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1. INTRODUCTION 

Endometriosis is a prevalent benign gynecological disease in women of reproduc-
tive age. It is estimated to affect globally around 190 million people, or approxi-
mately every tenth woman. Symptomatically endometriosis usually manifests with 
chronic pelvic pain, impaired fertility and reduced quality of life. These non-
specific symptoms or asymptomatic course of disease make it difficult for women 
to suspect the presence of disease. Thereby, the diagnosis is often delayed on 
average for seven to nine years. In many cases, endometriosis is identified during 
medical examination and surgical intervention due to other pathology, or investi-
gation of possible reasons for infertility. However, even after confirmation of 
endometriosis diagnosis women cannot be fully cured and their treatment is 
limited to the management of symptoms or surgical removal of endometriotic 
lesions (ectopic endometrium, EcE). 

Endometriotic lesions are presented as extrauterine ectopic growth of endo-
metrial-like tissues. They are mostly found in the peritoneum but can also form 
ovarian endometrioid cysts or spread locally or distally to other organs and tis-
sues, affecting their function. The origin of this multifaceted disease remains un-
clear, and the theory of retrograde menstruation is the most widely accepted. Ac-
cording to this theory, fragments of shed endometrial tissues spread outside the 
uterus and implant on surrounding tissues and organs, adapting to the unfavorable 
microenvironment. Endometriotic lesions exhibit a molecular signature distinct 
from eutopic endometrium (EuE), which allows their survival and growth in 
ectopic sites. Research on the pathogenesis of endometriosis unraveled a key role 
of hormone imbalance and hypoxia on the regulation of processes, like cell proli-
feration, migration, metabolism and angiogenesis. 

With the development of advanced powerful techniques, such as high-through-
put transcriptomics, proteomics and metabolomics, we can perform a comprehen-
sive analysis of tissues. Moreover, the identified molecular signatures can be 
linked to the single cell populations. By utilizing these techniques to study endo-
metriosis pathogenesis, we can explore RNA, protein and metabolite profiles of 
single cell populations within endometriotic lesions. This knowledge will facili-
tate further understanding of disease pathobiology with potential applications in 
diagnostics and treatment of endometriosis. 
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2. REVIEW OF THE LITERATURE  

2.1 Endometriosis 

2.1.1 Eutopic endometrium:  
hormone regulation and menstrual cycle 

Human endometrium is a complex tissue with the main function of facilitating 
embryo implantation and maintaining pregnancy. Endometrium comprises two 
parts: stratum basalis and stratum functionalis, containing stromal, epithelial and 
vascular compartments. Stroma is largely composed of stromal fibroblasts, epi-
thelial, perivascular and endothelial cells. During reproductive period, morpho-
logical changes of healthy endometrium happen throughout the menstrual cycle 
(Figure 1) and are finely controlled by steroid hormones: estradiol (E2) primed in 
the proliferative phase and progesterone (P4) dominating secretory phase (Critch-
ley et al., 2020). These hormones are mostly produced by ovaries in response to 
follicle-stimulating hormone and luteinizing hormone secretion, following the 
progression of ovarian cycle. During proliferative phase, E2 binds to estrogen 
receptors α and/or β (ERα or ERβ) acting as transcription factors (TFs) in nuclei of 
endometrial stromal and epithelial cells, inducing expression of genes related to 
endometrial growth. P4 binds to its receptor (PR) expressed in nuclei throughout 
the menstrual cycle, and inhibits proliferation while inducing cell differentiation, a 
process known as decidualization. During decidualization, stromal fibroblasts 
undergo mesenchymal-to-epithelial transition and become rounded, ready for 
implantation of embryo. In the absence of pregnancy, P4 withdrawal in the late 
secretory phase leads to initiation of inflammation, influx of immune cells and 
tissue breakdown. During this phase, cells comprising the functional layer of endo-
metrium desquamate and shed (menstruation), followed by tissue repair, where 
stratum basalis containing stem cell niche serves as the source for stratum functio-
nalis. The described processes may be, however, perturbed in different pathologies. 
 

 
Figure 1. Schematic illustration of the human uterus and the cellular composition of the 
endometrium as it undergoes morphological changes across the menstrual cycle. Repro-
duced with permission from Marečková et al., 2024, Nature Genetics, licensed under 
the Creative Commons Attribution 4.0 International License. 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0


12 

2.1.2 Endometriosis prevalence and characteristics  

Endometriosis is a common hormone-dependent and chronic inflammatory dis-
order, impacting about 190 million women worldwide and affecting 10% of wo-
men of reproductive age (Saunders & Horne, 2021; Zondervan et al., 2020). It 
clinically manifests as chronic pelvic pain, dysmenorrhea, and subfertility, af-
fecting the quality of life, but may also be asymptomatic. Endometriosis is cha-
racterized by the presence of endometrial-like cells growing outside the uterus, 
known as endometriotic lesions, with approximately 80% located in the perito-
neum (Figure 2, lower part) (Saunders & Horne, 2021). EcE affects the structure 
and function of organs and tissues. For example, in ovaries EcE forms an endo-
metrioid cyst with accumulated blood (called endometrioma), while in the peri-
toneum lesion growth is accompanied by inflammation and formation of adhe-
sions. Adhesions affect spatial localization and function of involved tissues and 
organs (e.g., intestine, bladder) and contribute to pain and infertility. Endometrio-
tic lesions may also exhibit invasive growth, penetrating organs or tissues, called 
deep infiltrating endometriosis (DIE). In rare cases, lesions are found in organs 
distant to uterus, like lungs, causing accumulation of blood in the pleural cavity. 
The widely used system of endometriosis classification by American Society for 
Reproductive Medicine (ASRM) evaluates lesion phenotype and location, pre-
sence and extent of adhesions and involvement of organs and tissues, categorizing 
endometriosis into four stages, from minimal to severe (“Revised American So-
ciety for Reproductive Medicine Classification of Endometriosis,” 1997). How-
ever, the stages do not correlate with the severity of endometriosis and its prog-
nosis.  
 

2.1.3 Epidemiology and risk factors 

Several factors have been associated with endometriosis onset and development 
(Figure 2, upper part). For example, high levels of circulating E2 in women with 
early menarche and nulliparity increase risk for endometriosis, while use of oral 
contraceptives and lactation have been associated with reduced risk (Parasar et 
al., 2017). Some genetic factors are reported to also contribute to endometriosis, 
such as family heritability. Moreover, 42 single nucleotide polymorphism were 
found in association with steroid hormone signaling in endometriosis (Rahmioglu 
et al., 2023). Epidemiological studies have shown that women with endometriosis 
have a higher risk for developing certain types of cancer (ovarian cancer and 
melanoma), cardiovascular and autoimmune diseases (Kvaskoff et al., 2015; 
Lundberg et al., 2019; Poole et al., 2017). In addition, some environmental factors 
have been implicated in endometriosis development (Peinado et al., 2020; Simo-
nelli et al., 2017; Wieczorek et al., 2022; Williams et al., 2015). Endocrine dis-
rupting chemicals, commonly found in the environment (e.g. plastics, personal 
care products), exert estrogenic activity and interfere with hormonal receptors 
altering steroid signaling pathways. These chemicals have a similar structure to 
estrogen and they can directly bind to ERs or interact with aryl hydrocarbon 
receptors, that further bind to estrogen response elements in the nucleus (Shanle 
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& Xu, 2011). Some other factors, like microbes, have also been associated with 
inflammatory aspect of endometriosis development (Guo & Zhang, 2024; Mura-
oka et al., 2023).  
 

 

 
Figure 2. Potential Pathways for the Pathogenesis and Pathophysiological Features of 
Pelvic Endometriosis. The pathogenesis and pathophysiological features of pelvic endo-
metriosis are complex. Potential origins of the endometriotic lesions include transplan-
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tation of endometrial tissue through retrograde menstruation and in situ coelomic meta-
plasia of the peritoneal lining. Vascular or lymphatic metastasis most likely occurs only 
rarely, in cases of extrapelvic lesions. Superficial and deep endometriotic lesions are es-
tablished and maintained through interacting molecular mechanisms that promote cellular 
adhesion and proliferation, systemic and localized steroidogenesis, localized inflamma-
tory response and immune dysregulation, and vascularization and innervation. The dashed 
arrow indicates a postulated effect. ER denotes estrogen receptor, HSD17β2 17β-hydro-
xysteroid dehydrogenase 2, ICAM intercellular adhesion molecule, IGF insulin-like 
growth factor, NF-κB nuclear factor κB, NGF nerve growth factor, PR progesterone 
receptor, SF1 steroidogenic factor, STAR steroidogenic acute regulatory protein, TNF 
tumor necrosis factor, and VEGF vascular endothelial growth factor. Reproduced with per-
mission from Zondervan et al. 2020, Copyright Massachusetts Medical Society, licensed 
under the Creative Commons Attribution 4.0 International License. 
 

2.1.4 Endometriotic lesions and their origin 

Endometriotic lesions are divided into three subtypes: peritoneal (superficial), 
ovarian (endometrioma), and DIE. Histological analysis of endometriotic lesions 
shows that they consist of stroma, glands, blood vessels and large areas of fibrotic 
tissues (Figure 3). Recent single-cell RNA (scRNA) studies revealed that cellular 
composition of lesions overlaps with the cell types of EuE (Tan et al., 2022). 
Major cell types include stromal, epithelial, immune and vascular cells. Stem cell 
niche, present in both stratum basalis and functionalis of EuE, was not identified 
in EcE. This could be due to technical limitations related to cell loss during tissue 
dissociation, or their role may be compensated by other cell types as, for example, 
perivascular cells, known to restore endometrial stroma (Cousins et al., 2022). 
Another difference is related to the response of lesions to ovarian hormones. Re-
cent findings showed that the menstrual cycles of endometrioma and peritoneal 
lesions are desynchronized between paired EuE and EcE (Colgrave et al., 2020; 
Saare et al., 2022). This raises questions of where ectopic cells originate from, how 
similar they are to eutopic cells, and how microenvironment affects establishment 
and development of lesions. 

There are several theories for endometriosis origin, including retrograde men-
struation, coelomic metaplasia, genetic and epigenetic factors, and stem cell 
theory, Figure 2 (Koninckx et al., 2019; Maruyama, 2022; Sampson, 1927). 
According to the retrograde menstruation theory, fragments of endometrial tissue 
fragments, shed during menstruation, implant in the ovaries and/or peritoneum 
and form lesions. As retrograde flow was later observed in women without 
endometriosis, the involvement of other processes and factors was proposed 
(Halme et al., 1984). Among these factors are hormonal imbalance, impact of 
microenvironment, altered metabolism and immune dysfunction (Bulun et al., 
2010; Niu et al., 2023; Rizner, 2009). A model of “seed and soil” suggests that 
endometrial debris (seed) can implant only on tissues with altered properties, like 
peritoneum (soil) (Horne & Saunders, 2019). Although there are experimental 
data on endometriosis model organisms showing potential mechanisms of 
endometriosis etiopathogenesis, it is still debated how lesions originate in 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
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humans. Each theory/hypothesis may partially answer this question, given va-
rious types and locations of endometriotic lesions. 

 
2.2 Pathogenetic hallmarks of endometriosis 

The data from various studies on the expression of key molecules involved in 
processes important for the etiopathogenesis of endometriosis and relevant to our 
research, are summarized in this (Table 1). These processes are interconnected 
and altogether highlight the complex nature of endometriosis, explaining the lack 
of consensus on etiology and pathogenesis of this syndrome. One of the main 
features of endometriotic microenvironment is its hypoxic condition. Hypoxia 
effects are central in this review as its role has been widely studied, showing its 
stimulatory effect on processes involved in the development of endometriosis. 
There is a challenge in understanding the whole picture of endometriosis patho-
genesis, as different endometriosis subtypes exhibit distinct expression patterns 
of certain molecules. For example, studies of hormonal dysregulation have reported 
variable expression patterns identified in peritoneal lesions, endometriomas and 
DIE (Heilier et al., 2006; Rizner, 2009). Moreover, expression analyses of EcE 
are typically performed in comparison with EuE from women with endometriosis 
or normal endometrium (NE, from women without endometriosis or healthy 
volunteers) at various phases or across the menstrual cycle, which further compli-
cates the interpretation of results, as shown in Table 1. 

 

 
Figure 3. Representative images of haematoxylin and eosin staining of EuE (left) and 
EcE (right) from a woman with endometriosis, showing morphological differences be-
tween paired endometrial tissues. Scale bar 100 μm. Abbreviations: EcE – ectopic endo-
metrium; EuE – eutopic endometrium. The photo was taken by the author. 

 

2.2.1 Hormonal imbalance 

E2 in endometrium induces mitotic activity, resulting in cell proliferation, and 
regulates cell survival and apoptosis, while P4 exerts anti-proliferative and anti-
inflammatory activities (Critchley et al., 2020; Yang et al., 2018). Reports on the 
incidence of endometriosis in adolescents after menarche and in men with 
prostate cancer treated with high doses of estrogen indicate that E2 plays a role 
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in the development of endometriosis (Fukunaga, 2012; Hirsch et al., 2020). More-
over, regression of endometriotic lesions after treatment with aromatase inhibi-
tors highlights endometriosis dependence on estrogen activity (Agarwal & Foster, 
2015; Razzi et al., 2004). Endometriotic lesions have been shown to exhibit hor-
monal imbalance reflected by increased ERβ:ERα ratio and decreased expression 
of PR (Smuc et al., 2007; Xue et al., 2007). The downregulation of the progeste-
rone receptor (PGR) results in reduced action of P4 (progesterone resistance) and 
enhanced activity of E2 via ERβ (Attia et al., 2000; Bulun et al., 2006; Smuc et 
al., 2007).  

Increased levels of E2 induce ectopic cell proliferation via ERβ target genes. 
High level of estrogen in women with endometriosis is also linked to impaired 
metabolism and increased production of E2 by local tissues (Rizner, 2009). Aro-
matase pathway and 17β-HSDs play a key role in local E2 synthesis and meta-
bolism in endometriotic lesions. Aromatase has been shown to be higher ex-
pressed at both messenger RNA (mRNA) and protein levels in both EcE and EuE 
of women with endometriosis compared to NE (Bukulmez et al., 2008; Noble et 
al., 1996).  

E2 is inactivated by 17β-HSD type 2 (encoded by HSD17B2), which converts 
E2 to a less active estrogen form (estrone). The expression of HSD17B2 has been 
found to be lower in EcE (Rizner, 2009). In contrast, 17β-HSD type 1 converts 
estrone to E2 and its overexpression in EcE has been reported in some studies 
(Rizner, 2009). Notably, the reported aberrant expression of aromatase and 17β-
HSDs varies between different subtypes of endometriotic lesions (Heilier et al., 
2006; Rizner, 2009). In parallel, P4 function is inhibited in endometriosis due to 
reduced expression of PGR and its inactivation by reductases, AKR1C1 and 
AKR1C2 (Bulun et al., 2006; Hevir et al., 2011; Rizner et al., 2006). Moreover, 
impaired P4 signaling leads to enhanced estrogen dominance, as there is no in-
hibitory activity of P4 on E2 (Yilmaz & Bulun, 2019). 
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2.2.2 Hypoxia – master regulator in endometriosis 

Hypoxia occurs in cells with reduced oxygen supply and is known to modulate 
gene expression in physiological and pathological contexts via hypoxia inducible 
factor (HIF). Hypoxia regulates cell metabolism, growth, apoptosis, cell adhesion 
and angiogenesis. In EuE, HIF-1α was found to be expressed throughout the 
menstrual cycle, peaking in the late secretory phase and menstruation, suggesting 
its role in initiation of the menstruation and further endometrial restoration, 
demonstrated in mice (Critchley et al., 2006; Maybin et al., 2018). Moreover, the 
overexpression of HIF-1α in endometriotic lesions indicates its involvement in 
the development of endometriosis (Wu et al., 2007). And hypoxic microenviron-
ment is suggested to play a key role in endometriosis. Unfavorable conditions 
without sufficient blood supply trigger the activation of hypoxia-induced pro-
cesses to sustain ectopic growth and survival of lesions (Hsiao et al., 2015; Wu 
et al., 2019). Ectopic endometrial stromal cells (EcESCs) show high expression 
of markers related to hypoxia, cell adhesion and invasion compared to eutopic 
cells (EuESCs), that may be critical during the establishment of endometriotic 
lesions (Kasvandik et al., 2016). Additionally, EcESCs had altered energy meta-
bolism with activation of glycolytic over oxidative metabolic pathways (Kas-
vandik et al., 2016; Young et al., 2014a). Aberrant expression of HIF-1α, PDK1, 
LDHA as well as increased glucose uptake, oxygen consumption, elevated lactate 
and adenosine triphosphate (ATP) levels, and in EcE demonstrate hypoxia-me-
diated metabolic reprogramming in endometriosis (Lee et al., 2019; Zheng et al., 
2021). Hypoxia-mediated hormonal regulation in endometriosis is evident by 
elevated mRNA and protein expression of ERβ in EcESCs exposed to hypoxic 
conditions (1% O2) (Wu et al., 2012). Moreover, ERβ expression was reduced 
after silencing HIF1A in these cells, while ERα expression was restored.  

