

2016. Hepcidin is a Better Predictor of Iron Stores in Premenopausal Women 

than Blood Loss or Dietary Intake. Nutrients 8:540-555. 

17. Manolov V, Marinov B, Vasilev V. 2015. [Serum Hepcidin Levels in 

Endometriosis]. Akush Ginekol (Sofiia) 54 Suppl 1:32-38. 



 

 136 

18. Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, Pedersen BK, Ganz T. 

2004. IL-6 mediates hypoferremia of inflammation by inducing the synthesis of 

the iron regulatory hormone hepcidin. The Journal of clinical investigation 

113:1271-1276. 

19. Nunez MT, Tapia V, Rojas A, Aguirre P, Gomez F, Nualart F. 2010. Iron 

supply determines apical/basolateral membrane distribution of intestinal iron 

transporters DMT1 and ferroportin 1. American journal of physiology Cell 

physiology 298:C477-485. 

20. Othman Eel D, Hornung D, Salem HT, Khalifa EA, El-Metwally TH, Al-Hendy 

A. 2008. Serum cytokines as biomarkers for nonsurgical prediction of 

endometriosis. European journal of obstetrics, gynecology, and reproductive 

biology 137:240-246. 

21. Raess PW, Paessler ME, Bagg A, Weiss MJ, Choi JK. 2012. alpha-

Hemoglobin-stabilizing protein is a sensitive and specific marker of erythroid 

precursors. The American journal of surgical pathology 36:1538-1547. 

22. Rier SE, Martin DC, Bowman RE, Becker JL. 1995. Immunoresponsiveness in 

endometriosis: implications of estrogenic toxicants. Environ Health Perspect 103 

Suppl 7:151-156. 

23. Santoro L, D'Onofrio F, Campo S, Ferraro PM, Tondi P, Campo V, Flex A, 

Gasbarrini A, Santoliquido A. 2012. Endothelial dysfunction but not increased 

carotid intima-media thickness in young European women with endometriosis. 

Hum Reprod 27:1320-1326. 

24. Sinaii N, Cleary SD, Ballweg ML, Nieman LK, Stratton P. 2002. High rates of 

autoimmune and endocrine disorders, fibromyalgia, chronic fatigue syndrome 

and atopic diseases among women with endometriosis: a survey analysis. Hum 

Reprod 17:2715-2724. 



 

 137 

25. Smith KA, Pearson CB, Hachey AM, Xia DL, Wachtman LM. 2012. Alternative 

activation of macrophages in rhesus macaques (Macaca mulatta) with 

endometriosis. Comp Med 62:303-310. 

26. Theurl I, Aigner E, Theurl M, Nairz M, Seifert M, Schroll A, Sonnweber T, 

Eberwein L, Witcher DR, Murphy AT, Wroblewski VJ, Wurz E, Datz C, Weiss 

G. 2009. Regulation of iron homeostasis in anemia of chronic disease and iron 

deficiency anemia: diagnostic and therapeutic implications. Blood 113:5277-

5286. 

27. van Esch E, Buse E, Weinbauer GF, Cline JM. 2008. The Macaque 

Endometrium, with Special Reference to the Cynomolgus Monkey (Macaca 

fascicularis). Toxicologic Pathology:67S-100S. 

28. Vanhie A, Tomassetti C, Peeraer K, Meuleman C, D'Hooghe T. 2016. 

Challenges in the development of novel therapeutic strategies for treatment of 

endometriosis. Expert Opin Ther Targets 20:593-600. 

29. Vercellini P, De Giorgi O, Aimi G, Panazza S, Uglietti A, Crosignani PG. 

1997. Menstrual characteristics in women with and without endometriosis. Obstet 

Gynecol 90:264-268. 

30. Worlein JM, Baker K, Bloomsmith M, Coleman K, Koban TL. 2011. The 

Eighth Edition of the Guide for the Care and Use of Laboratory Animals (2011); 

Implications for Behavioral Management. American Journal of Primatology 73:98-

98. 

31. Zondervan KT, Weeks DE, Colman R, Cardon LR, Hadfield R, Schleffler J, 

Trainor AG, Coe CL, Kemnitz JW, Kennedy SH. 2004. Familial aggregation of 

endometriosis in a large pedigree of rhesus macaques. Hum Reprod 19:448-455. 

 



 

 138 

CHAPTER FIVE – Summary and Discussion 

Research Summary  

Endometriosis is an invasive, chronic inflammatory disease characterized by 

uterine lining outside of the uterus. Endometriosis lesions are histologically and 

functionally similar to the eutopic endometrium with cyclic sloughing into the abdomen. 

Macrophages are the most common immune cell in endometriosis and are implicated in 

lesion growth. Macrophages and other immune cells, as well as iron oxidation are 

thought to be the major sources of oxidative stress in endometriosis. Little is known 

about other sources of oxidative stress, such as mitochondrial dysfunction, or the effects 

of endometriosis on eutopic endometrial metabolism. Women with endometriosis have 

elevated serum inflammatory biomarkers and increased blood loss through menses but 

the effects on iron kinetics are unknown. Naturally occurring cases of endometriosis in 

nonhuman primates provides a highly translatable platform for studying macrophage 

function, endometrial and endometriosis tissue metabolism, and iron kinetics. The 

project objectives were to use a nonhuman primate model of endometriosis to address 

gaps in knowledge surrounding tissue macrophage function, endometriosis and eutopic 

endometrium metabolism, and endometriosis systemic iron metabolism. Significant 

findings include: 

Chapter Two 

1. Nerve density increases with CD163+ macrophage density in 

endometriosis tissue. Macrophage density also positively correlated to 

relative iron content.  

2. NHPs treated with DMPA had increased endometriosis macrophage and 

nerve densities compared to those treated with NSAIDs or no treatment. 
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3. In vitro assay of macrophage iron metabolism and phagocytosis: 

a. Hemoglobin and haptoglobin-treated monocytes did not show 

transcriptional evidence of macrophage activation.  

b. Monocytes treated with hemoglobin and haptoglobin and 

incubated with opsonized beads had increased expression of 

genes related to heme export from endosomes, apoptosis, and 

fibroblast proliferation.  

c. PMA-treated monocytes took on an anti-inflammatory phenotype 

with increased expression of ARG1, CD11b, CD68, HMOX1, and 

iron metabolism genes (HMOX1, FTH1, SCL40A1), which is 

consistent with the current literature (1). 

d. CD163 expression did not change between hemoglobin and 

haptoglobin-treated groups. The lack of CD163 response may 

have reflected hemoglobin degradation before addition to cell 

culture.  

e. Peripheral blood monocytes from female macaques had very low 

to no expression of ERα. Low ERα in NHP monocyte populations 

corresponds to similar levels of expression in human monocytes 

(2). 

Chapter Three 

Mitochondrial energy production and metabolism is decreased in endometrium and 

endometriosis tissue from NHPs with endometriosis. 

1. Complex I-mediated, state 3 mitochondrial oxidative respiration and RCR 

were decreased in endometriosis tissue (EMO). 
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2. Endometrium from NHPs with endometriosis (EM) had decreased 

mitochondrial oxidative phosphorylation across all energy states of 

complex II-mediated mitochondrial respiration. 

3. Metabolomic analysis revealed significant decreases in the amino acid 

biosynthesis, and riboflavin and nitrogen metabolic pathways in 

endometriosis (EMO) and endometrium (EM) from NHPs with 

endometriosis. 

Chapter Four 

1. Iron loss is the major mechanism contributing to iron depletion and 

anemia in an NHP model of endometriosis. 

2. Dietary supplementation alone may not be enough to replenish low 

systemic iron stores. 

3. Women with endometriosis may be at risk of developing anemia and 

should be carefully evaluated for iron depletion. 

 

Study Strengths 

A significant strength of this thesis was using monocyte-derived macrophages 

from female macaque monocytes for studying endometriosis macrophage metabolism 

(Chapter Two). Although immortal human monocyte cell lines, such as THP-1 cells, 

provide consistency between replicates, THP-1 cells are not ideal for endometriosis 

macrophage studies because they are derived from cancer cells and have unregulated 

cell cycle growth. Furthermore, they do not express CD163 or ERα. Stable or transient 

transfection often raises expression of CD163 or ERα receptors to super-physiologic 

levels and may have confounding effects on test results. In contrast, monocyte-derived 
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macrophages more accurately represent cells that are recruited into endometriosis 

lesions (3). Finally, pairing an in vitro macrophage cell culture assay with tissue 

observations strengthens in vitro data. The importance of paired in vitro and ex vivo 

studies will become more crucial as the in vitro assay is developed further.  

A second strength of this thesis was combining NHP hematologic data with data 

from women. NHPs provided a model for identifying symptoms of systemic or relative 

iron deficiency (i.e., decreased RBC counts), and for determining the mechanism behind 

these symptoms. NHPs allowed for direct examination of systemic iron content in liver 

and bone marrow (4). Ferroportin-1 receptor expression within the duodenum was also 

evaluated to determine if iron depletion was due to an inability of the NHPs to absorb 

dietary iron. Duodenal tissue collection would not be feasible in women. Comparing NHP 

with human data was essential for determining if women with endometriosis are at risk of 

developing systemic iron depletion.  

 

Study Limitations 

One of the major limitations considered when interpreting these studies was that 

the necropsy-based experiments (i.e., iron metabolism, mitochondrial bioenergetics, 

metabolomics and immunohistochemistry analyses) were cross-sectional. Therefore the 

data only provided a snapshot of dynamic, pathologic processes. A longitudinal study 

with data collected at multiple time points from each subject would increase study power, 

especially when evaluating the effects of endometriosis on systemic iron status or DMPA 

on macrophage density. Repeated serum ferritin levels could be used to determine 

fluctuation in systemic iron status in NHP or women with endometriosis (4). Pre- and 

post-treatment tissue samples would be essential to determining if DMPA affected 
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macrophages or if the differences were linked to another confounding factor such as 

treatment decision. Pairing tissue-based experiments with in vitro cell culture assays 

would also aid in determining the direct effects of DMPA on macrophage function and 

provide a better understanding of the mechanism behind increased endometriosis 

macrophage density.  

Another limitation of these studies is small sample sizes. Additional numbers of 

NHP endometrium and endometriosis tissue were needed to provide increased 

statistical power in the mitochondrial bioenergetics, metabolomics, and cell culture 

experiments. Metabolomics studies, in particular, require many samples to achieve 

sufficient statistical power (5). Evaluating tissue for a specific number of metabolites 

through targeted metabolomics improves statistical power and reduces the number of 

samples needed per test group. However, based on the number of metabolites that we 

tested and anticipated effect size, we would need 75 samples per group (CTRL, EM, and 

EMO) to achieve a power of 80% (6, 7).  Finally, two additional biological replicates for 

our in vitro assay of endometriosis macrophage function would reduce replicate variation 

and increase statistical power.  

The NHPs for the mitochondrial bioenergetics assays described in Chapter Three 

came from different study protocols, adding several potential confounding factors to the 

results. In the endometriosis cohort, two of the four NHPs received a combination of 

bazedoxifene acetate (BZA) and conjugated equine estrogens (CEE) as part of a pre-

clinical study examining the effects of BZA and CEE on endometriosis-associated pain. 

BZA administered with CEE antagonizes CEE-induced endometrial epithelial 

proliferation (8). The BZA and CEE combination also decreases endometrial ERα protein 

expression compared to untreated monkeys or those that received only CEE (8). The 

effect of BZA and CEE on mitochondrial function is unknown. However, BZA/CEE 
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administered to mouse models of endometriosis increased tissue apoptosis, and 

reduced lesion size and ERα expression (9). Similar outcomes and anticipated in NHPs 

that received BZA/CEE (8). The source of control monkeys adds another level of 

complexity to the mitochondrial function data. Control monkeys received a plant-based, 

Mediterranean-like diet high in omega three fatty acids for three years prior to necropsy 

as part of a study examining the effects of diet on socioeconomic stress. While the direct 

effects of omega three supplementation on endometrial energy production are unknown, 

a high dietary omega three to omega six fatty acid ratio, as in the Mediterranean-like diet, 

may disrupt typical prostaglandin profiles associated with the menstrual cycle (10-12). 