Hypoxia mediates the activation and distribution of protein kinases (PKs) as 
shown in vitro (Goldberg et al., 1997; Lucia et al., 2020). PKs are involved in 
different cellular processes in healthy tissues and in disease development and 
progression. cAMP-dependent PK (PKAc), Rho-dependent PK (ROCK), protein 
kinase B (Akt/PKB), and casein kinase 2 (CK2) are known to influence cell 
growth, survival, apoptosis, migration and metabolism in physiological and patho-
logical conditions (Kazi et al., 2009; Kim et al., 2021; Lavogina et al., 2021; 
Zhang et al., 2020a). Altered activity of these kinases was found to support 
epithelial-mesenchymal transition (EMT), proliferative activity of EuESCs and 
thereby contributing to endometriosis development (Aghajanova et al., 2010; 
Huang et al., 2020; Matsuzaki & Darcha, 2015; McKinnon et al., 2016). 

 
2.2.3 Hypoxia and cell metabolism  

Cellular metabolism is shaped by activated regulatory pathways (AMP-activated 
protein kinase, AMPK, signaling and HIF-1 signaling) that orchestrate the net-
work of metabolic pathways to sustain cell proliferation and growth (Chandel, 
2015). Metabolic plasticity is defined by metabolic adjustments of cells to 
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changing environment. In response to hypoxic condition, cells modulate their 
metabolism according to cellular demands of energy. As oxygen supply is limited 
in hypoxic environments, oxidative phosphorylation (OXPHOS) becomes ineffi-
cient, therefore cells switch to anaerobic glycolysis. The shift between metabolic 
pathways is evolutionarily conserved, as it allows cells to maintain energy pro-
duction within low oxygenation conditions. However, in some physiological or 
pathological settings (rapidly growing healthy or malignant tissues with enhanced 
cell proliferation), cells switch to glycolysis even in the presence of oxygen 
supply. This metabolic switch was first described in cancer, known as the War-
burg effect or aerobic glycolysis (Vaupel et al., 2019). The advantage of aerobic 
glycolysis is to produce energy and macromolecules at a higher rate compared to 
oxidative metabolism. 

Recent studies on endometriosis revealed a Warburg-like effect in endomet-
riotic cells, suggesting it as a survival coping mechanism in lesions in response 
to unfavorable ectopic environment and high energy needs. Kasvandik et al. 
showed that EcESCs overexpressed glycolysis markers (PFKP, ENO2, LDHA) 
compared to EuESCs from women with endometriosis and normal endometrial 
stromal cells from controls (NESCs) from women without endometriosis (Kas-
vandik et al., 2016). Moreover, they found reduced expression of oxidative meta-
bolic markers at both mRNA and protein levels. In concordance with these 
findings, a study on non-human primates also revealed reduced oxidative meta-
bolism indicating metabolic reprogramming in endometriosis; however lactate 
levels did not differ between EuE and EcE (Atkins et al., 2019). Another study 
has identified an increased oxygen consumption in EcESCs compared to EuESCs 
and NESCs, while EuESCs and NESCs exhibited similar oxygen consumption 
levels (Lee et al., 2019). Glucose uptake was similar in EcESCs and EuESCs, 
while lactate production was higher in EcESCs. PDK1 was overexpressed in 
EcESCs in a hypoxia-dependent manner. PDK1 inhibits PDH, an enzyme con-
verting pyruvate to acetyl coenzyme A (acetyl-CoA) that is further used in oxida-
tive metabolism, and thus pyruvate is utilized in glycolysis with formation of 
lactate. The inhibition of PDK1 in EcESCs resulted in a reduced production of 
lactate. Moreover, EcESCs, treated with inhibitor of PDK1 under hypoxia and 
oxidative stress, exhibited cell death, which may indicate the anti-apoptotic pro-
tective role of PDK1 (Lee et al., 2019). A study by Young et al. identified high 
levels of PDK-1, SLC2A1 (encodes GLUT-1) and LDHA in EcE and elevated 
lactate in peritoneal fluid from women with endometriosis (Young et al., 2014a). 
The expression of HIF-1α, PDK-1, LDHA and GLUT-1 has been observed in 
both stromal and epithelial cells of endometrium. Furthermore, the authors found 
an overexpression of aerobic glycolysis regulators (HIF1A, PDK-1, LDHA, and 
GLUT-1) in adjacent peritoneal tissues of endometriotic lesions (Young et al., 
2014a). Peritoneal mesothelial cells treated with transforming growth factor beta-
1 (TGF-β1) exhibited an elevated production of lactate compared to controls. 
Similarly, HIF1A and its downstream targets LDHA and SLC2A1 were found to 
be elevated after TGF-β1 induction, indicating TGF-β signaling involvement in 
endometriosis (Young et al., 2014a). 
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AMPK signaling is known to sense energy stress in cells, reflected as a high 
AMP:ATP ratio, and activate catabolic metabolism, while inhibiting biosynthetic 
processes (Dengler, 2020; Herzig & Shaw, 2018). AMPK has been shown to be 
activated via LKB1 in cells with increased AMP/ATP ratios after exposure to 
hypoxic conditions (Tan et al., 2012). Interestingly, inhibition of AMPK signa-
ling through inactivated AMPK induced the Warburg effect in cancer cells, high-
lighting the regulatory role of AMPK in maintaining metabolic homeostasis 
(Faubert et al., 2013). Mitochondrial production and accumulation of reactive 
oxygen species (ROS) induces oxidative modification of AMPK, leading to its 
activation (Rabinovitch et al., 2017; Zmijewski et al., 2010). Subsequently, 
AMPK activates the antioxidant system via PGC1-α and/or mitophagy via ULK1, 
thereby regulating ROS formation and controlling oxidative stress (Zmijewski et 
al., 2010). Altered AMPK signaling and its involvement in inflammatory pro-
cesses, apoptosis and metabolic reprogramming have been shown in endometrio-
sis (Assaf et al., 2022). Increased ROS (O2

-, H2O2) were identified in stromal and 
epithelial cells from EcE (Ngô et al., 2009). 

 
2.2.4 Hypoxia and angiogenesis 

A stimulating effect of hypoxia on angiogenesis has been found in different tis-
sues. HIF-1α modulates the expression of cytokines and angiogenic factors that 
regulate vessel growth from pre-existing blood vessels and induce vascular cell 
migration (Chung & Han, 2022). Vessel sprouting starts with the induction of the 
release of matrix metalloproteinase by endothelial cells. Matrix metalloprotei-
nases (MMPs), upregulated and activated under hypoxic conditions, degrade the 
extracellular matrix (ECM), followed by detachment of perivascular cells, mig-
ration of endothelial cells and tube formation (Ben-Yosef et al., 2005; Laschke & 
Menger, 2018). In tumors, hypoxia-induced angiopoietins recruit perivascular 
cells to the growing vessels (Krock et al., 2011). Peritoneal macrophages were 
shown to produce the pro-inflammatory cytokine IL-1β, which stimulates migra-
tion and invasion of endothelial cells and induces VEGF and IL-6 expression in 
IL-1β-treated EcESCs (Lebovic et al., 2000). In endometriosis, hypoxia promotes 
angiogenesis via IL-6 (shown in a mice model), IL-8, leptin, angiogenin, VEGFs 
and angiopoietins (Chung & Han, 2022; Guo et al., 2021; Hsiao et al., 2014; Wu 
et al., 2007). Angiogenin, overexpressed in EcE under hypoxic conditions via 
downregulation of COUP-TFII, has been shown to be exclusively expressed in 
endothelial cells of EcE compared to EuE (Fu et al., 2018). Elevated levels of 
VEGF and IL-6 were found in peritoneal fluid from women with endometriosis 
compared to women without endometriosis (Mahnke et al., 2000; McLaren et al., 
1996). VEGF levels are positively regulated by TGF-β signaling, activated under 
hypoxia (Vissers et al., 2024). Overexpression of VEGF, induced by culturing 
with TGF-β1, was found in peritoneal mesothelial cells, indicating the involve-
ment of the peritoneum in vessel branching in endometriosis (Young et al., 2015). 
Angiogenic targets of TGF-β signaling, ID1 and ID3, were found to be increased 
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in adjacent peritoneum of women with endometriosis compared to peritoneum 
from women without endometriosis (Young et al., 2014b). 
 

2.2.5 Hypoxia, adhesions and fibrosis 

The formation of adhesions is typical of endometriosis, affecting the function of 
organs and tissues that are surrounding or in contact with endometriotic lesions, 
and often manifesting in various clinical symptoms, including pain (Abd El-
Kader et al., 2019; Garcia Garcia et al., 2023). Myofibroblasts primarily originate 
from fibroblasts, perivascular cells and smooth muscle cells. Activated myofibro-
blasts produce ECM and contract to rescue tissue integrity until wound resolution 
and remodeling of damaged normal tissues (Schuster et al., 2023). TGF-β and 
Rho/ROCK signaling play an important role in fibroblast-to-myofibroblast transi-
tion (FMT) and contractile function of myofibroblasts (Sandbo et al., 2009; 
Tomasek et al., 2006). In pathology, myofibroblasts remain active even after the 
tissue integrity is restored. The investigation of the role of hypoxia in adhesion 
revealed changes at protein level, such as the overexpression of HIF-1α and inte-
grins in EcE compared to EuE from women with endometriosis (Lin et al., 2018). 
EuESCs exposed to hypoxic conditions for 48 hours exhibited higher mRNA 
expression of HIF-1α and integrins, adhesion and migration abilities. Moreover, 
EuESCs exposed to hypoxia and co-stimulated with TGF-β1 showed increased 
integrin-mediated adhesive functions via Smad2 signaling. Treatment of EuESCs 
with a TGF-β1 inhibitor led to a reduction in migration and adhesion (Lin et al., 
2018).  

The involvement of TGF-β/Smad signaling in fibrosis was previously studied 
in various tissues, including intrauterine adhesions (Zhang et al., 2020b). Inte-
grins represent a class of cell adhesion molecules implicated in tissue fibrotic 
processes (Hu et al., 2023b). They have been shown to activate TGF-β1 in pulmo-
nary fibrosis (Munger et al., 1999). A platelet-associated mechanism of fibro-
genesis has been investigated in a baboon model of endometriosis (Zhang et al., 
2016b). The study showed that platelets in endometriotic lesions induced the acti-
vation of TGF-β/Smad signaling, followed by subsequent stages of EMT, FMT, 
smooth muscle metaplasia and fibrosis. Further, they demonstrated the involve-
ment of TGF-β1/Smad3 signaling in platelet-driven pro-fibrotic processes in 
endometriotic cells (Zhang et al., 2016a). The authors identified the activation of 
migratory and invasive abilities of endometriotic cells, followed by EMT with 
overexpression of E-cadherin, α-SMA, and F-actin, and FMT with overexpres-
sion of LOX and CCN2. Altogether, these experiments support a probable mecha-
nism of adhesion and fibrogenesis in endometriosis, highlighting the role of TGF-
β and Rho/ROCK signaling. 
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2.2.6 Hypoxia and inflammation 

Inflammation is another hallmark of endometriosis that implicates altered hor-
mone production, growth, adhesion and migration of cells. Inflammatory cyto-
kines and mediators, such as IL-1β, TNFα and lipopolysaccharides were found to 
activate HIF-1α even in the presence of oxygen in endometrial and lung epithelial 
cells, with the involvement of ROS, PI3K and mitogen-activated protein kinase 
(MAPK) signaling (Haddad & Land, 2001; Hashimoto et al., 2023). In endo-
metrial epithelial cells, the inflammatory activation of HIF-1α was accompanied 
by the overexpression of hypoxia markers (PDK1, VEGFA, SLCA2A1, and 
LDHA), and TFs related to EMT, reduced expression of CDH1 encoding E-cad-
herin, overexpression of CDH2 encoding N-cadherin, and enrichment of wound 
healing and epithelial cell migration pathways, which was further confirmed with 
a wound healing assay (Hashimoto et al., 2023).  

Another group of pro-inflammatory factors is presented by prostaglandins, 
among which PGE2 plays an important role in endometriosis. PGE2 is known to 
induce synthesis of aromatase and E2 in endometriotic lesions (Attar et al., 2009; 
Noble et al., 1997). Elevated expression levels of prostaglandin receptors and 
transporters and COX-2 (that converts arachidonic acid to prostaglandins) have 
been identified in peritoneal fluid and EcE of women with endometriosis (De 
Leon et al., 1986; Ota et al., 2001; Rakhila et al., 2015). Inhibition of COX-2 
decreased PGE2 levels and negatively regulated endometriotic cell survival and 
lesion growth (Olivares et al., 2008). 

 
 

2.3 Single-cell studies on pathogenesis of endometriosis 
The review of single-cell transcriptomic studies on the endometrium and endo-
metriosis is presented in this chapter, highlighting their main focus and findings 
(Table 2). Recent advances in RNA sequencing methods made it possible to 
examine transcriptomes of single cell populations. Transcriptome deconvolution 
method is based on scRNA-seq followed by data analysis. Bioinformatics tools 
are utilized to process raw sequencing data and identify cell clusters based on 
expression of specific cell markers, and further downstream analysis depends on 
the primary focus and research questions. Human endometrium has been recently 
characterised using scRNA-seq, revealing cell populations and their expression 
profiles. For example, Queckbörner et al. explored endometrial cell populations 
with a focus on stromal compartment of NE at the proliferative phase of the 
menstrual cycle from healthy women (Queckbörner et al., 2021). They charac-
terized expression profiles of ten stromal cell types and two pericyte subtypes, 
highlighting their role in endometrial repair and immunomodulation. Bunis et al. 
compared the endometrium from women with and without endometriosis. In EuE, 
they found an enrichment of cell populations with a pro-inflammatory phenotype 
and altered immune pathways (Bunis et al., 2022). Another study compared endo-
metrial mesenchymal stem cells isolated from EuE and NE (McKinnon et al., 
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2022). They identified altered differentiation, ECM remodeling, focal adhesion 
and immune response in EuE that may implicate in the development of endo-
metriosis.  

Shih et al. examined menstrual effluent from women with confirmed endo-
metriosis, women with endometriosis symptoms, and controls (Shih et al., 2022). 
In samples from women with endometriosis and symptomatic women they found 
differences in immune and stromal cell compartments compared to controls, with 
activation of processes characteristic of endometriosis. The inflammatory profile 
of endometriosis at the single cell transcriptomic level was studied by Huang et 
al. in EuE and NE in the proliferative and secretory phases (Huang et al., 2023). 
They identified impaired pro-inflammatory immune regulation in EuE at the 
secretory phase. Epithelial cells of EuE had abnormal expression of the receptor 
of pro-inflammatory cytokine IL17, highlighting interactions between epithelial 
and immune cells. A recent study by Marečková et al. provided analysis of single-
cell transcriptome datasets of EuE and NE (Marečková et al., 2024). They intro-
duced the Human Endometrial Cell Atlas, which classified four major cell 
populations: epithelial, mesenchymal, endothelial, and immune cells. The authors 
identified TGFβ-mediated stromal-epithelial interactions in the stratum functio-
nalis. TGFβ signaling receptors were expressed in epithelial and stromal cells 
throughout the menstrual cycle. However, TGFβ1 and GDF7 were overexpressed 
in stromal cells at the proliferative and early secretory phases, indicating a role 
of TGFβ signaling in proliferative EuE. In addition, they identified an enrichment 
of macrophages in EuE and their role in endometrial repair, anti-inflammatory 
processes, and angiogenesis via cell interactions.  