Furthermore, the control monkeys that received the Mediterranean-like diet were 

clinically healthy but had low body condition scores. In women, low body mass indexes 

correlate to low triiodothyronine (T3), amenorrhea, and oligomenorrhea (13, 14). An 

overall decrease in energy available for systemic metabolism would presumably 

decrease endometrial energy production. It is important to note that the control group 

monkeys in had apparently consistent menstrual cycles, and serum progesterone and 

estradiol concentrations within typical reference intervals.  However, a dietary-induced 

decrease in control endometrium energy metabolism cannot be excluded. 

 

Implications of Current Research  

In Chapter Two the data shows a correlation between macrophages and nerve 

density or iron. Macrophage and nerve density in endometriosis aligns with current 

findings in mouse models and women (15, 16). The data in Chapter Two further expands 

upon those correlation studies by identifying increased macrophage and nerve density in 

endometriosis tissue from DMPA-treated NHPs. The full clinical implications of DMPA on 

macrophage and nerve density in tissue are currently unknown. DMPA likely directly 
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affects tissue growth and composition by decreasing estrogen or progesterone receptor 

expression with macrophage and nerve densities changing as a result to the changing 

endometriosis environment (17, 18). DMPA may also influence macrophage function or 

nerve fiber development. The in vitro assay of macrophage function, described in 

Chapter Two, may provide a platform for testing the direct effects of DMPA on 

macrophages with or without nerve fibers added to the culture dish. Finally, the overall 

positive association of macrophages and iron concentration reaffirms the potential 

important role of iron on endometriosis lesion progression and macrophage function (16).   

The preliminary results of the in vitro assay provide a few observations that will 

be applied to continued development of the assay (Chapter Two). First, hemoglobin and 

haptoglobin treated monocytes did not show morphologic or transcriptional evidence of 

macrophage differentiation. This finding is in contrast to previous in vitro experiments 

examining CD163 receptor function (19). Monocytes treated with PMA did differentiate 

into anti-inflammatory macrophages with increased transcriptional expression of ARG1, 

CD11b, CD68, HMOX1, and iron metabolism genes. Failure of macrophage 

differentiation with hemoglobin and haptoglobin supports the importance of taking into 

consideration all aspects of the endometriosis environment on macrophage function. 

Future in vitro experiments will feature a preliminary activation step with PMA or a 

cocktail of cytokines prevalent in endometriosis tissue (e.g., IL-6, IL-1, and TNF-α) 

before addition of hemoglobin and haptoglobin (20).  

In Chapter Three, decreased mitochondrial energy production was observed in 

endometrium and endometriosis tissue from NHPs with endometriosis. The data 

presented here represents one of the first studies directly measuring mitochondrial 

function in endometrium and endometriosis tissue. In combination with targeted tissue 

metabolomics, this data provides insight into possible metabolic contributions to 
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endometriosis growth or development. It also provides the initial first steps toward 

examining endometrial metabolism and its potential contributions to infertility in 

individuals with endometriosis. 

NHPs with endometriosis had systemic iron depletion and clinical signs of 

anemia that likely resulted from menstrual blood loss (Chapter Four). In women, 

significantly decreased hematocrit, and hemoglobin concentrations were observed 

compared to age-matched controls. The same cohort of women with endometriosis had 

hematocrit, hemoglobin, and mean corpuscular volumes that were below calculated 

control 95% confidence intervals. However, hematocrit, hemoglobin, and mean 

corpuscular volumes were within standard references intervals used by Wake Forest 

Baptist Health (WFBH). Calculated age-matched reference intervals may reveal subtle 

changes in red cell indices not recognized using standard reference intervals (21). 

Therefore, women with endometriosis may have relative iron depletion that is not 

detected because they still remain within the reference interval. Women with 

endometriosis and malaise or fatigue should be carefully evaluated for symptoms of 

decreased systemic iron (22, 23). Also, we showed oral iron supplementation alone did 

not appear to be enough to replace reduced systemic iron stores, which means 

additional iron replenishment strategies are needed.  

 

Immediate Future Directions 

The data presented here raise many new questions for future investigations. 

When developing an in vitro assay of endometriosis macrophage function, a correlation 

between macrophages and two features of endometriosis tissue were identified: nerve 

density and iron concentration. Additional research is needed to evaluate the 
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endometriosis tissue environment and its influence on macrophage function. A few 

studies have described immune populations, and tissue structures (i.e., arteries and 

nerve fibers) in endometriosis but none have used these assessments to model the 

influences of immune populations on lesion composition (24, 25). An Investigative 

Science Grant Application entitled, “Hormone Receptor Expression, Inflammation, and 

Terminal Sensory Nerve Relationships in NHP Endometriosis Lesions” was funded in 

2017 by the Wake Forest School of Medicine Pathology Department to address 

significant gaps in knowledge regarding the role of immune cell populations and 

hormone receptors expression on pain response and endometriosis tissue composition. 

The grant was submitted by Susan Appt, DVM (principal investigator), Hannah Atkins, 

DVM (co-investigator) and David Caudell, DVM, PhD (co-investigator) The overall goal 

of the grant is to use a NHP model of endometriosis to characterize estrogen (ER) and 

progesterone receptor (PR) expression, immune cell populations, inflammatory cytokine 

production, and terminal sensory innervation within lesions. All of these factors will then 

be used in principal component or multiple regression modeling to determine how each 

collectively contributes to endometriosis composition. The central hypothesis of the grant 

is that endometriosis inflammatory cell infiltrates stimulated by estrogen and 

progesterone secrete cytokines and neurogenic factors that contribute to pain and lesion 

growth. The grant will address two specific aims: 1) to describe relationships among 

hormone receptor expression, immune cell populations, and terminal nerve fiber 

innervation in NHP endometriosis tissue using immunohistochemistry, and 2) to 

determine genetic markers of hormone receptor expression, inflammation, tissue 

metabolism, and neurogenesis within NHP endometriosis lesions using RT-qPCR. A 

holistic modeling approach as proposed in this grant is key to determining overall tissue 

patterns and specific therapeutic targets. The full grant is presented in Part D of the 

Appendix.  
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Additional Study Directions 

The cell culture experiments presented in this project provide a superficial view of 

iron metabolism in monocyte-derived macrophages. Therefore, a more comprehensive 

model of macrophage iron scavenging is needed. Currently, it is unknown if 

macrophages encountering hemoglobin and cellular debris take on a specific phenotype. 

In future experiments, monocytes will be differentiated into macrophages overnight with 

PMA and then incubated with HH or opsonized beads or both for another 12-24 hours. A 

second strategy would be to stimulate monocytes with a cytokine cocktail, cyst fluid, or 

peritoneal fluid from NHPs with endometriosis before adding opsonized beads. Finally, 

three levels of hemoglobin were selected based on the hemoglobin uptake kinetics of 

iron scavenging receptor, CD163 (19). More relevant iron concentrations should be 

determined using ICP mass spectroscopy and formalin-fixed endometriosis tissue similar 

to direct hepatic iron measurement performed in Chapter Four. After a more 

comprehensive in vitro assay of macrophage function in endometriosis is established, 

macrophages could be exposed to endometriosis treatments including NSAIDs, DMPA, 

aromatase inhibitors, or a combination of drugs. Measured outcomes would include 

cytokine and growth factor production as well as whole cell mitochondrial function 

assays (26). Alternatively, the function of monocyte-derived macrophages from 

macaques with endometriosis should be compared to those from clinically healthy NHPs. 

Current literature suggests macrophages from women with endometriosis may be more 

reactive and less effective at phagocytosis than those from clinically healthy individuals 

(27, 28). Altogether these data would provide a comprehensive view of endometriosis 

and its effects on macrophage function. 
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Endometriosis and endometrial mitochondrial bioenergetics and metabolomics is 

a relatively new field of study. Additional experiments are needed to determine the 

mechanism of decreased mitochondrial energy production and reduced energy substrate.  

Future experiments should evaluate changes in metabolism experienced by each cell 

type within endometriosis tissue and/or endometrium (glandular epithelium, stroma, and 

macrophages). These experiments should also examine autophagy, mitochondrial DNA 

damage, and mitochondrial morphology to identify whether ROS damage mitochondria 

as in other chronic inflammatory diseases (29). Determining the type and relative 

quantities of ROS in endometrium and endometriosis tissue is needed to determine if 

ROS concentrations are connected to decreased cellular metabolism. Measurement of 

ROS and tissue damage could be accomplished using mass spectroscopy to evaluate 

sulfenic acid modification of proteins (30). Furthermore, a mitochondrial progesterone 

receptor has recently been identified (31). The role of this receptor in endometriosis and 

endometrial mitochondrial function is unknown.  

In Chapter Four, oral iron supplementation did not appear sufficient to replenish 

iron stores in NHPs with endometriosis. Since oral iron supplementation is often the first 

treatment for iron deficiency anemia, additional iron replenishment strategies need to be 

explored in iron-deficient women with endometriosis (32). We also identified blood loss 

during menses as a potential cause of anemia in NHPs with endometriosis. Therefore, 

reducing blood loss by reducing endometrial proliferation, menses frequency, or uterine 

prostaglandin production through the use of oral contraceptives, intra-uterine devices, 

progestin implants, or NSAID-mediated blockage of prostaglandins may be a first line of 

defense. Several of these treatment options are also initial treatments for endometriosis 

and evaluating systemic iron status by treatment may be useful for determining the best 

therapy for women with histories of iron depletion (33). 
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Conclusions 

The studies in this thesis used a nonhuman primate model of endometriosis to 

study tissue macrophage function, endometriosis and eutopic endometrium metabolism, 

and the mechanisms behind endometriosis systemic iron kinetics. These projects 

identified correlations between macrophages and other features of endometriosis and 

developed preliminary in vitro assays for studying macrophage function. The projects 

also suggest energy metabolism in endometrium and endometriosis tissue metabolism is 

decreased compared to clinically normal endometrium, but the cause remains unknown. 

Finally, NHPs with endometriosis have hematologic indices of anemia with systemic iron 

depletion identified as the major mechanism behind the hematologic abnormalities. 

NHPs had iron depletion despite a high iron diet indicating iron supplementation alone 

may be insufficient for replenishing iron stores. Women with endometriosis also had 

hematologic evidence of iron depletion but mean hematologic parameters were within 

standard reference values. This suggests women should be carefully evaluated for iron 

depletion since women may have decreased systemic iron without abnormal clinical 

hematology. Collectively, the studies in this thesis revealed the versatility of nonhuman 

primates as a preclinical model of endometriosis, especially in the areas of 

endometriosis tissue inflammation, metabolism, and its effects on systemic health.  
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APPENDIX  
 

Part A. Ancillary Data for Chapters Two-Four 

 

Figure A1. Immunohistochemistry (IHC) and histochemical controls for 
histomorphometric analyses performed in Chapter Two. A) Anti-CD163 macrophage 
(Fast Red) and anti-PGP9.5+ nerve fiber (DAB) positive and B) negative controls. 
Mayer's hematoxylin counterstain. Macaque uterus, 25X original magnification. C) Iron 
control (Prussian blue histochemical reaction), liver, original magnification 20X. All 
images were obtained using BX61VS Olympus microscope with Pike camera (Olympus 
Corporation, Waltham, MA). Detailed methods are provided in Chapter Two.  
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Figure A2. Flow cytometry analysis of isolated monocyte populations for CD14+ 
and CD16+. Peripheral blood mononuclear cells (PBMCs) were isolated from whole 
blood using Leucosep™ tubes (Greiner Bio-one, Monroe, NC) and Ficoll® Paque Plus 
(GE Healthcare, Marlborough, MA). CD14+ and CD16+ monocytes were isolated using 
magnetic bead selection kits (CD14+ nonhuman primate Microbeads and CD16+ Human 
Monocyte Isolation Kit, Miltenyi Biotech, Germany). The resulting CD14+CD16-, 
CD14+CD16+, and CD14-CD16+ population was 91.5% pure. Flow cytometry data was 
captured using a BD FACS Canto II Analyzer (Becton Dickinson Biosciences, Franklin 
Lakes, NJ). Compensation controls were BD™ CompBeads (BD Biosciences) labeled 
with the same antibodies as the samples: anti-CD16 (PE, clone 3G8, BD™ Biosciences) 
and anti-CD14 (APC, clone M5E2, BD™ Biosciences) Isolated monocytes were then 
used for in vitro assays described in Chapter Two. These results mirror CD14+ and 
CD16+ peripheral blood monocyte populations described by Autissier et al., 2010.   
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Figure A3. Immunohistochemistry (IHC) and histochemical controls for 
histomorphometric analyses performed in Chapter Four. A) Prussian blue iron 
histochemical reaction, liver, 20X original magnification. B) Alpha hemoglobin stabilizing 
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protein (anti-αHSP, Vector® Red) and megakaryocyte (anti-CD61, DAB) positive control 
and C) negative control. Tissues in B and C were counterstained with Mayer’s 
hematoxylin. Macaque bone marrow, 40X original magnification. D) Ferroportin-1 iron 
transporter positive (Vector® Red) and E) negative controls. Both D and E are 
counterstained with Mayer’s hematoxylin. Macaque duodenum, 10X original 
magnification. All images were captured using either a Hamamatsu NDP Nanozoomer 
slide scanner (images B-C) or BX61VS Olympus microscope and Pike camera (images 
A, D-E, Olympus Corporation, Waltham, MA). More detailed methods are described in 
Chapter Four.  
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Part B. Preliminary in vitro Experiments on Monocyte Function using THP-1 Cells. 