Fonseca et al. performed a large-scale transcriptomic study of a variety of 
tissues from women with and without endometriosis, and generated a single-cell 
atlas of stromal, epithelial, and microenvironmental cell types identified in the 
tissues (Fonseca et al., 2023). They examined EuE, unaffected ovaries, endo-
metriomas, superficial and deep peritoneal lesions, and unaffected endometriosis-
free peritoneum. The study mainly focused on the epithelial and stromal com-
partments of EcE. The cellular composition of peritoneal lesions was found to be 
similar to DIE, but different from endometriomas. Moreover, epithelial and stro-
mal cells in peritoneal lesions and DIE exhibited expression profiles indicative of 
transitional changes from peritoneal lesions to DIE, suggesting the two endo-
metriosis subtypes are rather continuous stages of the disease. The authors also 
found an epithelial cell-specific mutation in ARID1A, possibly involved in pro-
lymphangiogenesis. A study by Ma et al. characterized expression profiles of 
EcE, EuE and NE (Ma et al., 2021). They revealed a functional shift of fibroblasts 
from NE to EuE, and further to EcE. The expression profile of fibroblasts in NE 
was related to cell metabolic processes and showed a progressive change towards 
EcE with an enrichment of endometriosis-specific processes and altered hormo-
nal regulation. A recent single-cell study by Zhu et al. focused on EcE, EuE, and 
NE at the secretory phase (Zhu et al., 2023). In all three tissue groups, they 
identified 16 cell clusters, with myofibroblasts and fibroblasts being the largest 
cell populations. Epithelial cell heterogeneity was found between EuE and NE, 
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with upregulation of genes related to immune cytokines and factors related to cell 
adhesion, migration, inflammation, and angiogenesis. With trajectory analysis, 
they found a putative transition pathway of myofibroblasts from NE to EuE, and 
eventually to EcE state. Myofibroblasts in EuE had an enrichment of pathways 
related to cell proliferation, migration, and steroidogenesis compared to NE, 
which may indicate their involvement in endometriosis onset. Myofibroblasts in 
EcE had an enrichment of pathways related to ECM, angiogenesis, mesenchymal 
development, wound healing, steroidogenesis, and response to TGFβ signaling. 

A comprehensive investigation of transcriptomes of peritoneal lesions and 
endometrioma by Tan et al. indicated the structural complexity and distinct cha-
racteristics of EcE when compared to NE and EuE (Tan et al., 2022). Larger 
proportions of endothelial and perivascular cell populations with a pro-angio-
genic profile in peritoneal lesions and adjacent peritoneum, suggest the role of 
perivascular cells in angiogenesis. The immune component of peritoneal lesions 
expresses immunomodulatory genes. Shin et al. compared three endometriosis 
subtypes to NE from external datasets, showing endometriosis-specific altered 
steroidogenesis, pro-inflammatory and angiogenic expression profiles of EcE 
(Shin et al., 2023). A recent study by Yan et al. investigated gene expression in 
EcE (endometrioma), EuE, and NE (Yan et al., 2024). In the stromal cell popu-
lation of EuE, they found an enrichment of MAPK-related genes and insulin 
growth factors, suggesting a pro-survival state of stromal cells important for 
endometriosis development. Epithelial cells of EcE exhibited overexpression of 
an apoptosis inhibitor, NNMT, whose silencing induced apoptosis via activation 
of FOXO1. 
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2.4 Diagnostics and treatment 

2.4.1 Invasive and non-invasive diagnostics 

Diagnosis of endometriosis is usually delayed for seven to nine years due to non-
specific symptoms characteristic of other gynecological conditions. In most cases, 
women are diagnosed during medical examination for other issues like infertility 
or ovarian cysts. To date, there are no robust diagnostic markers for endomet-
riosis. Routine diagnostics in women with suspected endometriosis include non-
invasive imaging, such as transvaginal or transabdominal ultrasound and mag-
netic resonance imaging. However, these methods are effective only for two sub-
types of endometriosis: ovarian and DIE. New techniques, such as magnetic reso-
nance elastography and positron emission tomography/computed tomography are 
potentially useful for detection of peritoneal lesions. There are some challenges 
related to visual diagnostics of endometriosis, for example the detection rate also 
depends on experience of the operator. The benefits of imaging methods are 
related to the ability to describe and characterize the location and size of lesions 
for further surgical management as well as follow-up during therapeutic manage-
ment of endometriosis. Magnetic resonance elastography allows for charac-
terizing tissue composition by measuring and analyzing physical properties of 
tissues. The positron emission tomography/computed tomography method pro-
vides information on the tissue localization of the 18F-FDG tracer used for detec-
tion with exposure to low radiation doses, Currently, 18F-FDG tracer is used to 
detect tissues with high metabolic activity, such as malignant tissues, but it has 
not been proven to provide robust and consistent detection of endometriotic 
lesions (Griffiths et al., 2024). Other tracers related to receptors overexpressed in 
endometriosis are being tested. Artificial intelligence can be applied for improved 
analysis of visual diagnostic methods as seen in malignancies. 

Currently, clinicians and researchers are looking for robust, semi- and non-
invasive ways to detect endometriosis. This means searching for potential bio-
markers in biological fluids (e.g., saliva, sweat, urine, and blood) with high speci-
ficity and high sensitivity. The levels of proteins, metabolites, microRNAs and 
other biomarkers, previously shown to be altered in endometriosis, have been 
evaluated to develop non-invasive diagnostic tests. Emerging data from omics 
studies on endometriosis provide new insight into the biology of endometriotic 
tissues and the pathogenic mechanisms underlying endometriosis development, 
with new molecular players that can be further explored in the light of diagnostics 
and therapeutics. However, the complexity of endometriosis subtypes, linked to 
their phenotypic and morphological differences, may complicate the search for 
biomarkers. Currently, biopsies and biological fluids obtained from women with 
confirmed endometriosis serve as a valuable source to study and identify potential 
biomarkers. Biomarkers, like metabolites, can be identified using targeted or 
high-throughput techniques, such as nuclear magnetic resonance spectroscopy 
and mass spectrometry-based methods (Adamyan et al., 2024). The challenges 
for biomarkers discovery are related to study methodologies and the dependency 
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of biomarker expression on the menstrual cycle phase, different subtypes and 
phenotypes of endometriosis and the impact of treatment (Adamyan et al., 2024). 
A systematic review of blood biomarkers by Brulport et al. reported four candi-
dates (TBF-α, MMP-9, TIMP-1 and miR-451), associated with ECM organi-
zation and inflammation (Brulport et al., 2024). A recent study validating a 
saliva-based miRNA test has demonstrated the potential of incorporating this test 
for non-invasive diagnosis of endometriosis (Bendifallah et al., 2023). The test, 
designed to identify expression of 109 miRNAs with use of next-generation 
sequencing and artificial intelligence, showed high sensitivity and specificity 
(96.2% and 95.1%, respectively), however further studies with larger sample size 
are required to account for confounders and endometriosis recurrences. Future 
directions for improving diagnostics of endometriosis may involve a combination 
of powerful and accessible imaging methods and semi- or non-invasive testing 
using a panel of biomarkers. 

 
2.4.2 Therapeutic and surgical treatment 

Current treatment strategies are limited to symptomatic management and/or sur-
gical removal of endometriotic lesions and adhesions. The risk-benefit paradigm 
is relevant for surgical treatment due to the limited evidence of improvement in 
symptoms (pain) in women after removal of peritoneal lesions. In addition, surge-
ries carry risks related to damage of organs and tissues, including the potential 
for damage of ovary tissues in women with endometriomas. The relapse of lesion 
growth presents another significant challenge, as some studies even report wor-
sening of symptoms after surgical interventions for recurrent endometriosis (Guo, 
2009). Hormone-based medications are prescribed to suppress the activity of 
hormone-producing organs or block hormone receptors and enzymes. They help 
to reduce menstrual bleeding, inflammation and menstrual pain, but these symp-
toms may return once treatment is discontinued. The drawbacks of hormonal 
treatment are related to the risks and complications from the suppression or with-
drawal of hormones. Suppression of sex hormones may impact fertility and cause 
side effects, such as vasomotor symptoms, weight changes, among others. Con-
sidering the effects of current treatment approaches on fertility and quality of life, 
it is of high importance to develop safer and more effective strategies for endo-
metriosis management.  

Proposed non-hormonal therapeutic strategies may focus on targeting key 
players in pathophysiological processes in endometriosis (Kobayashi et al., 
2021). Recent studies have suggested targeting cell metabolism to disrupt lesion 
growth. Distinct metabolic signatures of lesions in hypoxic microenvironment 
have been identified, highlighting potential key regulators. For example, pro-
posed metabolic targets include GLUT4, PDH, PDK1, and LDHA. GLUT4, a 
glucose transporter sensitive to insulin, is overexpressed in ectopic epithelial and 
stromal cells (McKinnon et al., 2014). LDHA, which converts pyruvate to lactate 
and sustains aerobic glycolysis, is highly expressed in EcE. Silencing LDHA im-
paired metabolism, reduced cell migration, and induced apoptosis in endo-
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metriotic cells (Zheng et al., 2021). A PDK inhibitor, dichloroacetate, which also 
activates PDH complex, has been shown to alter metabolism of human peritoneal 
mesothelial cells and lead to inhibited proliferation of co-cultured endometrial 
stromal cells (Horne et al., 2019). Furthermore, the authors showed that oral 
administration of dichloroacetate in a mice endometriosis model reduced lesion 
size and lowered peritoneal levels of lactate. Thus, metabolic drugs may represent 
an alternative to hormonal treatments of endometriosis. Further research is neces-
sary to uncover the mechanisms underlying the action of metabolic regulators and 
provide information on specific drugs that can safely and effectively target them. 

 
 

2.5 Rationale for studies 
Given the role of hypoxia in regulating downstream processes in endometriosis 
development, we decided to explore its impact on the global transcriptome of 
stromal cells, representing the most abundant cell type in endometriotic lesions. 
Previous studies have investigated the role of particular genes altered by hypoxia 
in endometriosis, so we aimed to utilize hypothesis-free mRNA sequencing to 
identify differentially expressed genes in stromal cells exposed to hypoxia vs nor-
moxia. Additionally, we examined the activity of kinases involved in processes 
important for endometriosis development.  

Another direction of our research investigated metabolic profile of various cell 
populations in endometriotic lesions, using single-cell transcriptomic analysis. 
Previous scRNA studies have not covered metabolic alterations in cell popula-
tions of endometriotic lesions. In this study, we aimed to profile gene expression 
related to energy metabolism and steroidogenesis. The results of this study may 
contribute to further discoveries of drugs for non-hormonal metabolic treatment 
and provide insights into cell populations that support lesion survival and growth 
and that can be addressed as potential therapeutic targets.  

In previous research, our lab identified latexin (LXN) as a novel candidate 
gene, highly expressed at both mRNA and protein levels in endometriotic lesions. 
LXN, an inhibitor of carboxypeptidases A, is expressed in both physiological and 
pathological conditions, and has been shown to exhibit tumor suppressor pro-
perties. In the third study, we aimed to identify LXN expression in EuE through-
out the menstrual cycle and assess the impact of LXN knockdown on stromal cell 
proliferation and migration, processes important for endometriosis development. 
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3. AIMS OF THE STUDY 

The main aim of the study was to investigate the pathogenesis of endometriosis 
from the perspective of metabolic activity, the response to hypoxia and the impact 
of identified candidate genes on endometriosis development. 

The specific aims of the study were: 
1. To explore and characterize energy metabolic activity and steroidogenesis in 

eutopic endometrium and ectopic peritoneal lesions of women with endo-
metriosis at the single cell transcriptomic level. 

2. To study the effect of hypoxia on the kinase activity and global transcriptome 
of primary eutopic and ectopic endometrial stromal cells in vitro. 

3. To examine the expression of a carboxypeptidase inhibitor LXN in endomet-
rial tissues of women with and without endometriosis across the menstrual 
cycle and its possible roles in the pathogenesis of endometriosis. 
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4. MATERIALS AND METHODS 

4.1 Ethical statement (Studies I–III) 
All three studies received approval from the Research Ethics Committee of the 
University of Tartu (UT) (approvals 276/M-13, 221/M-31, and 333/T-6) and the 
Regional Ethical Review Board in Stockholm (approval Dnr 2016-02-17, amend-
ment 2022-03774-02). Written informed consent was provided by all enrolled 
participants. All ethical regulations concerning research with human participants 
were followed.  
 
 

4.2 Study participants, sample collection and processing 
(Studies I–III) 

Women with suspected endometriosis, pelvic pain or infertility undergoing laparo-
scopy at Tartu University Hospital (Tartu, Estonia) were recruited for the studies. 
Women with confirmed endometriosis, diagnosed according to the revised 
ASRM classification system (“Revised American Society for Reproductive 
Medicine Classification of Endometriosis,” 1997), were defined as women with 
endometriosis. Women confirmed to be endometriosis-free, were defined as cont-
rols or the Non-ENDO group (Study II and III, respectively). Endometriotic 
lesions were obtained during laparoscopic surgery, and endometrial biopsies were 
collected from patients with endometriosis and controls using an endometrial 
suction catheter (Pipelle, Laboratoire CCD). Recruited healthy fertile volunteers 
donated endometrial tissue samples and formed a Healthy group (Study III). None 
of the participants in three studies had received hormonal treatment for at least 
three months prior to sample collection. The menstrual cycle phases were defined 
according to self-reported cycle days (Study I and II) or determined according to 
the methods described by (Saare et al., 2019) for women with or without endo-
metriosis and (Rekker et al., 2018) for healthy women in Study III. Table 3 pre-
sents the general characteristics of the participants of three studies. 
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Table 3. General characteristics of the participants of studies I – III. 

 Study I Study II Study III 
Women with endometriosis (N) 4 72 55 
ASRM I – II (N) 3 40 18 
ASRM III – IV (N) 1 32 37 
Studied tissue type EuE, EcE EuE, EcE EuE, EcE 
Age (years, SD) 33 ± 6.4 32 ± 5.3 32 ± 5 
BMI (kg/m2, SD) 21 ± 1.8 23 ± 3.2 23 ± 3.5 

Menstrual cycle phase (N) P (4) P (16), S (56) P (16), ES (11), 
MS (16), LS (12) 

 Study I Study II Study III 

Controls (N) NA 24 Non-
ENDO 

27 Non-ENDO // 
12 Healthy 

Studied tissue type NA EuE EuE 

Age (years, SD) NA 32 ± 5.6 32.1 ± 5.6 // 30.4 
± 3.7 

BMI (kg/m2, SD) NA 23 ± 3.9 23.2 ± 3.7 // 22.9 
± 4.6 

Menstrual cycle phase (N) NA P (5), S (19) 
P (5), ES (13), 
MS (7), LS (2) // 
ES (12), MS (12) 

Abbreviations: ASRM – American Society for Reproductive Medicine classification system; BMI – body mass 
index; EcE – ectopic endometrium; ES – early secretory phase; EuE – eutopic endometrium; LS – late secretory 
phase; MS – mid-secretory phase; Non-ENDO – women without endometriosis; N – number; NA – not 
applicable; P – proliferative phase; SD – standard deviation; // separates data of Non-ENDO and Healthy study 
groups (Study III). 
 
 
The collected endometriotic tissue samples were processed as follows: each sample 
was divided into two portions – one was fixed in 10% formalin for histological 
evaluation and confirmation of endometriotic tissue, while the other part was 
preserved in cryopreservation medium containing 1× Dulbecco’s Modified 
Eagle’s Medium (DMEM, Thermo Fisher Scientific), 30% fetal bovine serum 
(FBS, Biowest), and 7.5% dimethyl sulfoxide (DMSO, Hybri-Max, Sigma-Ald-
rich). The tissue samples in cryopreservation medium were placed into a Nalgene 
Cryo 1°C ‘Mr Frosty’ Freezing Container (Thermo Scientific) and stored at 
−80°C overnight, before being transferred to liquid nitrogen until further use. 
Haematoxylin and eosin staining was performed at the Tartu University Hospital 
Pathology Department following standard protocols. A pathologist confirmed the 
presence of endometriosis-specific morphological features in the lesions. 
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4.3 Study design (Studies I–III) 
The three studies were designed as depicted in Figures 4–6, respectively. Study I 
was carried out at UT using paired tissues of EuE and EcE (peritoneal lesions) 
from women with endometriosis (N = 4) at the proliferative phase of the menst-
rual cycle. The tissue samples were enzymatically dissociated into single-cell 
suspension, followed by single-cell RNA sequencing and bioinformatic analysis 
of cell populations and metabolic pathways (Figure 4).  
 
 

 
Figure 4. The design of Study I. Abbreviations: ASRM – American Society for Repro-
ductive Medicine classification system; EcE – ectopic endometrium; EuE – eutopic endo-
metrium; UMAP – Uniform Manifold Approximation and Projection. Reproduced with 
permission from Sarsenova et al., 2024, Communications Biology, licensed under the 
Creative Commons Attribution 4.0 International License. 