Figures B1-B3 represent data from preliminary in vitro macrophage function experiments 

similar to those presented in Chapter Two. The data presented here are flow cytometry-

based and use an immortal human monocytic cell line (THP-1 cells, ATCC® TIB-202™). 

The background, significance, and hypothesis for these experiments are outlined in 

Chapter Two. However, further development of an in vitro assay of macrophage function 

using THP-1 cells was abandoned. Justification for the decision to switch from THP-1 

cells to peripheral blood monocytes was: 

1) Absence of surface marker CD163 (hemoglobin scavenging receptor). 

Endometriosis macrophages are typically classified as anti-inflammatory, which 

was historically associated with CD163 expression (1). CD163 is an efficient 

receptor for scavenging hemoglobin and hemoglobin/haptoglobin complexes. 

Endometriosis lesions contain high concentrations of hemoglobin and 

haptoglobin (2).  Previous in vitro studies using isolated peritoneal macrophages 

suggest hemoglobin and haptoglobin may affect cytokine and factor production 

as well as phagocytosis of cellular debris (3, 4). Therefore CD163 is considered 

essential for studying potential endometriosis environmental influences on 

macrophages function.  

2) Non-physiologic levels of estrogen receptor alpha (ESR1) receptor 

expression. The line of THP-1 cells used for these experiments did not naturally 

express ESR1. The effects of estrogen on macrophages in endometriosis are 

currently unknown. In models of cutaneous wound healing, estrogen induces 

macrophages to taken on a phenotype at the anti-inflammatory end of the 

macrophage spectrum (5, 6). Therefore, estrogen likely stimulates endometriosis 

macrophages to produce pro-growth cytokines and factors that would drive 



 

 159 

disease progression. An in vitro assay using cells that lack physiologic 

expression of ESR1 may be missing a critical mediator of endometriosis 

macrophage function. 

3) THP-1 cells are an immortal cell line. Therefore THP-1 cell cycle kinetics, and 

metabolism do not reflect in vivo monocytes recruited to endometriosis lesions.  

However, use of an immortal cell line would allow less variance between 

replicates. 

 

Methods 

THP-1 Cell Culture Assays 

THP-1 cells were plated in 24-well cell plastic culture plates (Corning™ Falcon™, 

Corning, NY) with RPMI 1640 plus 10% heat-inactivated fetal bovine serum (FBS), 1% 

penicillin and streptomycin, and 0.5% natamycin. Dulbecco’s phosphate buffered saline 

(DPBS, control), phorbol 12-myristate 13-acetate (PMA, lot# 155505-24, Fisher 

BioRagents®), or human hemoglobin (lot# SLBM7780V, Sigma-Aldrich, Burlington, MA) 

and human haptoglobin (pooled, lot# SLBV2433, Sigma-Aldrich) were added to each 

well in concentrations of 200nM (PMA), or 50, 150, or 250 mg/mL (hemoglobin and 

haptoglobin, HH). Hemoglobin protein was labeled with Alexa Fluor® 647 using a protein 

labeling kit (Invitrogen™, Waltham, MA). Likewise, haptoglobin was labeled with a 

Pacific Blue protein labeling kit (Invitrogen™). A second series of THP-1 cells were 

incubated with PMA or 50, 150, or 250 mg/mL HH plus the addition of IgG opsonized, 

FITC-labeled carboxyl beads (1:500 final dilution, 0.1 um mean diameter, Cayman 

Chemicals, Ann Arbor, MI). Cells were incubated at 37°C and 5% CO2 for 24 hours 
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before staining for flow cytometry.  Two technical replicates were completed on separate 

occasions. The resulting flow data were combined for analysis. 

Flow Cytometry Analysis 

After 24 hours, cell supernatant was removed and THP-1 cells collected by 

centrifugation. Adherent THP-1 cells were released from the culture plate using a non-

enzymatic disassociation buffer (Gibco™ Waltham, MA). Cells were incubated with 

trypan blue for five minutes, washed with DPBS, and divided into 1 x 106 cell aliquots. 

Anti-CD163 flow cytometry antibody (PE, mouse anti-human BD Pharmingen™, BD™ 

Biosciences, Franklin, NJ) was added to the appropriate treatment groups at a 

concentration of 20 uL per test.  A live/dead stain was added to samples at a 

concentration of 5 uL per test (7-AAD, BD Pharmingen™, BD™ Biosciences,). Cells 

were washed with flow cytometry buffer (DPBS plus 2% FBS), then fixed with 4% 

paraformaldehyde (PFA). In addition to cell samples, compensation controls were 

prepared for 7-AAD, PE, APC, Pacific Blue, and FITC channels using THP-1 cells. Flow 

cytometry data were recorded using a BD FACS Canto II Analyzer (BD™ Biosciences). 

The gating strategy for flow cytometry analysis is illustrated in Figure B1.  

Immunocytofluorescence (ICF) 

On another occasion, a set of THP-1 cell culture assays were used to evaluate 

bead and hemoglobin uptake into the cells. These experiments were set up similar to 

that described above but only PBS, PMA, and 100 ug/mL HH treatments were used. 

Cells were harvested and cytospin cytology slides prepared. Slides were fixed for 10 

minutes with 4% paraformaldehyde before permeabilization in 0.1% Triton X-100, and a 

blocking step with bovine serum albumin (BSA). An anti-CD163 primary antibody was 

then added (1:700, mouse monoclonal, clone EDHu-1, Invitrogen™) and the slides 
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incubated overnight at 4°C. The next day, slides were washed with PBS plus BSA before 

a one hour incubation with the secondary antibody (1:1000 dilution, Alexa Fluor 488 goat 

anti-mouse, Invitrogen™). After another series of washes slides were coverslipped using 

ProLong™ Gold Antifade Mountant with DAPI (Invitrogen™). Fluorescent images were 

captured using a BX61VS Olympus microscope with Hamamatsu C11440 Orca-Flash 

4.0 camera (Olympus Corporation, Waltham, MA). FITC-labeled bead uptake into cells 

was confirmed using a similar ICF protocol (Chapter 2, Supplemental Figure 2).  

Statistical Analyses 

 Flow cytometry data (% of parent population) were analyzed across treatment 

groups using one-way analysis of variance (ANOVA) or the nonparametric equivalent. 

Skewed data were transformed to achieve Gaussian distribution when necessary. PMA 

and HH treated groups were compared to the PBS control. HH treatment groups were 

also compared. P values of less than 0.05 were considered significant for all tests.  

 

Results 

PMA or HH treatment affected cell mortality, and hemoglobin and haptoglobin 

uptake into THP-1 cells. THP-1 cells treated with the highest concentration of 

hemoglobin and haptoglobin (250ug/mL) had significantly decreased live cell 

percentages compared to PBS treated controls (Figure B2, panel A). Overall, CD163 

(PE) detection was very low. PMA treated THP-1 cells exhibited the highest percent 

positive cells at 5.5%, but there were no significant differences between the groups 

(Figure B2, panel B). A large percentage of cells contained detectable hemoglobin 

(Figure B2, Panel C). The 250 (92.2%, p < 0.0001) and 150 (92%, p < 0.0001) ug/mL 

HH treatment groups had increased uptake compared to the 50 ug/mL group (88.1%) 
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(Figure B2, panel C). There was no difference in hemoglobin uptake between the 150 

and 250 ug/mL treatment groups (p = 0.55). Overall percent of cells positive for both 

hemoglobin and haptoglobin was much lower (mean 5.2%, range 3.9-6.4%) than 

hemoglobin alone (mean 90.8%, range 87.92-92.3%) (Figure B2, panel D). Once again, 

increased percentages of THP-1 cells treated with 150 (5.2%, p = 0.001) and 250 ug/mL 

(6.4%, p = 0.0001) HH were positive for hemoglobin and haptoglobin compared to the 

50 ug/mL treatment group (3.9%). Percent of cells positive for hemoglobin and 

haptoglobin were also significantly different between the 150 and 250 ug/mL treatment 

groups (p = 0.002). ICF staining did not reveal CD163 staining for any of the treatment 

groups (Figure B2, panel E). Labeled hemoglobin was present within cells of the HH 

treated group (Hb647, 100 ug/mL), as anticipated (Figure B2, panel E).  

Opsonized, FITC-labeled carboxyl beads added to each culture condition 

affected hemoglobin or hemoglobin and haptoglobin uptake in the cells. A greater 

percentage of THP-1 cells contained FITC-labeled beads when treated with 50 (73%, p 

= 0.0008), 150 (79%, p = 0.0002), or 250 (74%, p = 0.0006) ug/mL HH compared to the 

PBS control (Figure B3, panel A). There were no differences in the percent of cells that 

contained opsonized beads among the HH treatment groups (Figure B3, panel A). 

Overall, a greater percentage of bead positive cells contained hemoglobin (mean 89%, 

range 73.4-95.6%) (Figure B3, panel B) compared to those that contained both 

hemoglobin and haptoglobin (mean 3.7%, range 1.5-7.8%).(Figure B3, panel C). 

However, there were no significant differences in hemoglobin (Figure B3, panel B) or 

hemoglobin and haptoglobin (Figure B3, panel C) uptake by cells that also contained 

beads.  
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Discussion 

 In summary, preliminary THP-1 experiments provide some insight into the effects 

of hemoglobin and haptoglobin on cellular particle and CD163-independent iron 

scavenging. The highest concentration of hemoglobin and haptoglobin treated cells (250 

ug/mL) had a significantly lower viability than other treatment groups, suggesting some 

degree of cellular toxicity at that concentration. The percent of cells containing either 

hemoglobin or hemoglobin and haptoglobin increased with HH treatment concentration, 

but only when bead uptake was disregarded. Overall, hemoglobin was taken up by a 

greater percent of THP-1 cells than both hemoglobin and haptoglobin. Increased 

hemoglobin uptake over hemoglobin and haptoglobin may be due to activated CD163-

independent iron scavenging pathways, but without additional metabolic analysis this 

hypothesis cannot be proven (7). Finally, a higher percent of cells contained opsonized 

beads when the cells were treated with any concentration of HH compared to PBS. 

Taken together, these data indicate high concentrations of hemoglobin and haptoglobin 

likely result in macrophage toxicity and may affect macrophage differentiation. 

 There are a few caveats that must be considered when interpreting these data. 