 
In Study II, performed at both UT and Karolinska Institutet (KI), isolated primary 
stromal cells from EuE and EcE (peritoneal lesions) of women with endo-
metriosis (N = 5) were exposed to hypoxia for 48 h to examine its effect on global 
transcriptome of cells using mRNA-seq and PK activity (Figure 5). The down-
stream analysis of TGFBI was performed on spent culture media using ELISA 
(N = 5) and ex vivo on EuE and/or EcE from women with or without endo-
metriosis (N = 72 and N = 24, respectively) using real-time quantitative reverse 
transcription PCR (qRT-PCR) and immunohistochemistry (IHC) to determine 
TGFBI mRNA and protein expression in the tissues. 

Study III was performed at UT and the University Hospital of Münster and 
focused on the investigation of mRNA (qRT-PCR) and protein (IHC) expression 
of LXN in EuE and/or EcE from women with and without endometriosis (N = 55 
and N = 39, respectively) in different phases of the menstrual cycle, and the effect 
of LXN silencing on stromal cell viability (MTT assay) and migration (Transwell 
migration assay) using endometrial stromal cell line St-T1b (Figure 6). 

 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
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Figure 5. The design of Study II. Abbreviations: EcE – ectopic endometrium; EcESCs – 
ectopic endometrial stromal cells; ELISA – enzyme-linked immunosorbent assay; ES – 
endometriosis; EuE – eutopic endometrium; EuESCs – eutopic endometrial stromal cells; 
Non-ES – non-endometriosis; IHC – immunohistochemistry; P – proliferative phase; 
qRT-PCR – quantitative reverse transcription PCR; S – secretory phase; TGFBI – trans-
forming growth factor beta induced. Reproduced with permission from Sarsenova et al., 
2024, Frontiers in Endocrinology, licensed under the Creative Commons Attribution 4.0 
International License. 

 

 
Figure 6. The design of Study III. Abbreviations: Ct – threshold cycle; Ctr – control (no 
added siLXN); EcE – ectopic endometrium; ES – early secretory phase; cEuE – eutopic 
endometrium from controls (women without endometriosis); eEuE – eutopic endo-

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
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metrium from women with endometriosis; IHC – immunohistochemistry; LS – late 
secretory phase; LXN – latexin; MS – mid-secretory phase; P – proliferative phase; qRT-
PCR – quantitative reverse transcription PCR; siLXN – small interfering RNA targeting 
LXN; SDHA – succinate dehydrogenase; St-T1b – immortalized human endometrial 
stromal cell line. Reproduced with permission from Sarsenova et al., 2024, Genes, 
licensed under the Creative Commons Attribution 4.0 International License. 

 

4.4 Single-cell isolation from tissue biopsies (Study I) 
Cryopreserved EuE and EcE tissues were thawed, washed and enzymatically dis-
sociated using collagenase I, DNase, and Dispase II in DMEM during 1 hour of 
incubation at 37°C on a rotating shaker, as previously described (Sarsenova et al., 
2024). The single-cell suspension was filtered through a 30-μm cell strainer, 
centrifuged at 300×g for 5 minutes. The cell suspension was treated with an ACK 
lysis buffer (Gibco) to remove the red blood cells. Next, cells were resuspended 
in DMEM, filtered again, and counted with Trypan blue on an automated counter. 
Live cells were isolated using the MACS dead cell removal kit (Miltenyi Biotec), 
and the cells with > 90% viability were washed and resuspended in BSA/DPBS 
at a concentration of 700–1200 cells/μl. 
 
 
4.5 Chromium 10x single-cell capturing, library preparation 

& sequencing (Study I) 
Single-cell RNA libraries were prepared using the 10x Chromium Next GEM 
Single Cell 3’ reagent v3.1 kit (Dual index, 10x Genomics, CG000315 Rev C), 
following the manufacturer’s guidelines (10x Genomics). Single-cell suspen-
sions, 3’ gel beads, and reverse transcription reagents were applied onto a 10x 
Chromium microfluidic chip to target 3,000 cells per sample. The samples were 
processed in a 10x Chromium controller to create Gel Beads-in-emulsion. For 
subsequent steps, including cell lysis, first-strand complementary DNA (cDNA) 
synthesis, amplification, and purification, we followed the manufacturer’s inst-
ructions to generate barcoded full-length cDNA. Library preparation for all 
samples was done simultaneously using the construction kit to minimize batch 
effects. cDNA and single-cell library quality were assessed with an Agilent 4150 
Tape Station (Agilent Technologies). The dual-indexed libraries were pooled and 
sequenced (pair-end) with NovaSeq PE150 (Illumina) to achieve 35,000 reads 
per cell. 
 

4.6 Bioinformatic analysis (Study I) 
Bioinformatic analysis of obtained scRNA data was performed by a PhD student 
in bioinformatics (Ankita Lawarde). Within the analysis, we performed scRNA-
seq data treatment of quality control, normalization, doublet cell removal, sample 
integration, and cell-type clustering. Reads alignment was done with GRCh38 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
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reference genome and processed using Cell Ranger (v7. 0. 0) to create count 
matrices. Data analysis was performed using the Seurat package, and cells at high 
complexity (> 0.80) with unique molecular identifier counts more than 500 and 
expressing more than 200 genes per cell were kept, while cells containing more 
than 15% of mitochondrial reads were excluded. Genes expressed in less than 3 
cells were filtered out. Normalization was performed for each sample, adjusting 
for mitochondrial expression and cell cycle phase, followed by clustering, Uni-
form Manifold Approximation and Projection visualization and doublets removal 
(McGinnis et al., 2019). We used a similar pipeline of bioinformatic analysis for 
the external dataset (Huang et al., 2023). 

For cell cluster annotations, we applied two methods to identify and label 
major cell types in our integrated dataset. The FindAllMarkers function from the 
Seurat package was used to detect differentially expressed genes for each cell 
cluster with default settings. We validated markers using a list of cell markers 
from the literature (Garcia-Alonso et al., 2021; Ma et al., 2021; Tan et al., 2022; 
Wang et al., 2020; Zou et al., 2021), Cell Marker database (Hu et al., 2023a), 
Panglao database (Franzén et al., 2019) and scRNA-seq database of Human 
Protein Atlas. A refined list of marker genes was selected based on criteria of log2 
fold change (log2FC) > 1, adjusted p-value (padj) < 0.05, PCT.1 ≥ 0.7 higher 
expression of a cell marker in a specific cell cluster while PCT.2 ≤ 3 lower 
expression in other cell clusters. The two-sided Fisher’s exact test was applied 
for statistical comparisons of total cell counts and cell proportions by cell cycle 
phases between EcE and EuE. Our dataset was used as the reference for unbiased 
cell type annotation in the external dataset using SingleR (v 2.6.0) from Bio-
conductor. 

We used pseudobulk analysis (DESeq2 v.1.40.1, R package) for aggregating 
scRNA-seq counts from individual samples to provide population-level gene 
expression profiles (Love et al., 2014). This strategy made comparisons between 
conditions (EuE vs EcE) more powerful and biologically relevant, using four 
different samples in each group to estimate overall biological variability rather 
than of an individual cell. clusterProfiler (v.4.8.1) R package was applied in each 
cell population for gene and Kyoto Encyclopedia of Genes and Genomes pathway 
enrichment analyses of differentially expressed genes (DEGs) (p-value < 0.05, 
log2FC ≤ –0.40 or ≥ 0.40) for our and external datasets (Wu et al., 2021a; Yu et 
al., 2012). The analysis of 12 metabolic pathways and steroidogenesis pathways 
were performed using the same R package. The single-cell pathway analysis was 
applied to rank metabolic pathways for each cell population in EcE vs EuE by 
calculating Q value for each pathway (Bibby et al., 2022). Q value indicates a 
difference in each pathway activity between EcE and EuE, taken as two condi-
tions. To evaluate the metabolic pathway activity across patients, we analyzed 
the overrepresentation of these pathways using Gene Set Variation Analysis (v. 
1.52.2, Bioconductor package), a non-parametric unsupervised method (Hänzel-
mann et al., 2013). We also assessed the activity of TFs associated with the 
metabolic genes in each sample of EuE and EcE using decoupleR (v. 2.10.0), 
mapping each TF to its target genes (Badia-i-Mompel et al., 2022). 
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4.7 Stromal cell isolation and culturing (Study II) 
For stromal cell culturing experiment (Study II), stromal cells were isolated from 
eutopic (EuESCs) and ectopic (EcESCs) endometrial tissue biopsies. The tissues 
were washed to remove debris and blood cells in fresh medium, followed by en-
zymatic digestion in 5 ml of phenol-red free DMEM media with collagenase I 
and DNase on a shaking incubator, at 37°C for 1 hour. Next, the cell suspension 
was filtered using a 30 μm strainer. The filtered cells were resuspended in 10 ml 
of culture medium and sedimented for 10 min in a tube, these steps were repeated 
3 times. The supernatant containing stromal cells was collected, resuspended with 
2 ml of DMEM and transferred onto 6-well plate. Then stromal cell cultures were 
purified by selective adherence to the bottom of wells on the 6-well plate in 
incubator at 37°C. For hypoxia experiment, cells were plated and cultured at 37°C 
under 20% O2 and 5% CO2 for 24 hours, followed by incubation of half of the 
replicates under hypoxic conditions (1% O2) for 48 hours in the culturing medium. 
 
 

4.8 mRNA-seq and qRT-PCR (Studies II and III) 
For analysis of mRNA expression (mRNA-seq and qRT-PCR experiments), total 
RNA was isolated using RNeasy mini kit (Qiagen). Further, RNA samples were 
treated with DNase to remove genomic DNA. 

To explore global transcriptome of stromal cell cultures exposed to hypoxia 
or normoxia using mRNA-seq (Study II), we generated cDNA libraries from 10 
ng of mRNA using Smart-seq2 protocol (Picelli et al., 2014) with further frag-
mentation, tagging with Dual Index barcodes, cDNA amplification, purification 
and sequencing. Next, raw RNA-seq data were treated using FastQC (Brown et 
al., 2017) and MultiQC (Ewels et al., 2016) programs with further alignment to 
human reference genome GRCh38. mRNA expression was analyzed using 
DESeq2 R package (Love et al., 2014), genes with 10 counts or more in one 
experimental group remained, and differentially expressed genes were considered 
to be those with log2FC > 0.5 or < 0.5 and Padj < 0.05. Pathway enrichment was 
analyzed with online tool g:Profiler (Kolberg et al., 2023). 

For qRT-PCR (Study II and III), cDNAs were synthesized from RNA using 
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). The analysis of 
expression levels of TGFBI and LXN was carried out using 5x HOT FIREPol 
EvaGreen qPCR Mix Plus (ROX) (Solis BioDyne) or 2× SYBR Select Master 
Mix (Applied Biosystems), 200 ng of cDNA, and primers to TGFBI, LXN and a 
reference gene SDHA. The relative expression and mRNA expression FC were 
calculated using 2-ΔΔCt method (Livak & Schmittgen, 2001).  
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4.9 Protein kinase assay and ELISA (Study II) 
As the cell count was different across EcESCs’ and EuESCs’ cultures, the total 
protein concentration in lysates was measured and equalized by diluting the 
samples to the lowest measured concentration within the set of samples measured 
on the same day. PK activity was analyzed in lysates from each cell culture as 
previously described (Lavogina et al., 2021). Briefly, PK activity was assessed 
using in-house synthesized photoluminescent probes to PKAc, ROCK, Akt and 
CK2, and with displacing compounds for each PK (Enkvist et al., 2011; Lavogina 
et al., 2021; Vahter et al., 2018), followed by measuring time-delayed photo-
luminescence with PHERAstar multi-mode reader (BMG Labtech). The secreted 
TGFBI level was measured in culture media from each sample using EHTGFBI 
(BIGH3) human ELISA kit (Invitrogen). The measured level was also normalized 
to the total protein values in the corresponding lysate sample to compensate for 
the number of secreting cells.  
 
 

4.10 Immunohistochemistry  
(Studies II and III) 

To localize and/or analyze protein expression in tissues, IHC was performed 
using antibodies against TGFBI (Study II) and LXN (Study III) and DAB detec-
tion kit. Shortly, the tissue sections of EuE and EcE underwent the consequent 
steps of deparaffinization in xylene, rehydration in ethanol and water, antigen 
retrieval, blocking nonspecific binding, and incubation with primary antibody 
(rabbit anti-TGFBI antibody, Invitrogen, or mouse monoclonal anti-Latexin anti-
body, ThermoFisher Scientific) and respective secondary antibodies. Then, tissue 
sections were dehydrated, and mounting medium was applied for further scan-
ning and obtaining microphotographs. The semi-quantification of TGFBI signal 
intensity was carried out by calculating relative DAB intensity using ImageJ Fiji 
package (v. 1.54k) (Fuhrich et al., 2013; Schindelin et al., 2012). 
 
 

4.11 siRNA transfection, MTT and migration assays  
(Study III) 

To assess the role of LXN in endometrial stromal cell viability and cell migration, 
immortalized human endometrial stromal cell line St-T1b was transfected with 
small interfering RNA targeting LXN (siLXN) or control siRNA. After 24 h in-
cubation, the decreased LXN expression in siRNA-treated cells was confirmed 
with qRT-PCR. Next, the cells were incubated with MTT to measure optical den-
sity to determine cell metabolism. To evaluate the effect of LXN-silencing on cell 
migration, cells were incubated in serum-free migration medium in 8.0 µm pore 
size Transwell chambers (Falcon) for 36 h, followed by fixation and staining of 



41 

cells for further quantitative analysis by counting migrated cells in both siLXN 
and controls.  
 
 

4.12 Statistics and Reproducibility  
(Studies I–III) 

In Study I, we used two-sided Fisher’s exact test for comparison of cell propor-
tions between EuE and EcE. The significant differential expression was deter-
mined in the studies by false discovery rate (padj) < 0.05 and/or p < 0.05. The com-
parison of groups in Study II (PK assay and qRT-PCR analyses) was performed 
using unpaired two-tailed t-test with Welch's correction. The Wilcoxon Mann-
Whitney test was applied to evaluate statistical significance of results from IHC 
quantitative analysis (Study II). The one-way ANOVA or Student’s t-test were 
applied to assess statistical significance in Study III. Data analysis and visualiza-
tion in all three studies were performed in R and/or GraphPad Prism 9.0.0 (San 
Diego, CA).   
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5. RESULTS 

5.1 Study I: Metabolic activity and steroidogenesis in 
endometriosis 

5.1.1 Metabolic activity in major cell types of paired 
endometriotic lesions and eutopic endometrium 

We performed scRNA-seq of paired EuE and EcE from four women with endo-
metriosis at the proliferative phase, followed by bioinformatic analysis of the 
obtained data. It included quality control and doublets removal, followed by the 
analysis of expression of cell type-specific marker genes in 14,817 cells (7,279 
from EuE and 7,538 from EcE). Based on the analysis, we identified nine major 
cell clusters in both EuE and EcE with perivascular, stromal, endothelial and 
immune clusters being the largest in both study groups, as shown on Figure 7A–
B. In addition, we applied this analysis to the external dataset (Huang et al., 2023) 
and identified the same nine cell types in EuE from women without endo-
metriosis. 

In each cell population we examined the activity of 12 metabolic pathways 
(listed in Figure 8A) and identified high numbers of statistically significant DEGs 
in perivascular, stromal and endothelial cell populations (Figure 8A). Among the 
12 metabolic pathways, the highest differences between EcE and EuE were iden-
tified in the activity of AMPK signaling, HIF-1 signaling, glutathione metabolism, 
oxidative phosphorylation, and glycolysis using single-cell pathway analysis 
(Figure 8B). As the highest differences in metabolic activity between EcE and 
EuE were detected in perivascular, stromal and endothelial cells, further analysis 
was focused on these three cell populations. The analysis of TFs associated with 
metabolic genes showed the activation of TFs related to cell proliferation and 
survival (ATF1, MECOM, ETS2, NFYA, XBP1), EMT in stromal cells (DNMT1, 
EZH2, HNF1B, MYB), inflammation, angiogenesis and cell adhesion (NR2F2, 
NCOR2) in EcE compared to EuE. With further analysis of DEGs, we identified 
enrichment of pathways related to the activation of these processes in EcE. 
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Figure 7. Overview of nine major cell populations of EcE and EuE. A. Uniform Manifold 
Approximation and Projection (UMAP) plot of nine major cell clusters. The cycling 
stromal cell cluster in EcE was represented by few cells and due to the low cell count and 
wide distribution of the dots representing this cluster, the cluster name is omitted from 
the figure to avoid confusion with the cluster localization. B. Bar plots representing the 
relative ratios of nine major cell populations in EcE and EuE. Perivascular, endothelial, 
and immune cell populations were larger in EcE compared to EuE, while stromal cell 
population was larger in EuE. Abbreviations: EcE – ectopic endometrium; EuE – eutopic 
endometrium. Reproduced with permission from Sarsenova et al., 2024, Communications 
Biology, licensed under the Creative Commons Attribution 4.0 International License. 
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The differential expression analysis of metabolic pathways, organized into 
five groups by function, revealed up- and downregulation patterns in perivascu-
lar, stromal and endothelial cells of EcE compared to EuE (Table 4). In EcE, we 
observed altered signaling of two regulatory metabolic pathways: AMPK and 
HIF-1 signaling. We found AMPK-mediated activation of genes related to glu-
cose uptake (TBC1D1, GLUT4), while activators of glycolysis were inhibited 
(PFKFB3, PFKFB4) in perivascular and stromal cells. Besides, there was an 
upregulation of genes associated with fatty acid (FA) uptake and oxidative meta-
bolism (CPT1A, MLYCD), as well as inhibitor of oxidative metabolism (PDK1). 
The analysis of activity of glycolytic pathways in EcE revealed an upregulation 
of key glycolytic genes, like ALDOA, PGAM, ENO2 and PFKP. Hexokinases 
were downregulated in perivascular and stromal cells, but their role to maintain 
glycolysis was likely taken by upregulated GCK. In EcE, we also identified an 
overexpression of genes encoding lactate dehydrogenase enzymes involved in 
aerobic glycolysis via conversion of pyruvate to lactate.  

Moreover, we identified an upregulation of genes associated with conversion 
of FA and pyruvate to acetyl-CoA (ACADL, CPT1A, CYP2U1, ACADS, PDHA, 
PDHB and DLD), and key genes of tricarboxylic acid cycle, TCA cycle, (IDH3B, 
IDH2, PCK1, SDHC, SUCLA2, SUCLG1 and SDHD). Perivascular cells of EcE 
showed an upregulation of 24% of genes related to OXPHOS complexes, in 
stromal and endothelial cells, some of OXPHOS genes were upregulated, while 
others were downregulated. In addition, in EcE we found differential regulation 
of genes related to biosynthetic metabolism (e.g., biosynthesis of FAs, steroids, 
proteins and nucleotides), and inhibition of key regulators of gluconeogenesis, 
glycogen and sterol synthesis. Similarly, some genes associated with cell cycle 
progression and cell survival were both up- and downregulated in EcE. Addi-
tionally, we identified HIF-1-mediated activation of genes involved in angio-
genesis in endometriotic lesions (VEGFA, ANGPT1, ANGPT4, IL6, IL6R, FLT1). 
The metabolic analysis of EuE from women with endometriosis (our dataset) and 
EuE from women without endometriosis from external dataset (Huang et al., 
2023) identified only few DEGs, suggesting similar metabolic activity in both 
tissue types. 
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Figure 8. Altered metabolic activity primarily in perivascular, stromal and endothelial 
cell populations of EcE vs EuE. A. A bar plot of the numbers of DEGs in 12 metabolic 
pathways across nine major cell types (color-coded) and the total number of genes in a 
given pathway (in dark grey). B. A heatmap showing the Q values of 12 metabolic 
pathways across 9 cell types of EcE compared to EuE. Q value refers to a pathway 
difference between EcE and EuE, considered as two conditions. A higher Q value corres-
ponds to a higher rank of the pathway. The lower Q value is depicted in blue, the higher 
Q value in red. Abbreviations: ALA – alanine; AMPK – AMP-activated protein kinase; 
AST – aspartate; GLU – glutamate; HIF-1 – Hypoxia-inducible factor 1; N – number; 
TCA – tricarboxylic acid cycle. Reproduced with permission from Sarsenova et al., 2024, 
Communications Biology, licensed under the Creative Commons Attribution 4.0 Inter-
national License. 
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Table 4. Representative differentially expressed genes of metabolic pathways in peri-
vascular, endothelial, and stromal cell types of ectopic endometrium compared to eutopic 
endometrium. Reproduced with permission from Sarsenova et al., 2024, Communications 
Biology, licensed under the Creative Commons Attribution 4.0 International License. 

  DEGsa (log2FC) 

Pathway 
group 

Gene expression 
in EcE Perivascular cells Stromal cells Endothelial cells 

Regulatory 
pathways 

Upregulated CAMK2G (1.74), 
PDK1 (1.03), 
CDKN1A (3.81), 
CDKN1B (1.23), 
VEGFA (0.86), 
ANGPT1 (3.89), 
ANGPT4 (7.42), IL6 
(6.77), IL6R (3.09), 
CAB39L (1.90), 
PRKAA1 (0.51), 
PRKAA2 (3.24), 
PRKAG2 (2.47), 
TBC1D1 (2.19), 
GLUT4 (3.08), CD36 
(4.48), CPT1A (1.51), 
MLYCD (0.95), 
ACACB (0.93), 
EEF2K (2.24), 
CCND1 (1.65) 

CAMK2A (1.58), 
CDKN1A (1.55), 
CDKN1B (0.86), 
BCL2 (1.07), 
ANGPT1 (1.87), 
FLT1 (VEGFR-1, 
2.45), CAB39L 
(0.85), PRKAA2 
(1.24), PRKAG2 
(1.38), TBC1D1 
(1.86), GLUT4 
(3.16), CPT1A 
(1.07), ACACB 
(0.89), EEF2K 
(1.13), CCND1 
(2.36) 

CAMK2D (1.28), 
CDKN1B (1.39), 
IL6 (3.97), IL6R 
(1.92), PRKAG2 
(2.04), ACACB 
(2.47), EEF2K 
(0.68), CCND1  
(–0.93) 

Downregulated ANGPT2 (–0.66), 
TEK (–1.88), PP2A 
 (–0.66), PFKFB3  
(–1.33), PFKFB4  
(–2.84), SREBF1  
(–1.20), CREB5  
(–1.9), HMGCR  
(–0.77), RPTOR  
(–0.41), EIF4EBP1 
(–0.82), CCNA2  
(–3.65) 

PP2A (–0.97), 
PFKFB4 (–1.90), 
SREBF1 (–0.86), 
LIPE (–1.04), SCD 
(–1.51), CREB5 (–
1.53), GYS1 (–0.58), 
RPTOR (–0.59), 
EIF4EBP1 (–0.90), 
ULK1 (–1.18) 

BCL2 (–0.98), 
ANGPT2 (–1.45), 
PFKFB4 (–1.59), 
SREBF1 (–1.97), 
CREB5 (–1.77), 
CCNA2 (–1.90) 

Glycolytic 
metabolism 

Upregulated ALDOA (0.89), 
ALDOC (1.71), ENO2 
(1.64), PFKP (0.91), 
PGAM2 (6.17), GCK 
(1.64), ASPA (2.68). 
LDHA (0.99) 

ENO2 (2.60), PFKP 
(1.15), LDHA (1.39), 
LDHD (3.30) 

ENO2 (1.54), 
LDHC (2.83) 

Downregulated HK1 (–0.68), HK2  
(–2.45), GPT2 (–1.48) 

HK1 (–0.84) GPT2 (–1.65), 
LDHB (–0.64) 
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  DEGsa (log2FC) 

Pathway 
group 

Gene expression 
in EcE Perivascular cells Stromal cells Endothelial cells 

Oxidative 
metabolism 

Upregulated PDHA1 (0.67), PDHB 
(0.63), DLD (0.50). 
ACADL (7.76), 
CPT1A (1.51), 
CYP2U1 (1.06). 
IDH3B (0.65), PCK1 
(1.86), SDHC (0.49), 
SDHD (0.77), 
SUCLA2 (0.48), 
SUCLG1 (0.52). 
GPX3 (5.67), MGST3 
(1.96) 

DLD (0.57), ACADL 
(4.98), CPT1A 
(1.07), CYP2U1 
(1.61), SDHD (0.64), 
SUCLG1 (0.48), 
COX17 (0.92), 
NDUFA4L2 (3.67), 
NDUFB9 (0.64), 
UQCRFS1 (0.43), 
GPX3 (3.77), 
MGST3 (1.26) 

ACADS (0.88), 
SDHD (0.57), 
ATP6V1G2 
(2.67), COX7A2L 
(0.57), MGST3 
(0.52) 
 

Downregulated IDH2 (–1.21), GPX7 
(–2.12), PGD (–1.52) 

IDH2 (–0.70), 
NDUFA6 (–0.56), 
NDUFB11 (–0.58), 
COX5A (–0.51), 
COX6C (–0.69), 
UQCRQ (–0.55), 
GPX7 (–1.10), PGD 
(–0.89) 

ME1 (–1.63), 
IDH2 (–1.81), 
LHPP (–0.79), 
UQCRC1  
(–0.65), GPX7  
(–1.13), PGD  
(–0.92) 

Biosynthetic 
pathways 

Upregulated ACACB (0.93), OLAH 
(3.90), HACD1 
(2.86), HACD4 (1.51), 
HSD17B12 (1.29), 
TECR (0.59), PGM2 
(1.42), PRPS1 (1.26), 
RBKS (1.99), TKTL1 
(2.80) 

ACACB (0.89), 
ELOVL2 (3.38), 
HACD1 (2.30), 
HSD17B12 (0.79), 
PRPS1 (0.62), 
RBKS (0.65), TKTL1 
(1.87) 

ACACB (2.47), 
ACSL5 (0.69), 
ELOVL2 (4.09), 
ELOVL7 (7.36), 
RBKS (1.63) 

Downregulated ACSBG1 (–2.77), 
ELOVL2 (–2.95), 
ELOVL4 (–1.31), 
ELOVL6 (–0.79), 
HACD3 (–0.68),  
PGD (–1.52), PRPS2  
(–0.87), PGLS (–0.42) 

ELOVL4 (–0.94), 
ELOVL6 (–1.01), 
PGD (–0.89) 

ACSF3 (–0.52), 
PGD (–0.92) 

a Statistically significant values (padj < 0.05). Negative log2FC (fold change) corresponds to the reduced gene 
expression, positive log2FC corresponds to the increased gene expression in ectopic cells. DEGs found in more 
than one cell type are marked in bold. Abbreviations: DEGs – differentially expressed genes; EcE – ectopic 
endometrium. 
 
 

5.1.2 Steroidogenesis in perivascular, stromal and endothelial 
cells of endometriotic lesions 

As steroid hormones affect tissue metabolism, we extended our analysis to exa-
mine the expression level of steroidogenic genes. In EcE, we found a decreased 
expression of PGR and HSD17B2, involved in the formation of active P4, while 
inactivators of P4 were upregulated (AKR1C1, AKR1C2), as shown in Table 5. 
The transcriptomic changes of estrogen signaling in EcE were characterized by 
downregulation of ESR1 and HSD17B2, involved in E2 conversion to a less 
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potent estrone, and upregulation of ESR2 and HSD17B8, involved in interconver-
sion of estrone and E2. Additionally, we identified a differential regulation of 
genes related to androgen, steroid, and cortisol synthesis and metabolism. The 
analysis of steroidogenic genes between EuE from women with endometriosis 
(our dataset) and EuE from women without endometriosis from external dataset 
(Huang et al., 2023), revealed no difference in steroidogenesis. 
 
Table 5. Statistically significant differentially expressed genes coding for proteins in-
volved in the regulation of synthesis, conversion and metabolism of steroids in peri-
vascular, endothelial, and stromal cell types of ectopic endometrium compared to eutopic 
endometrium. Reproduced with permission from Sarsenova et al., 2024, Communications 
Biology, licensed under the Creative Commons Attribution 4.0 International License. 

  Cell type, log2FCa (padj < 0.05)  
Related 
steroid Gene Peri-

vascular Stromal Endo-
thelial Gene function 

Progesterone PGR –1.94 NSb –4.66 Progesterone receptor 
 AKR1C1 NS 2.06 2.33 Progesterone inactivation 
 AKR1C2 NS 2.51 NS Progesterone inactivation 

 HSD17B2 NS NS –0.48 Formation of active 
progesterone 

Estrogen ESR1 –3.12 –1.14 –4.72 Estrogen receptor alfa 
 ESR2 1.84 NS NS Estrogen receptor beta 

 HSD17B8 1.00 NS NS Interconversion of estrone and 
estradiol 

 HSD17B2 NS NS –0.48 Estradiol conversion to estrone 
Cholesterol CYP11A1 –3.98 NS NS Steroid hormone precursor 
Cortisol HSD11B1 NS 2.55 NS Cortisone conversion to cortisol 
 HSD11B2 –1.60 NS NS Cortisol conversion to cortisone 
Androgen AR –0.93 NS NS Androgen receptor 

 SRD5A1 –0.75 NS NS Testosterone conversion to 
DHT 

 SRD5A3 –1.01 NS NS Testosterone conversion to 
DHT 

 HSD17B6 NS 5.53 NS Androgen catabolism 
Ketones HSD17B11 NS 1.16 1.18 Ketone metabolism 

aNegative log2FC (fold change) corresponds to the reduced gene expression, positive log2FC to the increased 
gene expression in ectopic cells. bNS – statistically non-significant value (padj > 0.05). 
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5.1.3 Differential expression of cell cycle genes in EcE vs EuE 

As cell growth and proliferation are processes interconnected with metabolic acti-
vity, we examined proportions of perivascular, stromal and endothelial cells of 
EuE and EcE in each cell cycle phase. In EuE, we found over 60% of cells ex-
pressing genes related to G1 phase of cell growth, 16% to 23% of cells in S phase 
of DNA synthesis and only 9% to 16% of cells in G2/M phase related to cell 
division/mitosis (Figure 9). By contrast, in EcE we identified higher proportions 
of cells in S phase (23% – 43%), G2/M phase (21% – 30%) and lower proportions 
in G1 phase (36% – 50%) compared to EuE. The statistical significance of ob-
served differences between EuE and EcE proportions of each cell type was 
confirmed with Fisher’s exact test, with exception for stromal cell population in 
G2/M phase. 
 
 

 
Figure 9. The proportions of perivascular, stromal and endothelial cells in cell cycle 
phases in eutopic endometrium (EuE) and ectopic endometrium (EcE). G1 – cell growth 
phase (in yellow), S – DNA synthesis phase (in blue), and G2/M – checkpoint and mitosis 
phase (in red). The numbers in white squares correspond to the percentages of the cells 
in each cell cycle phase. Reproduced with permission from Sarsenova et al., 2024, Com-
munications Biology, licensed under the Creative Commons Attribution 4.0 International 
License. 
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5.2 Study II: The effect of hypoxia on transcriptome and 
protein kinases in endometriosis 

5.2.1 Hypoxia-mediated alterations in transcriptome and  
PK activity of eutopic and ectopic endometrial stromal cells 

For this study, we isolated primary EuESCs and EcESCs and exposed them to 
hypoxia (1% oxygen) or normoxia (20% oxygen) for 48 hours. To evaluate the 
effect of hypoxia on the activity of four PKs of interest (Akt, CK2, PKAc, and 
ROCK), we used photoluminescent probes to the PKs and measured their time-
delayed photoluminescence. The activity of PKAc and Akt was reduced in 
EcESCs cultured under hypoxia (Figure 10A, P < 0.05 and P ≤ 0.01, respecti-
vely). There was no statistically significant difference in CK2 and ROCK activity 
between culture conditions in both EcESCs and EuESCs. 