First, the THP-1 cell results should not be directly compared to findings in peripheral 

blood (Chapter Two). While treatment conditions were identical, THP-1 cells have 

inherent differences in receptor expression that may alter the way they respond to HH in 

the cell culture environment. Second, flow cytometry revealed some CD163+ cells in 

PBS and PMA treated populations (Figure B2, panel B). The finding of low-level CD163 

detection is in contrast to ICF staining (Figure B2, panel E). The detection of CD163+ 

cells is likely caused by flow cytometry compensation. THP-1 cells were used for the PE 

compensation control. Since THP-1 cells do not express CD163 receptors, they were 

stained with an anti-CD11b-PE antibody to provide the PE fluorescent signal needed for 
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compensation. CD11b PE detection was not bright enough for adequate machine 

detection during compensation setup, leading to channel overlap, and false positives. 

Future experiments will use compensation beads for each channel because they provide 

more reliable compensation. Finally, most of the differences among the HH treated 

groups were small and, while statistically significant, may not be biologically significant.  

 In conclusion, hemoglobin and haptoglobin had toxic effects on THP-1 cells at 

250 ug/mL concentrations. Lack of a CD163 receptor in THP-1 cells likely changes the 

mechanism of hemoglobin scavenging but the details are unknown. A high hemoglobin 

and haptoglobin environment likely affects cellular processes in vivo, such as 

phagocytosis and iron scavenging, but the additional research is needed to specifically 

examine the metabolic pathways involved. Future plans for studying macrophages 

response to and effect endometriosis tissue are provided in the Discussion (Chapter 

Five) and Appendix, Part D.  
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Figure B1. THP-1 cell flow cytometry gating strategy. Initial data collection gated on 
the THP-1 cell population (1) for a total of 30,000 cells (events). Data were recorded 
using a BD FACS Canto II Analyzer. 1) Total THP-1 cells population was selected, 
gating out cellular debris or clumped cells. 2) Single cells were selected for analysis, 3) 
as were live cells. Three additional populations were defined from the single, live THP-1 
cell population: 4) CD163+ cells, 5) hemoglobin and/or haptoglobin positive cells, and 6) 
opsonized FITC-labeled bead positive cells (i.e., the “phagocyte” population). THP-1 
phagocyte populations were then separated by 7) hemoglobin and/or haptoglobin. Final 
analyzed data presented in Figures B2 and B3 were based on this strategy. 
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Figure B2. THP-1 cell culture results examining the effects of treatment on cell 
mortality, CD163 expression, and hemoglobin (Hb) or hemoglobin and 
haptoglobin (HH) uptake. A) THP-1 cells treated with 250 ug/mL HH had significantly 
decreased percentage live cells compared to PBS controls (p = 0.010). B) The percent 
of cells positive for CD163+ (PE) was low. PMA treated THP-1 cells had the highest 
percent of CD163+ cells at 5.5%. There were no significant differences between any of 
the treatment groups and the PBS control. C) A greater percentage of cells treated with 
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250 (92.2%, p < 0.0001) and 150 (92%, p < 0.0001) ug/mL HH contained Hb compared 
to HH 50 ug/mL (88.1%). There was no difference between 150 and 250 ug/mL 
treatment groups (p = 0.55). D) Percent of cells that contain both hemoglobin and 
haptoglobin in THP-1 cells was much lower than hemoglobin alone. Once again, THP-1 
cells treated with 150 (5.2%, p = 0.001) and 250 ug/mL (6.4%, p = 0.002) HH had 
increased numbers of hemoglobin and haptoglobin positive cells compared to the 50 
ug/mL treatment group (3.9%). Percent of hemoglobin and haptoglobin positive cells 
were also significantly different between the 150 and 250 ug/mL treatment groups (p = 
0.002). E) CD163 was not detected by immunocytofluorescence staining in any of the 
treatment groups. Labeled hemoglobin was visualized in cells of the HH treated group 
(Hb647, 100 ug/mL), as anticipated. Flow data were compared across treatment groups 
using one-way ANOVA. P values less than 0.05 were considered significant. ** = p ≤ 
0.01, **** = p <0.0001.  
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Figure B3. The effect of treatment plus opsonized beads on THP-1 cell hemoglobin 
and haptoglobin uptake. A) An increased percentage of cells treated with 50 (73%, p = 
0.0008), 150 (79%, p = 0.0002), and 250 (74%, p = 0.0006) ug/mL HH were positive for 
FITC-labeled beads compared to PBS control. B) There were no significant differences 
in hemoglobin or C) hemoglobin and haptoglobin uptake by cells that also contained 
beads. Treatment groups were compared to using one-way ANOVA. P values less than 
0.05 were considered significant. *** = p <0.001. 
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Part C. Hematology Data from Women with Endometriosis 

Background and significance for Part C can be found along with the complementary 

nonhuman primate data in Chapter Four. The methods results and conclusions for 

hematology data obtained from women with endometriosis are described below.  

 

Methods 

Human Data Collection 

Hematology data and ICD9 code diagnoses were collected from 720 women in 

the Wake Forest Baptist Health electronic medical record system from January 2005 to 

December 2015. These data were obtained under the guidance of the Wake Forest 

School of Medicine Institutional Review Board (IRB00038209) and in conjunction with 

the Wake Forest School of Medicine NIH CTSA Data Warehouse. Inclusion criteria for 

the endometriosis cohort were 18-50 years of age with a diagnosis of surgically 

confirmed endometriosis but without concurrent diagnoses of pregnancy, hypothyroidism, 

uterine leiomyoma, genetic or acquired coagulation defects, genetic or unspecified 

anemia, neoplasia, or chronic kidney disease. Hematology data selected for each 

woman were collected pre-operatively, immediately prior to laparoscopy or coeliotomy. 

Locations of endometriosis lesions were noted for each woman, if available in the record.  

Control subjects were selected from the same clinical population of women if 

they did not have an ICD9 code diagnosis of endometriosis and were between the ages 

of 18-50. Women were excluded for comorbidities that could impact their hematology or 

menstrual cycles including: malignancy, disease of blood forming organs, cirrhosis, 

polycystic kidney disease, chronic liver disease, chronic kidney disease, hypothyroidism, 

lupus, sarcoidosis, sickle cell disease, hemorrhagic thrombocythemia, chronic parasite 
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infection, adenomyosis, polycystic ovarian syndrome, uterine anomalies, morbid obesity, 

iron deficiency anemia, vitamin B deficiencies, rheumatoid arthritis, ileostomy, pregnancy, 

and multiple sclerosis. Women with endometriosis were age-matched 2:1 to controls 

within 5 years. Reference intervals were calculated from control women using the 95% 

confidence interval. These reference intervals more closely matched the age and 

demographics of our cohort compared to standard laboratory reference values. 

Statistical Analyses 

Power calculations were determined using G*power, power calculation software 

(© Franz Faul, Edgar Erdfelder, Albert-Georg Lang, and Axel Buchner, 2006, 2009). 

Statistical analyses were performed using Prism 7 statistical software (GraphPad 

Software, Inc., ©1994-2016). Two-sided Student’s t or Mann-Whitney tests were used to 

compare means between groups, as appropriate, based upon rules of normalcy. 

Differences in hepcidin and erythroferrone concentration across menstrual cycle days 

were analyzed using using Kruskal-Wallis and Dunn’s multiple comparisons tests. A p-

value of less than 0.05 was considered significant for all statistical methods.  

 

Results 

Hematologic alterations in women with endometriosis 

Women with endometriosis commonly report increased blood loss during menses 

[1]. However, the effect of blood loss on iron kinetics is largely unknown. Our group of 60 

women with endometriosis were evaluated and compared to 30 controls (Figure C1) to 

determine if differences existed between the two groups. Women with endometriosis had 

significantly decreased hematocrit values (p = 0.009) and hemoglobin concentrations (p 
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= 0.031; Table C1). While there was no significant difference in RBC count between the 

two groups, women with endometriosis tended to have fewer red cells than controls (p = 

0.072). Women with endometriosis also had hemoglobin concentrations, hematocrit 

values, RBC counts, and MCVs below the calculated 95% reference interval (Table C1).  

Despite these findings, only four of the 60 cases (6.7%) were clinically recognized (i.e., 

had received an ICD9 code of anemia) in the medical record system, whereas 19 of the 

60 cases (31.7%) with endometriosis received an ICD9 code in the medical record 

relating to dysmenorrhea, frequent, or excessive menstruation.  

Human cases were also evaluated to determine lesion distribution, which was 

consistent with previous reports [2]. Women in the present study most commonly had 

endometriosis lesions involving only the ovaries (13/60, 22%), peritoneum (10/60, 17%), 

uterus (6/60, 10%), intestine (1/60, 2%) or a combination of these sites (11/60 or 18%). 

The remaining lesion locations were reported as unspecified (19/60, 32%). 

 

Discussion 

Endometriosis is a painful gynecological disease that has components of chronic 

inflammation and blood loss [1]. Over time both phenomena can result in clinically 

relevant iron depletion [3, 4]. While the association of blood loss through heavy menses 

and chronic inflammation has been well documented, iron kinetics in endometriosis has 

been rarely investigated, with conflicting results in the literature. Recent studies that 

evaluated iron kinetics in disease states have reported differences in proposed 

mechanisms for iron depletion. One study in women with endometriosis suggests 

inflammation was the primary mechanism explaining low iron stores [5]. A second, more 

recent study in a rat model of iron metabolism shows iron loss was the main mechanism 
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behind hematologic RBC abnormalities when both inflammation and iron depletion were 

present [3]. In the research presented here, we used clinical hematology data from 

women and NHPs (Chapter Four) to evaluate iron kinetics in endometriosis.  NHPs are 

more suitable models of human endometriosis and iron kinetics than rodents [6, 7]. 

NHPs also allow for sampling of tissues (e.g. liver and bone marrow) that would be 

difficult to obtain ethically from clinically healthy women. We found that women and 

NHPs with endometriosis have red blood cell indices consistent with iron depletion and 

that systemic iron loss was the most likely mechanism. Together these data indicate that 

women with endometriosis are at risk for developing iron depletion through heavy 

menses, which may reduce total body iron necessary for cellular and systemic 

homeostasis. 

 

The effects of endometriosis on hematologic parameters in women is currently unknown 

[1]. Our study showed a significant decrease in hemoglobin and hematocrit in women 

with endometriosis compared to age-matched controls. Women with endometriosis also 

had mean RBC counts, hemoglobin concentrations, hematocrit, and MCVs below the 

95% confidence reference interval calculated from the control group. In contrast, the 

average values from women with endometriosis were at the low end but not outside our 

hospital-based reference values. This may explain why only a small percentage of 

women with endometriosis receive a formal diagnosis of clinical anemia or iron 

deficiency. Women with endometriosis should be carefully evaluated for co-morbidities 

including anemia and iron depletion even if red blood cell indices are within the 

reference intervals.  
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Taken with the data presented in Chapter Four of this study, new data in NHPs 

and women bring to light under-recognized co-morbidities of endometriosis, namely, iron 

deficiency and anemia. Understanding the mechanisms leading to iron deficiency is 

essential for identifying appropriate and effective treatments to restore iron homeostasis. 