As we were interested in the impact of hypoxia on global transcriptome of 
stromal cells, we performed mRNA-seq followed by the differential expression 
analysis in comparison groups, as shown on Figure 10B. The analysis revealed 
116 overexpressed DEGs in EuESCs under hypoxia, mostly associated with 
glycolysis/gluconeogenesis, biosynthesis of amino acids, carbon metabolism, and 
HIF-1 signaling pathways. In EcESCs exposed to hypoxia, the transcriptome was 
not different from that of EcESCs cultured under normoxic condition, with a 
single statistically significant DEG, TGFBI. The comparison of EuESCs vs 
EcESCs under hypoxia showed 20 DEGs, while in normoxia conditions there 
were 163 DEGs between EcESCs and EuESCs. The upregulated DEGs in the 
latter comparison were associated with focal adhesion, PI3K-Akt signaling, 
ECM-receptor interaction pathways, and anatomical structure morphogenesis, 
cell adhesion, cell migration, blood vessel morphogenesis, and blood vessel 
development biological processes. We also compared two conditions repre-
senting more physiological settings of both endometriotic lesions and EuE: 
EcESCs cultured in hypoxia vs EuESCs in normoxia. This analysis showed 569 
DEGs, the upregulated DEGs were related to sugars and amino acids metabolism 
pathways, glycolysis, ECM-receptor interaction, focal adhesion, and PI3K-Akt 
signaling pathways, and wound healing, blood vessel development, and actin 
cytoskeleton development biological processes. When we compared DEGs from 
all comparison groups, we found that TGFBI was upregulated in all comparisons 
(Figure 10C). 
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Figure 10. Protein kinase activity and mRNA profiles in EuESCs or EcESCs incubated 
in different oxygenation conditions. A. The normalization was done by normoxia in 
EuESCs and EcESCs separately, set to 100%. The PKs of interest are listed below the 
graph and the types of cells and incubation conditions are on the right. Each column 
shows the mean ± standard deviation for samples obtained from 5 different patients. 
Asterisks indicate comparisons (t-test with Welch’s correction): ** P ≤ 0.01, * P ≤ 0.05; 
only statistically significant comparisons are shown. B. The representative biological pro-
cesses (GO:BP) and enriched pathways (KEGG) in the comparison groups. The analysis 
is based on statistically significant DEGs, Padj < 0.05. The arrows next to the DEGs 
indicate upregulation (red) or downregulation (green). C. Venn diagram depicting over-
lapped upregulated DEGs between comparison groups. The analysis is based on statis-
tically significant DEGs, Padj < 0.05. Abbreviations: Akt/PKB – protein kinase B; CK2 – 
casein kinase 2; DEGs – differentially expressed genes; EuESCs – eutopic endometrial 
stromal cells; EcESCs – ectopic endometrial stromal cells; EcE_H/N – EcESCs exposed 
to hypoxia vs normoxia; EuE_H/N – EuESCs exposed to hypoxia vs normoxia; 
EcE_H/EuE_H – EcESCs vs EuESCs both exposed to hypoxia; EcE_N/EuE_N – EcESCs 
vs EuESCs both exposed to normoxia; EcE_H/EuE_N – EcESCs exposed to hypoxia vs 
EuESCs exposed to normoxia; PKAc – cAMP-dependent PK; ROCK – Rho-dependent 
PK. Reproduced and modified with permission from Sarsenova et al., 2024, Frontiers in 
Endocrinology, licensed under the Creative Commons Attribution 4.0 International 
License. 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
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5.2.2 In vitro and ex vivo TGFBI expression in endometriosis  

Previous studies have demonstrated that TGFBI is a secreted protein (Janša et al., 
2021; Janša et al., 2023). To investigate whether TGFBI protein expression in 
stromal cells correlates with its mRNA expression pattern, we looked at the levels 
of secreted TGFBI in cell culture media. In line with findings at mRNA level, we 
identified higher levels of secreted TGFBI in EuESCs exposed to hypoxia vs 
normoxia and in EcESCs (Figure 11A). Since stromal cell cultures represent a 
simplified model of EuE and EcE, we decided to explore TGFBI expression in 
available ex vivo models. Thus, we checked TGFBI mRNA and protein levels in 
EuE and EcE tissue samples from women with or without endometriosis in the 
proliferative and secretory phases of menstrual cycle using qRT-PCR and IHC. 
In EuE from women with and without endometriosis, TGFBI mRNA level was 
higher in the proliferative phase (Figure 11B). TGFBI protein signal in EuE was 
also stronger in the proliferative phase compared to secretory phase (Figure 11C 
& D). In paired EcE and EuE in the secretory phase, TGFBI protein expression 
was stronger in lesions (Figure 11D & F). The immunostaining revealed TGFBI 
localization to the stroma and around the blood vessels of both EuE and EcE  
(Figure 11C & F). 
 
 

 
Figure 11. TGFBI mRNA and protein expression in eutopic and/or ectopic endometria 
from women with or without endometriosis. A. Secreted TGFBI protein levels in spent 
cell culture media relative to the total protein content in the corresponding cell lysates. 
For each patient, the data was normalized to the relative TGFBI content measured for the 
EuESCs incubated in normoxia (= 100%). Each column shows the mean ± standard 
deviation for samples obtained from 5 different patients. Arrows and asterisks indicate 
pairwise comparisons (t-test with Welch’s correction): *** P ≤ 0.001, ** P ≤ 0.01. B. 
TGFBI mRNA expression in eutopic endometrial tissues from women with (light grey) 
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or without (black) endometriosis (N = 45 and N = 24, respectively) in proliferative (P) 
and secretory (S) phases of menstrual cycle. ΔCt values correspond to the relative expres-
sion level of TGFBI, the thick line is the median. An unpaired two-tailed t-test with 
Welch’s correction was applied, **** P value < 0.0001, *** P value < 0.001. C – F. 
TGFBI protein localization in EuE and EcE from women with endometriosis at the 
proliferative (C, E) and secretory (D, F) phases of the menstrual cycle. Scale bar 200 μm. 
Abbreviations: EcESCs – ectopic endometrial stromal cells; EuESCs – eutopic endo-
metrial stromal cells; EuE – eutopic endometrium; EcE – ectopic endometrium; ES – 
endometriosis; non-ES – non-endometriosis; ns – not significant. Reproduced with per-
mission from Sarsenova et al., 2024, Frontiers in Endocrinology, licensed under the Crea-
tive Commons Attribution 4.0 International License. 

 

5.3 Study III: Carboxypeptidase inhibitor LXN in 
endometrium and endometriosis 

5.3.1 LXN expression across the menstrual cycle in eutopic and 
ectopic endometrium 

Previous transcriptomic and proteomic studies of our lab identified higher expres-
sion of a carboxypeptidase inhibitor LXN in endometriotic lesions. In this study, 
we aimed to investigate LXN in the context of endometrium and its relevance to 
endometriosis development. First, we analyzed mRNA expression of LXN in 
endometrial tissues across the menstrual cycle using qRT-PCR. We examined 
EuE and/or EcE from three groups of women: with endometriosis, without endo-
metriosis and healthy volunteers. In EuE of women with and without endo-
metriosis (Figure 12A), we found menstrual cycle-specific expression pattern 
with the highest LXN level in the late secretory phase and lowest in the early 
secretory phase. In EuE of healthy women in their early vs mid-secretory phase, 
we found a higher LXN expression in the mid-secretory phase (Figure 12B). In 
paired samples of EuE and EcE from women with endometriosis in the prolife-
rative and mid-secretory phase, we found higher LXN expression in EcE vs EuE 
in both phases (Figure 12C).  

To localize LXN protein within endometrial tissues, we performed IHC 
staining of EuE and EcE in the proliferative, early and late secretory phases. In 
line with mRNA data (Figure 12A), immunoreaction in endometrial stroma re-
vealed higher LXN expression in the proliferative and late secretory phases com-
pared to the early secretory phase (Figure 12D). The trend of higher LXN expres-
sion in EcE vs EuE (Figure 12C) was also observed at protein level, with stronger 
LXN signal in endometriotic lesions. 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
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Figure 12. LXN expression in endometrium and endometriotic lesions. A. Expression of 
LXN in endometrium throughout the menstrual cycle (in a combined group of ENDO, 
n=34 and non-ENDO, n=27). B. Expression of LXN in endometrium of healthy women 
in ES (n=12) and MS phases (n=12). C. Expression of LXN in paired eutopic and ectopic 
endometrium of endometriosis patients (n=12). Statistical difference is shown only for 
comparisons where it is significant. Y-axis shows relative LXN mRNA level normalized 
by SDHA (ΔCT). One-way ANOVA was applied, **** correspond to p value < 0.0001, 
*** p value < 0.001, ** p value < 0.01, * p value < 0.05. D. Representative IHC images 
of LXN expression in eutopic (Eu) and ectopic (Ec) endometrium in different menstrual 
cycle phases. Original magnification ×200. Abbreviations: Ec – ectopic endometrium,  
ES – early-secretory phase, Eu – eutopic endometrium, LS – late-secretory phase, MS – 
mid-secretory phase, NC – negative control, P – proliferative phase. Reproduced with 
permission from Sarsenova et al., 2024, Genes, licensed under the Creative Commons 
Attribution 4.0 International License. 

 

5.3.2 LXN silencing affects cell viability and migration 

Considering the higher expression of LXN predominantly in the stromal compart-
ment, we decided to further explore its role in cell metabolism (viability) and 
migratory capability, both important for endometriosis development. For that, 
first we silenced LXN in endometrial stromal cell line St-T1b, which resulted in 
successful reduction of LXN expression. Then, we performed Transwell migra-

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
https://tartuulikool-my.sharepoint.com/personal/meruert_ut_ee/Documents/1.%20Study_stuff/1.%20PhD/0.%20Thesis/0.%20Thesis_book/Thesis_drafts/Acknowledgements.docx?web=1
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tion assay, which revealed that stromal cells transfected with siLXN had reduced 
migration through the Transwell membrane compared to controls (Figure 13A–
B). Next, we performed MTT assay to assess cell metabolism as a readout of cell 
viability, which showed 1.7-fold increased cell viability of siLXN transfected 
stromal cells compared to controls (Figure 13C). 
 
 

 
Figure 13. The silencing of LXN affects the migration and viability of endometrial 
stromal cells. A. Migration capability of St-T1b cells treated with control (upper panel) 
or LXN-siRNA (siLXN, lower panel) was assessed by Transwell assay, and the migrated 
cells were quantified (original magnification ×50). B. The migration ability of siLXN 
treated cells is calculated as a percentage of control mean. C. The viability of St-T1b cells 
after transfection with LXN-siRNA and control siRNA. The viability of the control cells 
was defined as 100%. ** correspond to p value < 0.01. Abbreviations: LXN – latexin; 
siLXN – small interfering RNA targeting LXN; siRNA – small interfering RNA;  
St-T1b – immortalized human endometrial stromal cell line. Reproduced with permission 
from Sarsenova et al., 2024, Genes, licensed under the Creative Commons Attribution 
4.0 International License.  
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6. DISCUSSION 

Metabolism and hypoxia in endometriosis have been mainly studied through the 
key metabolic or hypoxia markers. In Study I and Study II, we performed global 
transcriptome profiling of endometrial tissues at the single-cell level and of pri-
mary stromal cells, respectively, to explore metabolic or hypoxia-driven signa-
tures of ectopic and eutopic endometria. 

 
 

6.1 Metabolic activity and steroidogenesis  
of endometriotic lesions differ from that  

of eutopic endometrium 
Previous metabolic research on endometriosis has primarily focused on a specific 
set of key metabolic genes or profiling specific cell types, like primary stromal 
or mesothelial cells (Kasvandik et al., 2016; Lee et al., 2019; McKinnon et al., 
2014; Young et al., 2014a; Zheng et al., 2021). Recent scRNA-seq transcriptomic 
studies of endometriosis have characterized cell populations and their interactions, 
immune and inflammatory status, fibrosis and angiogenesis in endometriotic 
lesions (Fonseca et al., 2023; Huang et al., 2023; Tan et al., 2022; Zhu et al., 
2023). Considering cellular heterogeneity and unique endometriotic microen-
vironment, it is also important to investigate the metabolism at a single-cell level 
to better understand lesion development and growth. However, metabolic profile 
of endometriotic lesions have not yet been covered. 

In Study I, we identified nine major cell types in endometrium, in concordance 
with previous scRNA studies (Garcia-Alonso et al., 2021; Ma et al., 2021; Queck-
börner et al., 2021; Tan et al., 2022), and explored metabolic profile of endo-
metriotic lesions at single-cell transcriptomic level. We revealed variability in 
metabolic activity across different cell types in EcE compared to EuE. The diffe-
rences in metabolic pathways were mostly observed in perivascular, stromal and 
endothelial cells, while immune cells and epithelial cells showed subtle diffe-
rence between EcE and EuE. Therefore, further analysis of transcriptomic meta-
bolic profiles focused on perivascular, stromal and endothelial cell populations. 

AMPK signaling and HIF-1 signaling are evolutionary conserved pathways, 
known to regulate cell metabolism in response to energy and substrates demands 
under different oxygenation conditions (Garcia & Shaw, 2017; Herzig & Shaw, 
2018; Vander Heiden et al., 2009). In endometriosis, AMPK has been shown to 
participate in inflammatory process and apoptosis, while HIF-1 promotes angio-
genesis and survival in lesions (Assaf et al., 2022; Wu et al., 2019). In Study I, 
we identified dynamic metabolic processes in EcE that were activated or inhibited 
under the regulation of AMPK and/or HIF-1 signaling pathways (Figure 14). 
Specifically, we found an upregulation of AMPK-regulated genes involved in the 
uptake of substrates for glycolysis and oxidative metabolic pathways, key genes 
of the TCA cycle, and genes involved in conversion of pyruvate to lactate or 
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acetyl-CoA. This expression profile indicates a co-activation of glycolytic and 
oxidative ways of energy metabolism. A similar process of co-activation, referred 
to as a “hybrid” use of glycolysis and OXPHOS has been shown in cancer and 
proposed as a concept of “waves” occurring in cancer at the transcriptomic level 
(Bellance et al., 2009; Jose et al., 2011; Smolková et al., 2011; Yu et al., 2017). 

 
 

 
Figure 14. Interconnection between metabolic pathways involved in cellular metabolism. 
HIF-1 signaling and AMPK signaling are regulatory pathways for the metabolic pathways 
involved in glycolytic and oxidative metabolism, biosynthesis of macromolecules and 
nucleic acids. Pink arrows represent glycolytic metabolism, blue arrows represent oxida-
tive metabolism. Abbreviations: Ala – alanine; AMPK – AMP-activated protein kinase; 
Asp – aspartate; FA – fatty acid; Glu – glutamate; HIF-1 – hypoxia-inducible factor-1; 
OXPHOS – oxidative phosphorylation; ROS – reactive oxygen species; TCA – tri-
carboxylic acid cycle. Reproduced with permission from Sarsenova et al., 2024, Com-
munications Biology, licensed under the Creative Commons Attribution 4.0 International 
License. 

 
The observed transcriptomic co-activation of glycolytic and oxidative metabo-
lism was predominantly observed in perivascular cells of EcE. The endometrial 
stroma comprises stromal, epithelial and perivascular/vascular compartments, 
where stromal, perivascular and endothelial cells actively interact with each other 
(Zhu et al., 2023). Perivascular cells have been shown to play role in endometrial 
stroma regeneration and mediation of angiogenesis (Cousins et al., 2018; Cousins 
et al., 2022; Spitzer et al., 2012). Thus, considering the unfavorable environment 
of lesions with the need for blood vessel sprouting to support their growth, it is 
likely that perivascular cell niche plays a crucial role in lesion development and 
growth. Therefore, expectedly perivascular cells would employ various pathways 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0&data=05%7C02%7Cmeruert.sarsenova%40ki.se%7C751a8431dfbb4e63623f08dd0e0eaeef%7Cbff7eef1cf4b4f32be3da1dda043c05d%7C0%7C0%7C638682178349313335%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=P%2BG3590DF1VeL3p%2BfZBr1EtwholkC725V0v0uhFKopE%3D&reserved=0
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to produce energy. Additionally, their proximity to blood vessels may offer them 
advantages in using oxidative metabolism, compared, for example, to stromal cells.  

The metabolism of stromal cells, representing a major compartment of endo-
metrium, has been previously studied ex vivo and in vitro (Kasvandik et al., 2016; 
Lee et al., 2019; Young et al., 2014a). These studies showed that stromal cells 
utilize glycolysis over oxidative pathways, which resembles the Warburg effect 
observed in cancer or highly proliferative cells (Kasvandik et al., 2016; Vaupel 
et al., 2019; Young et al., 2014a). In our ex vivo study, we observed in ectopic 
stromal cells, and to a lesser extent in endothelial cells, the upregulation of genes 
involved in both glycolytic and oxidative pathways. Overall, the less pronounced 
activation of metabolic pathways in these two cell types compared to perivascular 
cells, may indicate similar metabolic activity in both EuE and EcE during the 
proliferative phase of the menstrual cycle, due to active tissue growth and vascu-
larization (Gambino et al., 2002). 

Steroid hormones regulate metabolic response in endometrial tissues, e.g. E2 
is involved in endometrial tissue growth, angiogenesis and cell survival (Kazi et 
al., 2009; Monsivais et al., 2014; Monsivais et al., 2016). Previous studies have 
shown that EcE exhibits P4 resistance, increased E2 synthesis and E2 activity 
mediated via ERβ (Bulun et al., 2010; Delvoux et al., 2009; Maekawa et al., 2019; 
Rizner et al., 2006; Rizner, 2009; Zeitoun et al., 1998). Consistent with these 
findings, our transcriptomic analysis of steroidogenesis also revealed progeste-
rone resistance (PGR, AKR1C1, AKR1C2) and enhanced estrogen signaling 
(ESR1, ESR2, HSD17B2, HSD17B8), primarily observed in perivascular cells of 
EcE. The differences in metabolic activity and steroidogenesis in perivascular 
cells of EcE vs EuE are shown in Figure 15. The link between cell metabolism 
and the cell cycle has been well established, as dividing cells have high energy 
demands. The majority of stromal cells of EuE at the proliferative phase of the 
menstrual cycle were found to be in G1 phase of macromolecular synthesis (Lv 
et al., 2022; Wang et al., 2020). McKinnon et al. reported that around 70% of 
isolated endometrial stromal cells were in G1, with only 15% present in either the 
G2/M or S phases (McKinnon et al., 2022). We also identified more than 60% of 
eutopic perivascular, stromal and endothelial cells in G1 phase. In EcE on the other 
hand, we found a greater percentage of cells expressing S and G2/M phase genes. 