Correcting iron deficiency associated with endometriosis has the potential to improve 

endometriosis symptoms and quality of life for millions of women. Additional studies are 

needed to more fully understand systemic and intralesional iron kinetics in this disease.   
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Figure C1. Selection criteria diagram for women with endometriosis and age-
matched controls. An initial cohort of women ages 18-50 were selected from the Wake 
Forest Medical Record System. Of those women, 379 had received an ICD9 code 
diagnosis of endometriosis while 106 women did not. Women included in the 
endometriosis cohort were included if they did not have an ICD9 code diagnosis of 
neoplasia, hypothyroidism, infection, inflammation, non-iron deficiency anemia, or 
coagulation disorder and had received surgical confirmation of endometriosis. These 
women also had accessible pre-diagnostic surgery hematology data. Women were 
included in the control cohort if they did not have any condition that may alter 
hematological values.  
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Table C1. Hematological values of women with endometriosis 
Parameter Group n Mean SEM SD 95% CI P 

RBC, 106/µL Control 30 4.42 0.379 0.07 4.3-4.6 0.072 
 Endometriosis 60 4.26 0.054 0.42 4.2-4.4 - 
Hb, g/dL Control  30 13.4 0.224 1.23 12.9-13.8 0.031* 
 Endometriosis 60 12.6 0.206 1.60 12.2-13.1 - 
Hct, % Control 30 40.2 0.642 3.52 38.9-41.6 0.009* 
 Endometriosis 60 37.9 0.584 4.52 36.7-39.1 - 
MCV, fL/cell Control 30 91.1 0.837 4.58 89.4-92.8 0.231 
 Endometriosis 60 89.1 0.847 6.56 87.4-90.8 - 
MCH, pg Control 30 30.3 0.306 1.68 29.6-30.9 0.629 
 Endometriosis 60 29.7 0.336 2.60 29.0-30.4 - 
MCHC, g/dL Control 30 33.2 0.127 0.69 33-33.5 0.310 
 Endometriosis 60 33.3 0.105 0.81 33.1-33.5 - 
RDW, % Control 30 13.8 0.206 1.24 13.3-14.0 0.172 
 Endometriosis 60 13.6 0.226 1.75 13.2-14.1 - 
 
*P ≤ 0.05; RBC, red blood cells; Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular 
volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin 
concentration; RDW, red blood cell distribution width; CI, confidence interval.  
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Part D. Pathology Department Investigative Science Pilot Grant Application  

HORMONE RECEPTOR EXPRESSION, INFLAMMATION, AND TERMINAL SENSORY 
NERVE RELATIONSHIPS IN NHP ENDOMETRIOSIS LESIONS 

 

The following grant was funded by the Wake Forest School of Medicine Pathology 
Department for the July 1, 2017-June 30, 2018 funding period 

 

Principal Investigator:  

Susan E. Appt, DVM, Section Head, Associate Professor, Pathology/Comparative 
Medicine 

 

Co-Investigators:  

Hannah Atkins, DVM, NIH T32 Post-doctoral Fellow, Pathology/Comparative Medicine 

David Caudell, DVM, PhD, Associate Professor of Pathology/Comparative Medicine 
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SPECIFIC AIMS 

Endometriosis is a chronic, painful, inflammatory disease characterized by endometrial 

growth outside of the uterine cavity. Women with endometriosis-associated pain have 

significantly decreased quality of life and mental health compared to women with 

asymptomatic endometriosis.5 Currently, pain associated with endometriosis is treated 

with nonsteroidal anti-inflammatory drugs (NSAIDs) and/or hormone-based regulation of 

endometriosis tissue (i.e. progestins); neither treatment provides consistent pain relief.15 

Studies in women suggest hormone receptor expression (estrogen and progesterone), 

inflammation, and nerve fiber numbers may vary between individuals, demanding a need 

for more personalized treatment strategies.3; 12 In addition, the interactions between 

hormone receptor expression, immune cell populations, terminal sensory nerve 

innervation, and neuroangiogenesis are poorly described. Therefore, significant gaps in 

knowledge exist regarding the role of hormone receptors and immune cell 

populations on pain response and endometriosis tissue proliferation.  

 

The overall goal of this research is to use a nonhuman primate (NHP) model of 

endometriosis to characterize estrogen (ER) and progesterone receptor (PR) expression, 

immune cell populations, inflammatory cytokine production, and terminal sensory 

innervation within lesions. To accomplish this goal we will use archived tissue from the 

Wake Forest School of Medicine (WFSM) nonhuman primate necropsy database 

combined with histomorphometry and RQ-PCR techniques. Our long-term goal is to 

identify specific inflammatory mediators that may be targeted to form novel non-narcotic 

and nonsteroidal therapies for women with endometriosis. Here we propose the 

following central hypothesis: endometriosis inflammatory cell infiltrates stimulated 

by estrogen and progesterone secrete cytokines and neurogenic factors that 
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contribute to pain and lesion growth. To test this hypothesis we propose the following 

specific aims: 

Specific Aim 1: Describe correlations among hormone receptor expression, 

immune cell populations, and terminal nerve fiber innervation in NHP 

endometriosis tissue using immunohistochemistry. Working hypothesis: Increased 

numbers of peri-neural macrophages, T cells, and dendritic cells as well as increases in 

estrogen and progesterone hormone receptor expression will be observed in NHP 

endometriosis tissue. Rationale: ER and PR are present on endometriosis epithelial and 

stromal cells. Receptors for these hormones are also present on inflammatory cells 

within endometriosis lesions. Macrophages and other inflammatory cells become 

activated when exposed to estrogen and progesterone recruiting additional inflammatory 

cells into lesions.7; 11 Increased numbers of inflammatory cells produce neurogenic and 

neuro-stimulatory mediators that may result in increased pain sensation.7; 9 Methods: 

Archived formalin-fixed, paraffin-embedded (FFPE) endometriosis tissue sections from 

NHPs will be stained by the WFSM Comparative Pathology Laboratory for macrophages 

(anti-CD163), NK cells (anti-CD56), dendritic cells (anti-CD11c), T cells (anti-CD3), 

mitochondria (anti-ATP5H), ER (anti-ER-alpha and anti-ER-beta), and PR (combined 

anti-PR-A and anti-PR-B). Sections will be co-stained for nerve fibers (anti-PGP9.5). 

Changes in immune cell populations will also be compared in endometriosis tissue from 

NHPs receiving NSAIDs or medroxyprogesterone acetate treatment (MPA, a long-acting 

progestin).  

 

Specific Aim 2: Determine genetic markers of hormone receptor expression, 

inflammation, tissue metabolism, and neurogenesis within NHP endometriosis 

lesions using RQ-PCR. Working hypothesis: Endometriosis tissue with increased ER 
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and PR gene expression will have increased markers of tissue metabolism 

(angiogenesis and mitochondrial protein synthesis), neurogenesis, and proinflammatory 

cytokines. Rationale: Endometriosis tissue stimulated by estrogen and progesterone 

cyclically proliferates and sheds.1 Expression of ERs and PRs indicates endometriosis 

tissue is hormonally responsive. T cells, NK cells, and macrophages also have ERs and 

PRs, which activate these cells.8;11 Overall tissue proliferation and sloughing along with 

immune cell activation will increase nerve fiber development and stimulation. Methods: 

Genetic markers of endometriosis lesion metabolism, cytokine production, and 

neurogenesis will be analyzed using archived, FFPE NHP tissue and RQ-PCR. Results 

from NHPs treated with NSAIDs or MPA will be compared to non-treated NHP tissue to 

determine the effects of treatment on immune cell populations.  

 

Future Research: The next steps will be to define the molecular phenotype of 

endometriosis immune cell populations using fluorescent in situ hybridization. 

Information describing inflammation, hormone receptor expression, and sensory nerve 

fibers within endometriosis tissue will provide insight into disease pathogenesis and 

identify targets for analgesic and immunotherapies.   
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(B) Background/Preliminary Data 

Women may live with pain an average of six years before receiving a diagnosis of 

endometriosis.13 Current treatments for pain provide inconsistent results.15 The reason 

for these inconsistencies is unknown but may be related to differences in hormone 

receptor expression, inflammation, and/or lesion chronicity.3; 7  

 

Hormone Receptor Expression in Endometriosis Tissue: 

Estrogen and progesterone are key players in the pathogenesis of endometriosis. 

Estrogen is a mitogenic compound that results in endometriosis tissue proliferation. In 

contrast, progesterone offsets the proliferative action of estrogen on endometriosis 

tissue.1 Endometriosis tissue has an increased sensitivity to estrogen stimulation 

compared to eutopic endometrium.4 One possible explanation may be differences in ER 

subtypes in endometriosis tissue: ER-beta expression is increased relative to ER-alpha. 

PRs in endometriosis are variably sensitive to progesterone, often becoming more 

insensitive with prolonged progestin treatment.3 Despite current knowledge on 

endometriosis tissue expression of ERs and PRs, it is not known how estrogen and 

progesterone affect immune cells and sensory nerve fiber stimulation within lesions.  
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Endometriosis Lesion Inflammation: Many types of immune cells have been identified 

within endometriosis lesions including CD3+ T cell, CD68+/CD163+ macrophages, CD56+ 

NK cells, and CD11c+ dendritic cells.12 The reported proportion and phenotypes of these 

cells provide conflicting results.10; 12 Furthermore, proximity of these separate 

populations to each other and pain nerve fibers has not been reported. Several immune 

cell types have been implicated in the pathogenesis of endometriosis. NK cells are rare 

in endometriosis tissue and have reduced cytotoxicity.6 Decreased NK cells may permit 

ectopic endometrium to adhere and develop within the peritoneum forming 

endometriosis. Dendritic cells in murine models were shown to be both essential for 

neuroangiogenesis and lesion development and important for preventing early lesions.10; 

14 Macrophages are a third immune system member suspected to play a role in 

endometriosis development (Fig. D1 and Fig. D2). Macrophage-deficient rodent models 

of endometriosis developed smaller lesions than controls.2 In rodent and human ex vivo 

models of endometriosis, CD68+ macrophages were observed near PGP9.6+ nerve 

fibers.7 Finally, a wide spectrum of T cell phenotypes have been observed in 

endometriosis lesions and T cells may be important in immune tolerance of the ectopic 

Figures D1-D2. Immune cells in endometriosis lesions 

 

Figure D1. Both macrophages (arrows) and lymphocytes (arrow heads) are found 
within endometriosis lesions. However, the proportion and interaction of these cells 
with one another has been poorly described. H&E, 200X. Figure D2. Endometriosis 
macrophages are CD163+ (red). Anti-CD163, 200X. 
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tissue (Fig. D1). Altogether, the collective role of immune cells on endometriosis tissue 

maintenance and development has not been established. The first step in understanding 

immune regulation of endometriosis tissue is to understand the relationships among ER 

and PR, inflammatory populations, and sensory nerve fibers.  

 

Terminal Sensory Nerve Fiber Stimulation: There is a disconnect between lesion size 

and pain in endometriosis. This may be due to differences in nerve fiber number or 

stimulation. PGP9.5+ nerve fibers are more prevalent in women with painful 

endometriosis compared to their non-painful counterparts.16 There is evidence that 

sensory nerves may recruit macrophages and other inflammatory cells to endometriosis 

lesions through secretion of CCL-3.7 Immune cell and nerve fiber cross-talk may 

contribute to endometriosis-associated pain.17 Novel compounds that target immune 

cells within endometriosis tissue may decrease nerve stimulation and increase 

effectiveness of pain-relieving therapeutics. 

 

Effect of Pharmacologic Treatments on Inflammation and Pain: The effects of 

NSAIDs or progestins on endometriosis immune cell populations and neurogenesis are 

unclear. NSAID administration blocks the cyclooxygenase pathway and decreases 

cAMP production to block pain sensation. NSAIDs have also been shown to decrease 

activation of macrophages, T cells, and NK cells resulting in fewer numbers of these 

cells in lesions.8 Progestins, such as MPA, target endometriosis stromal cell, epithelial 

cell, and macrophage progesterone receptors decreasing endometriosis tissue growth 

and increasing cytokine production by macrophages.11 An increased understanding of 

inflammation provides the opportunity to identify new treatments for endometriosis-

associated pain. 
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(C) Methods 

Nonhuman Primate Cohorts: A total of 29 NHPs with endometriosis were selected 

from the WFSM necropsy database if they had 1) a histologic diagnosis of endometriosis, 

2) clinical drug data with treatment type, dose, and length of treatment, 3) formalin-fixed, 

paraffin-embedded (FFPE) endometriosis tissue in the necropsy tissue archive. NHPs 

were separated into several treatment groups including no treatment (n = 12), NSAIDs (n 

= 12), or long-acting MPA (n = 5). Animals were included in treatment groups if the 

treatment was administered near the time of necropsy.  