The transcriptomic analysis of energy metabolism and steroidogenesis in EuE 
from women with endometriosis compared to controls (women without endo-
metriosis from external dataset) showed no major difference, suggesting similar 
metabolic profiles in the same tissue type regardless of presence of endometriosis. 
It is then likely that the observed difference in metabolic activity of ectopic cells 
arises from the difference in microenvironment (intrauterine vs peritoneal). 

Generally, cells may use multiple pathways simultaneously or adjust their 
metabolism in response to environmental changes or shifts in energy or substrate 
demands. Thus, it is important to consider that cellular metabolism can rapidly 
change, meaning that observed processes may represent only the current meta-
bolic state. Additionally, metabolic activity of cells in endometriotic lesions may 
depend on various factors, such as lesion localization, conditions of microen-
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vironment (e.g. hypoxia), and interactions with neighboring cells and tissues. 
Given the lack of available comprehensive model organism of endometriosis, we 
need to apply different techniques to deepen our understanding of the mecha-
nisms underlying lesion growth. In summary, Study I revealed that perivascular 
cell population in EcE exhibits altered metabolic activity and may represent a 
potential target for non-hormonal metabolic therapies in endometriosis manage-
ment. The findings need to be further explored using powerful techniques like 
spatial metabolomics that profiles proteins and metabolites with capturing infor-
mation on interactions between single cells (Hu et al., 2023c). 

 

 
 

Figure 15. A proposed model of interconnected mechanisms of steroid hormone regula-
tion and altered cellular metabolism in perivascular cells of ectopic endometrium com-
pared to eutopic endometrium. In the ectopic endometrium (a half of a cell depicted on 
the right side) the following changes are observed compared to eutopic endometrium (on 
the left side): reduced production of progesterone receptor (PR, blue) contributing to pro-
gesterone (P4, green) resistance; decreased level of ERα and increased level of ERβ (in 
pink and orange, respectively) and increased conversion of estrone (E1, light blue) into 
estradiol (E2, blue), leading to a nuclear activation of aberrant set of estrogen target genes; 
upregulation of genes related to increased glucose and FA uptake, activated FA degra-
dation (FAD), and simultaneously increased OXPHOS and glycolysis (GLS) activities. 
Abbreviations: FA – fatty acids, GLU – glucose, ACoA – acetyl-CoA, nuclear gene 
expression is indicated with flags, black arrows refer to sequence of the processes, red 
arrows refer to the activation of processes. Reproduced with permission from Sarsenova 
et al., 2024, Communications Biology, licensed under the Creative Commons Attribution 
4.0 International License. 
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6.2 Hypoxia alters transcriptome of endometrial stromal 
cells and activates TGFBI axis in endometriosis 

Hypoxia is a well-known driver of altered gene expression underlying hallmark 
processes in endometriotic lesions, among which angiogenesis and fibrosis play 
an essential role in endometriosis development and progression (Gambino et al., 
2002; Vissers et al., 2024; Wu et al., 2019; Zhu et al., 2023). In vitro studies on 
stromal cell population have shown overexpression of key genes, like HIF1A, 
PDK1, and LDHA, in EcE at transcriptomic and protein levels, with increased 
uptake of substrates, production of metabolites and ATP (Lee et al., 2019; Zheng 
et al., 2021). In addition to HIF-1 signaling, TGF-β signaling, known for its pro-
angiogenic and pro-fibrotic action in lesions, has been found to be activated in 
EcE (Ferrari et al., 2009; Lin et al., 2018; Young et al., 2017; Zhang et al., 2016a; 
Zhang et al., 2016b). 

To explore hypoxia-driven changes in gene expression and cellular responses 
relevant in the context of lesion growth and survival, in Study II we profiled 
transcriptomes of EuESCs and EcESCs exposed to hypoxia. In addition, we 
checked the activity of four PKs, previously shown to be implicated in endo-
metriosis pathogenesis. While previous research reported activating effect of 
hypoxia on PKAc and Akt (Lucia et al., 2020; Simko et al., 2017; Stegeman et 
al., 2012), we observed their slightly reduced activity in EcESCs exposed to 
hypoxia, which may be related to inhibitory effect of TGFBI on these kinases 
(Wen et al., 2011; Zhang et al., 2009). The observed subtle effect of hypoxia on 
kinase activity might be due to experimental conditions. We found that hypoxia 
caused changes in the transcriptome of primary stromal cells from EuE. Parti-
cularly, the eutopic cells activated glycolytic pathways with elevated expression 
of aerobic glycolysis and hypoxia markers, consistent with previous reports (Lee 
et al., 2019; Zheng et al., 2021). In contrast, stromal cells from EcE exhibited 
only a single gene, TGFBI, differentially expressed between oxygenation condi-
tions. The weak/minor difference in mRNA expression between ectopic cells 
under hypoxia and normoxia may indicate a prior transcriptomic adjustment of 
ectopic cells to their hypoxic microenvironment. This adaptation likely persisted 
and resulted in similar gene expression profiles of isolated primary cells regard-
less of oxygen levels during in vitro culturing. In line with that, it has been pre-
viously demonstrated that two key hypoxia markers, HIF-1α and LDHA, were 
equally highly expressed in ectopic endometrial stromal cells under both nor-
moxic and hypoxic conditions (Zheng et al., 2021). 

Further, we compared ectopic cells cultured in hypoxia or normoxia to eutopic 
cells in normoxia and found activated processes of cell adhesion, cell migration, 
blood vessel morphogenesis, and blood vessel development. Previous studies 
have shown that under hypoxia, both eutopic and ectopic cells exhibited trans-
criptomic activation of genes associated with angiogenesis and tube formation 
(Fu et al., 2018; Hsiao et al., 2014; Wu et al., 2007). The processes of cell mig-
ration and angiogenesis, important for the establishment and growth of endo-
metriotic lesions, are induced partially by TGF-β signaling (Chung & Han, 2022; 
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Ferrari et al., 2009; Lin et al., 2018; Omwandho et al., 2010; Young et al., 2015). 
Notably, we found that a target of TGF-β signaling, TGFBI, was a common DEG 
across all comparison groups, indicating the potential involvement of TGF-β 
signaling in these processes. In cancer, TGFBI was found to be associated with 
increased cell migration and glycolysis (Costanza et al., 2019). Although there 
are controversial findings on the activities of TGFBI in different tissues, it has 
been shown to play a role in angiogenesis, cell adhesion and fibrosis (Lee et al., 
2021; Liu et al., 2021; Yang et al., 2022). TGFBI role in fibrosis has been 
demonstrated in lung tissue (Yang et al., 2022). In cultured lung fibroblasts, 
TGFBI, induced by TGF-β1, promoted collagen I and α-SMA expression, while 
silencing TGFBI reversed this pro-fibrotic process (Yang et al., 2022). Additio-
nally, ROCK signaling was shown to be activated by TGF-β signaling in relation 
to pro-fibrosis in different tissues (Wu et al., 2021b; Xie et al., 2022). In our study, 
we found slightly elevated activity of ROCK under hypoxia in ectopic and 
eutopic cells. TGFBI has been recently reported to be elevated in serum and peri-
toneal fluid of women with endometriosis vs controls (Janša et al., 2021; Janša et 
al., 2023). We found that the level of secreted TGFBI in stromal cell cultures was 
increased under hypoxic condition and in ectopic vs eutopic cells, suggesting that 
TGFBI secreted by stromal cells at endometriotic lesion sites facilitates angio-
genesis and fibrosis in endometriosis. 

As cell culturing represents an isolated cell population, we also examined 
TGFBI mRNA and protein expression in EuE and/or EcE tissue biopsies from 
women with and without endometriosis. Quantitative analysis of mRNA expres-
sion in EuE showed elevated TGFBI levels in the proliferative phase, suggesting 
pro-angiogenic role of TGFBI in proliferating endometrium. A higher expression 
of TGFBI protein in proliferative phase, in particular in the stroma and around 
the blood vessels, aligns with its role in vessel growth. A stronger TGFBI staining 
in EcE compared with EuE may refer to its pro-fibrotic and angiogenic role in 
endometriosis. 

To summarize, this study demonstrates the effect of hypoxia on gene expres-
sion with distinct influence on EuESCs vs EcESCs, highlighting the adapted 
transcriptome of ectopic cells to the hypoxic microenvironment. In addition, we 
identified increased TGFBI mRNA and protein levels under hypoxia and in 
ectopic vs eutopic cells that support its role in angiogenesis and fibrosis in endo-
metriosis development. These findings emphasize the importance of further 
investigation of TGFBI function using functional assays and more physiolo-
gically relevant models of endometriosis. 
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6.3 LXN expression is menstrual cycle dependent and 
affects endometrial cell viability and migration 

LXN has been studied in cancer and some other diseases, showing its involve-
ment in the negative regulation of cell growth and proliferation, promoting apop-
tosis in cancer and acting as a tumor suppressor (Li et al., 2011; Ni et al., 2014; 
Xue et al., 2016). In murine hematopoietic stem cells, LXN inhibited proliferative 
activity and induced apoptosis, while LXN knockdown resulted in increased cell 
survival (Liang et al., 2007; Liang & Zant, 2008; Liu et al., 2017). Recent findings 
revealed a positive effect of LXN deletion on intestinal tissue regeneration, but 
also promoting inflammation in colitis (Li et al., 2020; Wang et al., 2024). How-
ever, LXN role in reproductive tissues and organs in health and disease is still 
largely unexplored. 

In the previous endometriosis transcriptomic and proteomic studies performed 
in our lab, LXN was found to be elevated in ectopic stromal cells. To understand 
its role in endometrial tissue, in Study III we explored LXN expression in EuE 
and EcE with further investigation of its role in stromal cells viability and migra-
tory ability. As gene expression in endometrial tissues is affected by the menst-
rual cycle phase, we examined LXN expression in EuE and/or EcE in different 
phases. Our results showed that mRNA expression was menstrual cycle-depen-
dent; moreover, our findings of higher LXN expression in late secretory phase and 
in ectopic tissues may suggest a potential role of LXN in decidualized cells and 
endometriotic lesions. At the protein level, LXN expression was more prominent 
in endometrial stroma, consistent with a previous finding of LXN expression in 
endometrial stromal cells induced by macrophages (Eyster et al., 2010), which 
may indicate that LXN overexpression is partially influenced by microenviron-
ment. 

To test LXN involvement in stromal cell migration and viability, we per-
formed LXN knockdown in endometrial stromal cell line St-T1b. This resulted in 
reduced migratory capacity and enhanced cell viability, suggesting a dual role of 
LXN. In particular, it includes increasing migratory potential of endometrial 
cells, supporting Sampson’s theory, and inhibition of cell metabolism and viabi-
lity, referring to its tumor suppressor function. The inhibitory effect of LXN silen-
cing on cell migration was previously observed in prostate epithelial cells (Old-
ridge et al., 2013). The increased viability of LXN-silenced endometrial stromal 
cells indicates that the overexpression of LXN may have a negative effect on cell 
viability, as described in cancer studies. Gene expression in endometrium varies 
by the phase of menstrual cycle and regulated by ovarian hormones that affect 
cell viability and proliferation. EuE exhibits higher proliferative activity during 
the proliferative phase, whereas endometriotic lesions exhibit low proliferation 
regardless of menstrual cycle phase (Béliard et al., 2004; Critchley et al., 2020). 
Thus, these results may indicate a potential regulatory effect of LXN on endo-
metrial cell proliferation and survival dependent on menstrual cycle phase and 
tissue type. 
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6.4 Study limitations and future directions 
We acknowledge that our studies have some limitations. The main limitation in 
all three studies we faced with is the limited number of suitable samples from 
women with confirmed endometriosis. In Study I, the relatively small sample size 
included paired samples from only four women with confirmed endometriosis. 
Nevertheless, we identified major cell types and captured metabolic hetero-
geneity in both tissue types. With bioinformatic analysis that compared biological 
samples rather than single cells, we showed consistent results of metabolic acti-
vity within study groups accounting for contribution from each patient. In Study 
II, due to a limited availability of paired eutopic and ectopic endometrial samples, 
we could not perform statistical analysis of TGFBI mRNA and protein expression 
in the proliferative vs secretory phases. In Study III, we were not able to evaluate 
the statistical significance of IHC results of paired samples or perform other 
methods of protein quantification. In addition, the type of endometriotic lesions 
used in qRT-PCR analysis of paired samples (Study III) was limited to endo-
metriomas, as peritoneal lesions were not available. However, our previous pro-
teomic study on peritoneal lesions showed high expression of LXN in lesions, 
suggesting a correlation of these results with LXN expression at mRNA level. 

Additionally, in Study I we did not include control EuE samples from women 
without endometriosis, therefore we performed the same analysis on external 
dataset that demonstrated no major difference in steroidogenesis and metabolic 
activity between EuE from women with endometriosis compared with controls. 
Also, we identified a very small population of epithelial cells most probably due 
to their loss during experimental part of the study, similar issues were previously 
reported due to technical challenges. Another limitation of this study is that the 
findings are based solely on the analysis of transcriptomic data. However, further 
studies may explore metabolic activity in more diverse groups of patients and 
controls accounting for interpopulation variability with functional assays for vali-
dation of results. 

Study II has another limitation related to a limited number of PKs, as we used 
previously developed in-house synthesized probes to this set of kinases. In the 
transcriptomic analysis we identified a relatively small number of DEGs in some 
of comparison groups, that could be likely influenced by interpatient variability 
within groups impacting the statistical significance of comparisons. Future re-
search may focus on larger study groups to explore the transcriptomic pattern 
induced by hypoxia both in vitro and ex vivo, and further investigate and functio-
nally validate the findings of TGFBI role in endometriosis as well as its down-
stream targets and interactors. 

Considering above-mentioned limitations of Study III, further research may 
include functional analysis of LXN expression (including co-culturing with other 
cell types like macrophages or mesothelial cells from peritoneum) using larger 
sample size and more complex model systems (e.g. assembloids, animal models 
with modified LXN expression) to elucidate its role in endometriotic lesion 
development. 
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7. CONCLUSIONS 

According to the main findings of the studies presented in this thesis, the follo-
wing conclusions can be drawn: 
1. Perivascular, stromal and endothelial cells of EcE exhibited co-activation of 

glycolytic and oxidative metabolism, along with altered steroidogenesis, sug-
gesting a coping mechanism to sustain the high energy demands in lesions. 
Metabolic co-activation was predominantly observed in perivascular cell 
population, known for its role in endometrial stroma repair and angiogenesis, 
making these cells a potential target for metabolic treatment of endometriosis.  

2. Exposure to hypoxia induced specific response in EuESCs and EcESCs, 
indicating distinct default transcriptomic signatures of stromal cells in EuE 
and EcE. Ectopic cells exhibited hypoxic transcriptome profile regardless of 
oxygen concentration, while eutopic cells under hypoxic condition show simi-
larity with ectopic cells.  

3. We identified an upregulation of TGFBI gene in EuESCs under hypoxia and 
in EcESCs, with its emerging pro-angiogenic and pro-fibrotic role in endo-
metriosis pathogenesis. 

4. LXN expression in endometrial tissues is menstrual cycle-specific, being the 
highest in the late secretory phase. Silencing LXN in stromal cells reduced cell 
migration but promoted cell viability demonstrating its potential role in these 
processes critical to endometriosis onset and development. 
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SUMMARY IN ESTONIAN 

Endometrioosi rakuline profiil ja molekulaarsed mehhanismid 

Endometrioos on reproduktiivses eas naistel esinev sage hormoonsõltuv ja kroo-
niline põletikuline haigus, mis mõjutab umbes 190 miljonit naist kogu maailmas. 
Endometrioos avaldub kliiniliselt sageli kroonilise vaagnavalu, düsmenorröa ja 
subfertiilsusena. Seda haigust iseloomustab endomeetriumi taolise koe paikne-
mine kolletena väljaspool emakat, kõige sagedamini kõhukelmel ja munasarja-
des. Usaldusväärsete mitteinvasiivsete markerite puudumise tõttu lükkub diag-
noosi saamine sageli mitmeid aastaid edasi, samas kui ravi piirdub hormonaalse 
ravi ja endometrioosikollete kirurgilise eemaldamisega. 