 

Specific Aim 1: Describe correlations among hormone receptor expression, 

immune cell populations, and terminal nerve fiber innervation in NHP 

endometriosis tissue using immunohistochemistry. Rationale: The presence of ERs 

and PRs indicate endometriosis tissue is responsive to the effects of both hormones.3 

ERs and PRs are also present on inflammatory cells within endometriosis lesions. 

Macrophages and other inflammatory cells become activated when exposed to estrogen 

and progesterone, increasing immune cell numbers within lesions.11 We hypothesize 

that increased macrophage and T cell numbers in close proximity to pain fibers could 

increase pain sensation.  
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Histochemical and Immunohistochemical Analysis: We will measure nerve fiber, 

macrophage, T lymphocyte, NK cell, and dendritic cell per square micrometer of 

endometriosis tissue using Visiopharm® image analysis software. Cell numbers will be 

compared to nuclear estrogen and progesterone receptor expression and to nerve cell 

number. Immune cell numbers will also be compared among NSAID and progestin-

treated groups and non-treated tissue. We will measure average distance of each 

immune cell population from nerve fibers to determine if immune cell proximity to nerve 

fibers changes with treatment. Finally, mitochondrial staining will be completed to assess 

overall tissue metabolic activity. All histology and immunohistochemistry analyses will be 

performed by histotechnologists in the Comparative Pathology Laboratory.  

 

Specific Aim 2: Determine genetic markers of hormone receptor expression, 

inflammation, tissue metabolism, and neurogenesis within NHP endometriosis 

lesions using RQ-PCR.  

Table D1. Select genes to measure genetic expression of tissue metabolism, 
neurogenesis, and inflammation. 
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Rationale: Estrogen and progesterone stimulate endometriosis tissue to cyclically 

proliferate and slough, much like the endometrium.1 Therefore, the presence of estrogen 

and progesterone receptors on endometriosis tissue suggests the tissue is sensitive to 

these hormones. Hormonally responsive endometriosis tissue deposits blood and 

necrotic cells into lesions, increasing intralesional inflammatory cells that respond to this 

debris to scavenge iron and combat inflammatory cytokine production. Overall, 

increased inflammation will increase nerve fiber proliferation and pain sensation. RQ-

PCR Analysis: RNA will be isolated from FFPE endometriosis samples in each group 

using a previously validated kit (Qiagen© FFPE RNA extraction kit). RNA will be 

analyzed using previously obtained custom angiogenesis plates highlighting markers of 

tissue growth and a new plate for evaluation of inflammatory cytokine, neurogenesis, 

estrogen and progesterone receptor, and iron metabolism gene expression (Table 1). 

 

Statistical Analyses: Sample numbers were determined based a statistical power of 

80% with an estimated effect size of 3. Gene expression will be analyzed using RStudio 

(© 2009-2016, RStudio, Inc.) statistical software to complete PCA and formulate 

regression equations. Gene fold change will be compared using ANOVA or Kruskal-

Wallis tests when applicable, assuming normal distribution and equal variance. Average 

numbers of each immune cell type and nerve numbers for treatment groups will be 

compared using ANCOVA. A p-value of less than 0.05 will be considered significant for 

all tests.  
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(D) Next Steps/Payoffs 

Obtain Industry-Sponsored Funding: The data obtained here will be used to develop 

a tissue-based model system for testing drug efficacy and we will partner with an 

industry sponsor to further develop this model. More specifically, an investigator-initiated 

application will be submitted to Pfizer, Inc. to supplement a current study (X-14-004, 

A14-019; PI: Caudell) examining a novel drug for treating endometriosis-associated pain 

in NHPs. We will compare data obtained from the study proposed here to the effects of 

the novel drug on inflammatory cell populations and nerve fiber numbers.  

 

Submit an NIH-Funded R Grant: Using data collected from this study we will also 

submit an R03/R21 to investigate the molecular phenotype of endometriosis 

macrophages using fluorescent in situ hybridization (FISH). Previous studies classified 

macrophages in lesions as M1 (classically activated) versus M2 (alternatively activated). 

Our approach will be to phenotype macrophages in endometriosis using FISH to 

examine a number of specific genes related to inflammation, tissue repair, iron 

metabolism, and phagocytosis.  

 

Develop a Less Invasive, More Accurate Test for Endometriosis: The current gold 

standard for diagnosing endometriosis is laparoscopic exam with biopsy. However, this 

technique is invasive, involves anesthetic risk, and relies on gross visualization of 

endometriosis lesions. Analysis of inflammatory populations provides a base to 

investigate serum cytokine profiles and how they relate to inflammation within lesions. 

Direct linkage of serum cytokine concentrations to endometriosis tissue inflammation 
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along with other clinical measures could be used to create a sensitive and specific 

“fingerprint” for diagnosing endometriosis. 

 

Milestones and Deliverables (Fig. D3) 

• Selection of Nonhuman Primate Cohort: A list of nonhuman primates with 

endometriosis has been tabulated using the Wake Forest Necropsy Database. 

Additional data regarding length of treatment (if applicable), time to necropsy and 

overall health status for each animal has also been collected. Endometriosis tissue 

from selected NHPs will be retrieved from tissue archives and embedded for 

immunohistochemistry and PCR analyses within the first month of receiving the 

award.  

• Histology and Immunohistochemistry: Sections of tissue will be stained for the 

selected stains within the first 6 months by the Comparative Pathology Laboratory. 

Slides will be digitized and analyzed using Visiopharm® image analysis software 

during the following 4 months.  

• PCR Analysis: RNA isolation protocols for formalin-fixed, paraffin-embedded 

tissues have been validated and RNA from four samples has already been 

processed. The remaining RNA will be isolated and analyzed using RQ-PCR the 

first 2 months of the award. Statistical analyses of PCR data will be completed 

within 8 months of award receipt and compared to histological, 

immunohistochemical, and hematological data.  

• Abstracts and Publications:  We will submit results to appropriate peer-reviewed 

journals, such as Human Reproduction or the American Journal of Obstetrics and 

Gynecology within 3 months of initial data analysis. Data will be presented at 
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regional (2018 Triangle Consortium for Reproductive Biology) and national 

meetings (2018 Society for Reproductive Investigation Annual Meeting).  

• Grant Submissions: Data from this study will be used as preliminary evidence in 

an investigator-initiated application for Pfizer, Inc. by October 2017 and an NIH-

funded R03 grant by October 2018 following completion of the award.   

Figure D3. Proposed Study Timeline 
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(E) Budget Justification 

 

Item Cost 

PCR Plates and Supplies $10,800 

Histology $1,000 

Immunohistochemistry $10,595 

Technical Assistance (Salary + 27% Fringe) $1,905 

Laboratory Supplies and Consumables $500 

Travel, Abstract Submission, Publications $200 

 
Total $25,000 

 

The amount requested for the proposed research is $25,000. This amount reflects the 

yearly direct cost needed to complete each step of the proposed work. We have 

allocated $10,800 for embedding 29 formalin-fixed endometriosis samples into paraffin 

blocks and for RNA extraction, RNA isolation, PCR plates/primers, and reagents. One 

thousand dollars will be used to stain samples from each group with H&E. Costs for 

immunohistochemistry ($10,595) include staining 29 samples for nine antibodies using 

dual-staining methods. The WFSM Comparative Pathology Laboratory will perform the 

histochemical and immunohistochemical staining. Therefore, the cost reflects both 

supplies and technical support needed to complete the histology associated with this 

project. One thousand, nine hundred and five dollars will be used for additional technical 

support to complete PCR and morphometric analyses. Five hundred dollars are 

allocated to cover the costs of laboratory plastics and consumables including snap-top 

PCR tubes, RNA-ase solutions, and pipette tips. Finally, we have reserved $200 dollars 

to cover costs of promoting this WFSM-funded research, including printing posters and 

submitting abstracts/manuscripts to peer reviewed conferences or journals. Ultimately, 
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this project will generate data necessary to submit industry sponsored funding and/or 

NIH-funded R grants.  
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Abstract  

Endometriosis is the presence of endometrium outside of the uterine cavity. It occurs in 

both pelvic and extra-pelvic locations although extra-pelvic locations are less common. 

The development of abdominal wall or incisional endometriosis in women is associated 

with gynecological surgeries and is often misdiagnosed. Old World nonhuman primates, 

including rhesus macaques, provide excellent opportunities for studying endometriosis 

as they naturally develop the condition similar to women. Here, we describe a case of 

abdominal wall endometriosis in a rhesus macaque that had a Cesarean section. 

Microscopically, the tissue consisted of pseudocolumnar epithelium-lined glands within a 

decidualized stroma, which dissected through the abdominal wall musculature and into 

the adjacent subcutaneous tissue. The stroma was strongly positive for vimentin and 

CD10 but negative for progesterone and rarely, weakly positive for estrogen receptors. 

Through close examination of extra-pelvic endometriosis in rhesus macaques and other 

nonhuman primates, we can better understand endometriosis development in women.  
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Introduction 

Endometriosis is a chronic condition where hormone responsive endometrium develops 

outside of the uterine cavity. It affects up to 10% of reproductive-age women and results 

in pelvic or abdominal pain and infertility.8 The most common site for endometriosis is 

within the pelvic cavity, although extrapelvic locations including the abdomen and thorax 

may also be involved. Cutaneous or incisional endometriosis, where endometriosis 

tissue develops within the subcutaneous adipose tissue or muscle, is often associated 

with gynecological surgery, Caesarean section or hysterectomy, and occurs in about 2% 

of the cases. These lesions range from a few millimeters to several centimeters in 

diameter and the tissue is often nodular and firm with a myxoid, mucoid or fibrinous 

appearance.7  Endometriosis in surgical scars may be misdiagnosed as hematomas, 

lipomas, granulation tissue, hernias, abscesses, fibromatosis, sarcomas or other 

malignancies.  Surgical scar endometriosis may also mimic malignancy histologically, 

when exhibiting nuclear atypia.1  

 

Old World nonhuman primates, including rhesus macaques, naturally develop 

endometriosis in a similar format to that in women, and are established models for 

studying disease pathophysiology and therapeutic interventions.5 Nonhuman primates 

also develop endometriosis in extrapelvic locations, allowing for the study of molecular 

differences in this tissue in different locations and in eutopic endometrium.2 Here we 

describe a case of abdominal wall endometriosis in a nonhuman primate.   

 

Case Report 
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A 12.6-year old intact female rhesus macaque (Macaca mulatta) diagnosed with 

endometriosis at the Wake Forest School of Medicine presented for treatment of a foot 

laceration, at which time an abdominal scar, which had begun to dehisce, was noticed.  

The animal underwent exploratory laparotomy and because of the extent and severity of 

the endometriosis, humane euthanasia was elected.  

 

The animal had a Caesarean section at a prior institution six years before necropsy to 

terminate an overdue pregnancy. The animal was post-operatively treated with 

sulfamethoxazole/trimethoprim (20mg/kg PO), buprenorphine (0.01mg/kg IM) and 

ketoprofen (5mg/kg IM). Over the next several days, she received 

sulfamethoxazole/trimethoprim (20mg/kg PO BID) and carprofen (4mg/kg PO BID).   The 

incision healed slowly yet completely with development of excessive granulation tissue.  

Approximately three years later the diagnosis of endometriosis was made, before her 

transfer to Wake Forest. Depot-medroxyprogesterone acetate was administered every 

60-90 days to treat symptoms from the time of diagnosis until death. Periodic diarrhea 

diagnosed as stress colitis was often observed associated with menses. Otherwise the 

medical history was unremarkable. Wake Forest is an AALAC accredited institution and 

operates under the rules listed in The Guide for Care and Use of Laboratory Animals. All 

animals at Wake Forest the animal are housed and treated in concordance with IACUC 

protocols.     

 

A complete necropsy was performed by a board certified veterinary pathologist.  On 

gross examination, fibrous adhesions bound the viscera together and to the abdominal 

wall.  Dark brown, fluid-filled cysts were present within the incision site and extended 
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from the muscular wall into the subcutaneous adipose tissue.  Similar cysts were also 

present in the abdominal cavity on the uterine surface and surrounding both ovaries and 

fallopian tubes.  

 

Microscopic evaluation of the lesions stained with hematoxylin and eosin revealed 

endometrial glands lined by pseudocolumnar epithelium within a decidualized stroma 

within the abdominal incision (Figure A), and also on the surfaces of the uterus, small 

intestine, ovary, and urinary bladder. The endometriosis tissue in the abdominal wall 

extended from the subcutaneous muscle and into the adipose tissue.  Decidualized 

stromal cells were polygonal, often with large, vesicular nuclei and up to two nucleoli.  

Aggregates of hemosiderin-laden macrophages and fewer small granular lymphocytes 

were also scattered throughout (Figure B).  Neutrophilic inflammation and fibroplasia 

were present at the junction of the endometriosis tissue and the subcutaneous adipose 

tissue.  

 

The tissue from the abdominal incision was stained for vimentin (clone V9, Biogenex, 

1:3000), CD10 (common acute lymphoblastic leukemia antigen, CALLA, clone 56C6, 

Leica Microsystems,1:100), cytokeratin (clone AE1/AE3, Dako Corp, 1:400), estrogen 

receptor alpha (Leica Microsystems, clone 6F11, mouse monoclonal, 1:300), and 

progesterone receptor (Novocastra, Vision Biosystems, clone 1A6, mouse monoclonal, 

1:40) using validated protocols on a Bond automated IHC and ISH stainer (Leica 

Biosystems). Vector® Red (Vector Laboratories, Burlingame, CA) or 3,3’-

Diaminobenzidine (DAB, Leica Microsystems) were used as chromogens and tissues 

were counterstained with Mayer’s hematoxylin.  All slides were validated with positive 
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controls.  The cytoplasm of the decidualized stroma stained moderately to strongly 

positive for CD10 (Figure C) and strongly positive for vimentin (Figure D). The stromal 

tissue was less than 10% weakly positive for estrogen receptor alpha (Figure E), 

negative for progesterone receptor (Figure F), and negative for cytokeratin. The 

glandular epithelium was 100% strongly positive for cytoplasmic cytokeratin. Uterus and 

ovary were also stained to determine if the negative progesterone and poor estrogen 

receptor alpha staining were similar to that of the endometriosis tissue, and both were 

negative for both, although about 50% of the fallopian tube epithelium demonstrated 

weak nuclear immunoreactivity for estrogen receptor alpha (Figure G). 

 

Discussion 

Here, we report a case of abdominal wall endometriosis in a rhesus macaque with 

dissection through the abdominal wall muscle and subcutaneous adipose tissue. 

Endometriosis occurs at a rate of approximately 31% in captive nonhuman primate 

populations.11 However, there is no literature reporting it in a Caesarian section scar. In 

this case, the aberrant endometrial tissue developed within a visibly healed Caesarian 

section scar more than 6 years after the procedure. There are two possible explanations 

for its origin. It may have extended from the abdomen into the incision, following the path 

of granulation tissue where it then slowly proliferated and resulted in dehiscence. 

Alternatively the incision may have been inadvertently seeded with endometrial stem 

cells at the time of Caesarian section with the slow development through the body wall.  

Based upon the extent of endometriosis tissue within the abdomen, we anticipate the 

incisional tissue developed as an extension from the abdomen.1 Treatment with depot-

medroxyprogesterone acetate may not have resulted in tissue acyclicity if the tissue was 
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initially progesterone resistant. Up to 50% of women have endometriosis tissue that 

inherently lacks or has diminished expression of progesterone receptor-B, which would 

contribute to progestin resistance.10 Prolonged treatment (greater than 6 months) with 

progestins can lead to progesterone resistance in women.4 

 

The incisional endometriosis tissue had typical characteristics of pelvic and abdominal 

endometriosis, having both glands and stroma, the latter of which was decidualized due 

to long-term treatment with depot-medroxyprogesterone acetate. The decidualized 

stroma was CD10 and vimentin positive, similar to reported cases of decidualized 

endometriosis within the body cavity.9 Unlike previous reports in both nonhuman 

primates and humans, the endometrial stroma was negative for estrogen and 

progesterone receptors.7 Treatment with depo-medroxyprogesterone acetate down 

regulates relative estrogen and progesterone receptor expression, and we have 

previously shown expression of both receptors in nonhuman primate endometriosis 

lesions treated with the drug, although reports examining the effects of 

medroxyprogesterone acetate on endometrial expression in rodents describe a relative 

decrease in immunoreactivity.3; 6 The lack of estrogen receptor alpha and progesterone 

receptor expression is most likely related to treatment length (years). 

 

Cases of cutaneous and abdominal wall endometriosis following gynecological surgery 

further validate the use of macaques in endometriosis research. Through careful 

evaluation of these cases of incisional site endometriosis we can better understand 

factors that allow for the development of endometrium outside of the uterus and improve 

diagnoses.  
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Figure and Figure Legend 

 

 

Figures A-G. Abdominal wall incisional endometriosis, rhesus macaque.  Figure A. 
Subgross image of a poorly demarcated mass of endometriosis tissue (asterisk) within 
the subcutaneous adipose tissue and skeletal muscle underneath a section of haired 
skin. Hematoxylin and eosin. 4X.  Figure B. The tissue is composed of pseudostratified 
columnar epithelium-lined glands within a densely cellular decidualized stroma. The 
stromal cells are polygonal with large vesicular nuclei and single nucleoli. Hemosiderin-
laden macrophages are scattered throughout. Hematoxylin and eosin. 200X.  Figure C. 
Immunohistochemical stain for CD10 demonstrates moderately strong cytoplasmic 
staining of the stromal cells. 200X.  Figure D. Immunohistochemical stain for vimentin 
shows strong cytoplasmic staining of the stromal cells. 200X. Figure E. Estrogen 
receptor alpha immunohistochemical stain shows rare staining of stromal cells. 200X. 
Figure F. Progesterone immunoreactivity is negative in both the stroma and epithelial 
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cells. 200X. Figure G. Approximately 75% of the epithelium lining a fallopian tube 
embedded within the endometriosis tissue stains weakly positive for estrogen receptor 
alpha. 200X.  
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Abstract 

The decidua is the superficial portion of endometrium that transforms, or decidualizes, 

under the influence of progesterone to nourish the early embryo during pregnancy. 

Deciduae outside of the uterus are found in nearly 100% of pregnancies. This condition 

known as deciduosis may mimic malignancy, resulting in risky diagnostics. Deciduosis 

has been described in both Old and New World nonhuman primates in conjunction with 

pregnancy and after treatment with exogenous progestins. Here we present six cases of 

deciduosis associated with endometriotic lesions in female Macaca mulatta and Macaca 

fascicularis monkeys. Cases were identified during clinical observations at the Armed 

Forces Radiobiology Research Institute or the Wake Forest School of Medicine. Full 

diagnostic necropsies with histological analyses were performed on all animals. 

Deciduae were stained with hematoxylin & eosin and combinations of vimentin, CD10, 

progesterone receptor, estrogen receptor, desmin, cytokeratin, kermix P8, chorionic 

gonadotropin, human placental lactogen, and calretinin. The most common observed 

clinical signs were abdominal pain (4/6) and anorexia (2/6). At necropsy, macaque uteri 

were often enlarged or disfigured (4/6) with abundant fibrous adhesions (5/6). Affected 

tissue consisted of epithelial-lined cysts and decidualized stroma with scattered 

gamma/delta T cells. Decidualized stroma cells were large and polyhedral with abundant 

cytoplasm and round, vesicular nuclei. They also stained positive for vimentin, CD10, 

progesterone and estrogen. In summary, these cases illustrate deciduosis in six 

nonhuman primates with endometriosis. Understanding decidualization in nonhuman 

primates will aid in elucidating the pathophysiology of deciduosis during pregnancy or 

endometriosis and potentially lead to new interventions.  
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Introduction 

Decidua consists of a layer of endometrial stromal cells that support early 

embryonic development and are required for maintenance of normal pregnancy. 

Endometrial stromal cells transform, or decidualize, under the influence of 

progesterone.30 Decidualization begins near the base of the spiral arteries. There, cell 

nuclei become rounded and vesicular and the cytoplasm is enriched with glycogen and 

lipids. Decidualized stromal cells may cause processes such as oxidative stress, 

immune modulation and endometrial remodeling.15 Ectopic decidualized stroma, or 

decidua outside of the uterus, is termed deciduosis. Deciduosis is an asymptomatic 

condition commonly observed during pregnancy in humans and nonhuman primates 

reported at a rate of up to 100%.21,27,31 Ectopic deciduae in women are most often 

identified on the ovaries and uterine serosa but there are reports of peritoneal, omental, 

intestinal, lymphatic, pulmonary, and cutaneous decidualization.34 In humans, the 

medical literature contains many reports of ectopic deciduae mimicking metastatic 

lesions.8,12,13,21,24,26-28,31,35 Endometrial decidualization, while not a neoplastic process, 

appears both grossly and microscopically similar to malignant neoplastic lesions. The 

lesion infiltrates the serosal surface of all abdominal viscera, as is described with cases 

of carcinomatosis with metastatic adenocarcinomas, squamous cell carcinomas, and 

malignant deciduoid mesothelioma.17,24,26 Decidualized endometrial stromal cells 

observed on a Papanicoloau smear may confound diagnosis of a cervical intraepithelial 

neoplasia.10 Rarely, decidualized aberrant stroma or endometriosis tissue may also 

directly complicate pregnancy through hemoperitoneum, intestinal perforation, or 

pneumothorax.12,20,21 

Endometrial stroma in nonhuman primates decidualizes in response to 

progesterone stimulation as in humans. Deciduosis has been described in many 
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different and varied species of monkey including Goeldi’s (Callimico goeldii) and 

common marmosets (Callithrix jacchus),22 squirrel monkeys (Saimiri sciureus),23 and 

rhesus macaques (Macaca mulatta)5. It typically occurs within the endometrium as well 

as on the serosal surface of the uterus and other abdominal organs. Tissue changes 

with similar endometrial cell morphology to that of pregnancy-induced deciduae have 

been reported after progestin administration for menstrual cycle control or treatment of 

endometriosis.5,26,35 In many of these cases, animals were under the influence of 

melengesterol acetate (MGA) or medroxyprogesterone acetate (MPA) for contraception 

or endometriosis treatment.5 

In this study, we report on the clinical, macroscopic, histopathological and 

immunohistochemical features of six cases of exuberant deciduosis caused by 

endometriosis tissue decidualization in four rhesus macaques (Macaca mulatta) and two 

cynomolgus macaques (Macaca fascicularis). Three of these cases developed without 

stimulation from exogenous progesterone in contrast to previous reports of deciduosis. 

The purpose of this paper is to characterize endometriosis decidualization in nonhuman 

primates and further develop them as a model for studying decidualization, developing 

new methods for differentiating exuberant deciduae from malignancies, and identifying 

new treatments. 

 

Materials and Methods 

Six intact female macaques aged between 14-31 years (mean age, 19.8 years) 

were identified during clinical evaluations at the Armed Forces Radiobiology Research 

Institute (AFRRI) or at the Wake Forest Primate Center at the Wake Forest School of 

Medicine (WFSM). Macaque care and experimentation was approved by each 

institution’s Institutional Animal Care and Use Committee (IACUC) and maintained in 
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accordance to federal and state laws including the National Academy of Sciences’ Guide 

for the Care and Use of Laboratory Animals.25 In addition, WFSM and AFRRI are 

accredited by the Association for Assessment and Accreditation of Laboratory Animal 

Care International. Two rhesus macaques were part of a chronic gastric carcinogenesis 

study being conducted at AFRRI, were receiving nitrosating carcinogen ethyl-nitro-

nitrosoguanidine (ENNG) and were experimentally infected with Helicobacter pylori. A 

third rhesus was part of an opioid and pain receptors study at WFSM. The remaining 

rhesus macaque and the cynomologus macaques were either on holding protocols or 

part of a WFSM breeding colony. Of the six cases, three had been treated with 

progesterone analogs (Cases 1, 3 and 6, MPA) and one with an aromatase inhibitor 

(Case 4, letrozole) for endometriosis.  

After the initial clinical workup, cases were presented to pathologists at the 

Division of Comparative Pathology at AFRRI or the Department of Pathology at the 

Wake Forest University School of Medicine for pathologic evaluation. Diagnostic 

necropsies were performed on each animal and tissues were collected. Affected tissues, 

to include grossly recognized decidua were stained with hematoxylin & eosin (HE) and 

various combinations of vimentin (Vector Laboratories, clone SP20, rabbit monoclonal, 

1:40), common acute lymphoblastic leukemia antigen (CALLA, CD10, abcam®, clone 

56C6, mouse monoclonal, 1:20), progesterone receptor (Novocastra, Vision Biosystems, 

clone 1A6, mouse monoclonal, 1:100), estrogen receptor alpha (Epitomics, clone 6F11, 

mouse monoclonal, 1:100), desmin (Epitomics, clone Y66, rabbit monoclonal, 1:250), 

cytokeratin AE1/AE3 (BioCare Medical, clone LU-5, mouse monoclonal, 1:50), kermix 

P8, human chorionic gonadotropin (HCG, BioCare Medical, rabbit monoclonal, 1:200), 

human placental lactogen (U22 HPL, Novocastra, Vision Biosystems, rabbit monoclonal, 

1:200), and calretinin. Secondary antibodies for the appropriate species were used at a 

1:20 dilution (Super Sensitive™ Kit, BioGenex). Vector® Red (Vector Laboratories, 
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Burlingame, CA) or 3,3’-Diaminobenzidine (DAB) were used as chromogens and slides 

were counterstained with Mayer’s hematoxylin. Negative controls included slides treated 

with only secondary antibody. All immunohistochemical stains were validated and 

performed by histology cores at each location. Board certified veterinary pathologists or 

a board certified medical pathologist evaluated all cases and slides.  

 

Results 

Clinical Presentation and Gross Pathology 

A summary of clinical findings is shown in Table 1. The average age of affected animals 

was 19.8 years (standard deviation +/- 6.0 years). Clinical symptoms associated with the 

cases of deciduosis in macaques commonly presented as anorexia with or without 

weight loss and abdominal pain. Only 50% of the macaques (3/6) had a history of 

progesterone treatment (medroxyprogesterone acetate, Depo-Provera). Most macaques 

(3/6) had serosanguineous or sanguineous abdominal effusion. The rhesus described in 

case 6 was in heart failure at the time of death and had serous abdominal effusion. 

Menorrhagia is a sign often associated with endometriosis.37 Only one macaque (case 5) 

had a history of heavy menses.  

At necropsy of each animal, the uterus was commonly enlarged and disfigured or 

replaced by dense connective tissue. Fibrous adhesions were commonly observed 

especially between the omentum and the uterus, liver, spleen, and urinary bladder 

(Figure 1). In three cases, one or both ovaries were not identified and suspected to be 

incorporated or effaced by the fibrous adhesions. Diffuse tan, red or black solid or cystic 

nodules were identified on the uterus, urinary bladder, intestines and ovaries of 4 of the 
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6 macaques. Treatment did not seem to have an appreciable effect on gross lesions 

(Table 1).  

 

Histopathology and Immunohistochemistry  

Histopathological features of the exuberant decidualized endometriosis tissue were very 

similar to lesions previously described in humans. Endometriotic cysts and islands of 

decidualized stroma were separated by variably dense bands of fibrous connective 

tissue (Figure 2). Hemosiderin-laden macrophages (hemosiderophages) were often 

identified near cysts (Figure 3, arrows). Cysts were lined by pseudostratified, ciliated 

columnar epithelium and filled with erythrocytes, cellular debris, and degenerate 

neutrophils and macrophages (Figure 4, arrows). Decidualized endometriotic stromal 

cells were polygonal with distinct cell borders, abundant pale eosinophilic cytoplasm and 

brightly eosinophilic, intracytoplasmic globules, which occasionally marginalized the 

nucleus. Nuclei were round to oval with finely stippled chromatin and one to two nucleoli 

(Figure 5, arrowheads). No mitoses were noted in any of the cases but anisocytosis and 

anisokaryosis were present.  

Endometrial granular leukocytes, a specialized type of gamma/delta T cell, were 

identified scattered in the decidualized endometriosis stroma. These were small cells 

with a high nuclear to cytoplasmic ratio (Figure 5, small arrows).9 They contained 

eosinophilic granules eccentrically clustered within scanty cytoplasm. The nuclei were 

dense and deeply basophilic without recognizable nucleoli.  

 Decidualized stroma in these cases consistently stained positive for nuclear 

progesterone and estrogen receptors, C10 and cytoplasmic vimentin (Table 2)(Figures 
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6-9). Desmin, calretinin, cytokeratin, chorionic gonadotropin, cytokeratin AE1/AE3, U22 

HPL, and kermix P8 were inconsistent or negative.   

 

Discussion 

Decidualization of the endometrium or ovarian tissue is a normal physiological process 

and occurs at a rate of up to 100% during pregnancy. However, exuberant decidualized 

tissue, especially when seen in combination with endometriosis, may cause pregnancy 

complications or be mistaken for neoplasia that endangers the mother and/or the 

fetus.1,19,21 Stroma of endometriosis lesions and endometrium with hormonal stimulation 

from high progesterone may transform into decidualized cells. The typical microscopic 

appearance of the transformed endometrial stroma within the myometrium (internal), 

peritoneum, thoracic cavity, or skin (external) is seen as islands of large polygonal cells 

with abundant eosinophilic cytoplasm frequently containing intracytoplasmic droplets. 

These droplets have been described as sulfated mucin and glycogen.13,18 Decidualized 

stroma cells have oval, centrally located nuclei with distinct magenta nucleoli and finely 

stippled chromatin. While no mitoses are typically observed, there is often pronounced 

anisocytosis and anisokaryosis. The population of transformed cells is often embedded 

in swaths of histopathologically typical endometriosis: endometrial stroma, endometrial 

glands lined by ciliated epithelium, pools of hemorrhage and hemosiderosis. 

Furthermore there is often abundant lymphoplasmocytic inflammation, hemorrhage and 

varying degrees of necrosis.27  

The cellular and nuclear atypia as well as the implantation of these cells into the 

serosa of a myriad of abdominal organs may resemble a malignant neoplastic process 

such as deciduoid mesothelioma, squamous cell carcinoma, mucin producing 
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adenocarcinoma or carcinomatosis.8,18,28,36 Gross differential diagnoses for a 

decidualized stroma within the abdomen include decidualized mesothelioma, 

endometriosis with granulomatous inflammation, fibroplasias, granulation tissue and 

carcinomatosis, especially if tissue invades and destroys the structural integrity of 

abdominal organs.28 Atypical extra-placental trophoblastic implantation of the peritoneal 

cavity is another differential in animals with a history of pregnancy.6,11,32 The rhesus 

macaques in cases 1 and 2 (Table 1) were both exposed to a nitrosamine carcinogen. 

Genital papillary mesotheliomas have been described in male rats given nitrosamines.16 

Finally, differential diagnoses for abdominal neoplasms following aromatase inhibitor 

treatment, as in case 3, should include atypical mesenchymal proliferation induced by 

the aromatase inhibitor treatment or potentially a neoplastic mesenchymal 

transformation as is noted in cases of retroviral induced retroperitoneal fibromatosis.14 

Retroperitoneal fibromatosis is histologically distinct from deciduosis since it is 

composed of dense connective tissue without the large, polygonal decidualized stromal 

cells.29  

In nonhuman primates, decidualization of endometriosis tissue occurs most often 

under the influence of exogenous progestins or during pregnancy.5,26,35 Here only 3 of 

the 6 cases had received exogenous progestins (MPA). None of these animals were 

pregnant so we anticipate the endometriotic tissue decidualized under the influence of 

elevated endogenous progesterone. 

Recognizing the histopathological appearance of the decidualized cells and 

correlating their presence with endometriosis are important criteria towards appropriate 

diagnosis. Furthermore, immunohistochemical markers aid in confirming the transformed 

endometrial stroma. We found the decidualized stroma stained positive for nuclear 

progesterone and estrogen receptors, and cytoplasmic vimentin as well as CD10 (Table 
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2). These histopathological characteristics were consistent with reported results in 

studies of affected humans and nonhuman primates. Typical endometrial stroma stains 

positively for common acute lymphoblastic leukemia antigen, or CD10, which is 

expressed by hematopoietic neoplasms as well as the endometrium.2,4,5,33 Additionally, 

the nuclei of the stroma have positive staining for progesterone receptor and estrogen 

receptor. HCG and U22 HPL staining are often assessed to rule out a trophoblastic 

implantation while cytokeratin markers are evaluated to reject carcinomas as possible 

diagnoses.6,32 Scattered immunopositivity to both HCG and U22 HPL observed in two of 

the five cases stained may represent a variation in laboratory-specific sensitivity. Both 

positive cases were conducted within the same immunohistochemistry laboratory. 

Desmin has been reported to have variable staining in decidualized endometriosis in 

humans, interpreted as metaplastic transformation of the stroma into myofibroblasts or 

leiomyocytes, reinforcing the argument of endometrial stroma plasticity.7 In all of our 

cases, the stromal cells were negative to desmin. A recent report of pleural 

endometriosis in a rhesus macaque found that the endometrial stroma was positive to 

calretinin, which is an immunohistochemical marker noted to demonstrate strong nuclear 

and cytoplasmic staining of the normal endometrial stroma, while showing decreased or 

negative reactivity in pathological uterine tissues to include deciduosis, a finding which 

was supported in the immunohistochemical evaluation of all of the cases evaluated with 

calretinin (4/5 cases).3,4  

 In summary, endometrial stromal decidualization was confirmed based on the 

histopathological features and immunohistochemical analyses of each case. 

Macroscopically, the extensive, invasive spread of the endometriosis, multifocal islands 

of decidualized stromal cells, abundant hemorrhage and variable, regional necrosis 

mimicked malignancy. Histopathological atypia noted within the decidualized cells 
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represents a further confounding feature. These observations aid in identifying and 

diagnosing such lesions in primates to serve as models for decidualized endometriosis 

lesions in humans. Understanding endometrial decidualization in nonhuman primates 

with endometriosis will aid to elucidate the etiology of decidualized endometriotic stroma 

in women and further the investigation of deciduosis diagnosis and treatment. 
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Figures and Figure Legends 

Figure 1. Decidualized endometriosis, abdominal cavity, rhesus macaque, case 1.  
Fibrous adhesions between the omentum and other abdominal organs causing a mass 
of roughened, fused intestinal loops with irregular serosal surfaces (arrows).  
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Figures 2-9. Decidualized endometriosis, rhesus macaque, cases 1 and 3. Figure 2. 
Large islands of polygonal cells are compressed by adjacent endometriosis lesions and 
fibrous connective tissue. HE. Figure 3. Islands of polygonal decidualized endometrial 
stromal cells with abundant eosinophilic cytoplasm. These cells are separated and 
surrounded by fibrous connective tissue, lymphoplasmacytic perivascular inflammation, 
foci of hemosiderosis (arrows), and hemorrhage. HE. Figure 4. A large endometrial 
gland, lined by ciliated epithelium (large arrows) and filled with cellular debris, is 
surrounded by decidualized endometriosis stroma. HE. Figure 5. Decidualized cells 
contain round, eosinophilic intracytoplasmic droplets (arrowheads) that sometimes 
marginalize the nucleus. Small, dense endometrial granular leukocytes (small arrows) 
are also present. HE. Figure 6. Vimentin immunohistochemistry demonstrates strong 
cytoplasmic immunoreactivity of the decidualized stromal cells. Figure 7. CD10 
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immunohistochemistry within stromal cells stains with a moderate cytoplasmic 
immunoreactivity. Figure 8. Estrogen receptor IHC stains strongly positive for nuclei 
within stromal cells. Figure 9. Progesterone receptor staining with strong nuclear 
staining within decidualized stromal cells.  
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