Endometrioosi tekke kohta on küll mitmeid teooriaid, nagu retrograadse menst-
ruatsiooni ja tsöloomi metaplaasia teooriad ning arvatakse, et tähtsust omavad nii 
geneetilised kui ka epigeneetilised tegurid, aga selle haiguse täpne etioloogia on 
siiani ebaselge. Lisaks võivad endometrioosi teket mõjutada häired hormonaalses 
tasakaalus, mikrokeskkonna mõju, rakkude muutunud ainevahetus ja immuun-
funktsiooni häired. Endometrioosi kolletel ja eutoopilisel endomeetriumil on ka 
erinev molekulaarne signatuur, mis võimaldab kollete ellujäämist ja kasvu emaka-
välises asukohas. Oluline tegur on ka hüpoksia, mis mõjutab kollete rakkude 
metabolismi, kasvu, adhesiooni ja angiogeneesi. Hüpoksia-seoselised, adhesioo-
ni ja invasiooni markerid on kollete stroomarakkudes muutunud võrreldes endo-
meetriumi stroomarakkudega ja energia metabolismis toimunud muutused on 
viinud aeroobse glükolüüsi suurenenud kasutamiseni sarnaselt Warburgi efektiga 
vähirakkudes. Lisaks on kolletes täheldatud muutunud steroididhormoonide sig-
naaliülekannet, mis väljendub progesterooni resistentsuse ja östrogeeni domi-
neerimisena. 

Tänapäevased suure läbilaskevõimega tehnoloogiad, nagu transkriptoomika, 
proteoomika ja metaboloomika, võimaldavad läbi viia erinevate kudede põhja-
liku analüüsi nii koe kui ka üksikute rakkude tasemel. Nende tehnoloogiate kasu-
tamine endometrioosi patogeneesi uurimiseks hõlbustab haiguse patobioloogia 
sügavamat mõistmist ja pakub potentsiaalseid rakendusi endometrioosi diagnos-
tikaks ja raviks. 

 

Uurimistöö fookus 

Antud doktoritöö põhieesmärk oli uurida endometrioosi patogeneesi rakkude 
metaboolse aktiivsuse ja hüpoksiale reageerimise perspektiivist ning tuvastada 
valitud kandidaatgeenide mõju endometrioosi arengule. 

Uuringu täpsemad eesmärgid olid: 
1.  Iseloomustada endometrioosi põdevate naiste endomeetriumi ja endomet-

rioosi kollete rakupopulatsioonide metaboolset aktiivsust ja steroidogeneesi 
protsesse üheraku transkriptoomika tasemel. 

2. Uurida hüpoksia mõju in vitro tingimustes endomeetriumi ja endometrioosi 
kollete primaarsete stroomarakkude kinaaasi aktiivsusele ja transkriptoomile.. 
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3. Uurida karboksüpeptidaasi inhibiitori lateksiini (LXN) ekspressiooni endo-
metrioosiga ja ilma endometrioosita naiste endomeetriumis menstruaaltsükli 
jooksul ja selle geeni võimalikku rolli endometrioosi patogeneesis. 

 

Materjalid ja meetodid 

Kõik uuringud olid kooskõlastatud Tartu Ülikooli inimuuringute eetikakomiteega 
ja Karolinska Instituudi vastava komiteega. Kõik värvatud osalejad andsid uurin-
gus osalemiseks kirjaliku teadliku nõusoleku ning kõik uuringud viidi läbi järgi-
des vastavaid eeskirju.  

Uuringu I jaoks koguti neljalt menstruaaltsükli proliferatsioonifaasis olevalt 
kinnitatud endometrioosiga (ASRM II–IV staadium) naiselt endomeetriumi ja 
peritoneaalsete kollete paarisproovid. Koeproovidele rakendati üheraku RNA 
sekveneerimise (scRNA-seq) metoodikat ja rakupopulatsioonid tuvastati bio-
informaatiliselt Seurat integratsiooni- ja klastrianalüüsi abil. Kaheteistkümne 
metaboolse raja transkriptoomilist aktiivsust, steroidogeneesi raja geene ja rakku-
de proportsioone rakutsükli eri faasides analüüsiti kasutades pseudohulk diferent-
siaalekspressiooni analüüsi ja radade analüüsi. 

Uuringus II analüüsiti hüpoksia tingimustes toimuvaid transkriptoomilisi muu-
tusi ja proteiinkinaaside (PK) aktiivsust endomeetriumi ja endometrioosi kollete 
stroomarakkudes. Stroomarakud eraldati viie naise kudedest, mis olid kogutud 
menstruaaltsükli sekretoorses faasis. Enne analüüside teostamist kasvasid pri-
maarsed rakukultuurid 48 tundi kas hüpoksia (1% O2) või normoksia (20% O2) 
tingimustes. Analüüsisime PK-de aktiivsust (PKAc, ROCK, Akt ja CK2) ja teos-
tasime transkriptoomi sekveneerimise (Smart-seq2), et uurida hüpoksia mõju 
geenide avaldumisele. Sekreteeritud TGFBI taset mõõdeti ELISA meetodil (viie 
naise paarilised proovid), mRNA (45 endometrioosiga naist ja 24 kontrolli) ja 
valgu (24 endometrioosiga naise bioloogilised proovid) taset kudedes uuriti kasu-
tades vastavalt kvantitatiivset pöördtranskriptsiooni-PCR (qRT-PCR) ja immuun-
ohistokeemiat (IHC). 

Uuringus III hinnati LXN ekspressiooni endomeetriumi ja kollete kudedes 
qRT-PCR (34 endometrioosiga naist ja 27 kontrolli) ja IHC (9 endometrioosiga 
naist) meetoditega, lisaks hindasime LXN funktsionaalset rolli in vitro, kasutades 
rakkude migratsiooni ja elujõulisuse teste. 

 

Tulemused 

1. Nii endomeetriumis kui ka endometrioosi kolletes tuvastati üheksa peamist 
rakuklastrit: strooma-, endoteeli-, epiteeli-, perivaskulaarsed-, immuun-, tsük-
leerivad stroomarakud ja B-rakud ning tuvastamata rakkude klaster. Suuri-
maid erinevusi endomeetriumi ja kollete rakkude metaboolsete radade aktiiv-
suse vahel täheldati perivaskulaarsetes, strooma ja vähemal määral endoteeli-
rakkudes. Kõige olulisemad erinevused nende rakkude metaboolses aktiiv-
suses hõlmasid AMPK ja HIF-1 signaaliülekandeid, glutatiooni metabolismi, 
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oksüdatiivset fosforüülimist (OXPHOS) ja glükolüüsi/glükoneogeneesi. Kol-
lete perivaskulaarsetes ja stroomarakkudes oli toimunud glükolüüsi ja oksü-
datiivse metabolismi koosaktiveerimine koos glükoosi ja rasvhapete omas-
tamise, püruvaadi metabolismi, rasvhapete oksüdatsiooni ja TCA tsükliga 
seotud geenide ülesreguleerimisega. Lisaks leidsime kollete perivaskulaar-
setes ja endoteelirakkudes oluliselt madalama progesterooni retseptori eksp-
ressiooni ning östrogeeni retseptori 1 ekspressioon oli madalam kolletes nii 
perivaskulaarsetes, strooma- kui ka endoteelirakkudes.  

2.  Kinaasi test näitas, et endometrioosi kollete rakkudes langesid hüpoksia mõjul 
cAMP-sõltuva PK ja Akt aktiivsused, samas Rho-sõltuva PK aktiivsus suure-
nes. Transkriptoomi analüüs näitas, et hüpoksia reguleeris endomeetriumi 
stroomarakkudes aeroobse glükolüüsiga seotud geene ja HIF-1 signaaliüle-
kandega seotud geenide ekspressiooni, samas kui kolde rakkudes eskpressee-
rus hüpoksia tingimustes erinevalt ainult üks geen – TGFBI. TGFBI ekspres-
sioon oli kõrgem ka hüpoksiaga kokku puutunud endomeetriumi rakkudes 
võrreldes normoksia tingimustega ja normoksia tingimustes kolde rakkudes 
võrreldes endomeetriumi rakkudega ning need erinevused olid detekteeritavad 
ka rakkude söötmes mõõdetud sekreteeritud TGFBI tasemetes. Endomeet-
riumi koe biopsiate korral varieerusid TGFBI mRNA ja valgu tasemed sõltu-
valt menstruaaltsüklist, olles proliferatsioonifaasis kõrgemad. TGFBI lokali-
seerus stroomas ja veresoonte ümbruses, tugevam oli valgu ekspressioon kol-
letes võrreldes endomeetriumiga.  

3.  LXN geeni mRNA ekspressioon endomeetriumis oli menstruaaltsüklist sõltuv, 
olles madalaim varases sekretsioonifaasis ja kõrgeim hilises sekretoorses 
faasis ning oluliselt kõrgem endometrioosi kolletes võrreldes endomeetriumi-
ga. IHC kinnitas LXN ekspressiooni endomeetriumi stroomarakkudes ja in 
vitro testid näitasid, et LXN-i vaigistamine vähendas tõhusalt endomeetriumi 
stroomarakkude migratsioonivõimet, tõstes samal ajal rakkude elujõulisust. 
Seega, LXN võib olla seotud endometrioosi tekkega, reguleerides endometrioo-
tiliste stroomarakkude proliferatsiooni ja migratsioonivõimet. 

 

Järeldused 

Käesolevas doktoritöös esitatud uuringute tulemuste põhjal võib teha järgmised 
järeldused: 
1. Endometrioosikollete perivaskulaarsed, strooma- ja endoteelirakud näitasid 

glükolüütilise ja oksüdatiivse metabolismi koosaktiveerumist ja steroidoge-
neesi muutusi, mis viitavad ilmselt kollete suure energiavajadusega toime-
tuleku mehhanismidele. Metaboolset koaktivatsiooni täheldati valdavalt peri-
vaskulaarsete rakkude populatsioonis, mis on tuntud oma rolli poolest endo-
meetriumi strooma parandamises ja angiogeneesis, muutes need endometrioo-
si ravi potentsiaalseks mittehormonaalseks sihtmärgiks.  

2. Kokkupuude hüpoksiaga indutseeris nii endomeetriumi kui kolde strooma-
rakkudes spetsiifilise vastuse, mõjutades mitmete oluliste geenide ja radade 
avaldumist. Sõltumata hapniku kontsentratsioonist ektoopilistele rakkudele 
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oli iseloomulik hüpoksiline transkriptoomiprofiil, kuigi eutoopilised rakud 
näitasid hüpoksia tingimustes ektoopilistele rakkudele iseloomikku profiili. 

3.  TGFBI geeni avaldumine sõltub nii stroomarakkude päritolu asukohast kui ka 
kultiveerimisel kasutatud hapnikutasemest. TGFBI võiks olla potentsiaalne 
endometrioosi terapeutiline sihtmärk tema rolli tõttu fibroosis ja angiogeneesis. 

4. LXN ekspressioon endomeetriumi kudedes on menstruaaltsükli spetsiifiline, 
olles kõrgeim hilises sekretoorses faasis. LXN-i vaigistamine stroomarakku-
des vähendas rakkude migratsiooni, kuid soodustas rakkude elujõulisust, näi-
dates selle geeni potentsiaalset rolli neis endometrioosi tekke jaoks kriitilistes 
protsessides. 

  



69 

REFERENCES 

Abd El-Kader, A. I., Gonied, A. S., Lotfy Mohamed, M., & Lotfy Mohamed, S. (2019). 
Impact of Endometriosis-Related Adhesions on Quality of Life among Infertile 
Women. International Journal of Fertility & Sterility, 13(1), 72–76. https://doi.org/ 
10.22074/ijfs.2019.5572 

Adamyan, L., Pivazyan, L., Zarova, E., Avetisyan, J., Laevskaya, A., Sarkisova, A., & 
Stepanian, A. (2024). Metabolomic biomarkers of endometriosis: A systematic re-
view. Journal of Endometriosis and Uterine Disorders, 7, 100077. https://doi.org/10. 
1016/j.jeud.2024.100077 

Agarwal, S. K., & Foster, W. G. (2015). Reduction in Endometrioma Size with Three 
Months of Aromatase Inhibition and Progestin Add-Back. BioMed Research Inter-
national, 2015, 878517. https://doi.org/10.1155/2015/878517 

Aghajanova, L., Horcajadas, J. A., Weeks, J. L., Esteban, F. J., Nezhat, C. N., Conti, M., 
& Giudice, L. C. (2010). The Protein Kinase A Pathway-Regulated Transcriptome of 
Endometrial Stromal Fibroblasts Reveals Compromised Differentiation and Persistent 
Proliferative Potential in Endometriosis. Endocrinology, 151(3), 1341–1355. https://doi. 
org/10.1210/en.2009-0923 

Assaf, L., Eid, A. A., & Nassif, J. (2022). Role of AMPK/mTOR, mitochondria, and ROS 
in the pathogenesis of endometriosis. Life Sciences, 306, 120805. https://doi.org/10. 
1016/j.lfs.2022.120805 

Atkins, H. M., Bharadwaj, M. S., O’Brien Cox, A., Furdui, C. M., Appt, S. E., & Caudell, 
D. L. (2019). Endometrium and endometriosis tissue mitochondrial energy metabo-
lism in a nonhuman primate model. Reproductive Biology and Endocrinology, 17(1), 
70. https://doi.org/10.1186/s12958-019-0513-8 

Attar, E., Tokunaga, H., Imir, G., Yilmaz, M. B., Redwine, D., Putman, M., Gurates, B., 
Attar, R., Yaegashi, N., Hales, D. B., & Bulun, S. E. (2009). Prostaglandin E2 Via 
Steroidogenic Factor-1 Coordinately Regulates Transcription of Steroidogenic Genes 
Necessary for Estrogen Synthesis in Endometriosis. The Journal of Clinical Endo-
crinology & Metabolism, 94(2), 623–631. https://doi.org/10.1210/jc.2008-1180 

Attia, G. R., Zeitoun, K., Edwards, D., Johns, A., Carr, B. R., & Bulun, S. E. (2000). 
Progesterone Receptor Isoform A But Not B Is Expressed in Endometriosis1. The 
Journal of Clinical Endocrinology & Metabolism, 85(8), 2897–2902. https://doi.org/ 
10.1210/jcem.85.8.6739 

Badia-i-Mompel, P., Vélez Santiago, J., Braunger, J., Geiss, C., Dimitrov, D., Müller-
Dott, S., Taus, P., Dugourd, A., Holland, C. H., Ramirez Flores, R. O., & Saez-Rod-
riguez, J. (2022). decoupleR: Ensemble of computational methods to infer biological 
activities from omics data. Bioinformatics Advances, 2(1), vbac016. https://doi.org/ 
10.1093/bioadv/vbac016 

Béliard, A., Noël, A., & Foidart, J.-M. (2004). Reduction of apoptosis and proliferation 
in endometriosis. Fertility and Sterility, 82(1), 80–85. https://doi.org/10.1016/j. 
fertnstert.2003.11.048 

Bellance, N., Benard, G., Furt, F., Begueret, H., Smolková, K., Passerieux, E., Delage, J. 
P., Baste, J. M., Moreau, P., & Rossignol, R. (2009). Bioenergetics of lung tumors: 
Alteration of mitochondrial biogenesis and respiratory capacity. The International 
Journal of Biochemistry & Cell Biology, 41(12), 2566–2577. https://doi.org/10.1016/ 
j.biocel.2009.08.012 

Bendifallah, S., Dabi, Y., Suisse, S., Delbos, L., Spiers, A., Poilblanc, M., Golfier, F., 
Jornea, L., Bouteiller, D., Fernandez, H., Madar, A., Petit, E., Perotte, F., Fauvet, R., 



70 

Benjoar, M., Akladios, C., Lavoué, V., Darnaud, T., Merlot, B., … Descamps, P. 
(2023). Validation of a Salivary miRNA Signature of Endometriosis—Interim Data. 
NEJM Evidence, 2(7), EVIDoa2200282. https://doi.org/10.1056/EVIDoa2200282 

Ben-Yosef, Y., Miller, A., Shapiro, S., & Lahat, N. (2005). Hypoxia of endothelial cells 
leads to MMP-2-dependent survival and death. American Journal of Physiology-Cell 
Physiology, 289(5), C1321–C1331. https://doi.org/10.1152/ajpcell.00079.2005 

Bibby, J. A., Agarwal, D., Freiwald, T., Kunz, N., Merle, N. S., West, E. E., Singh, P., 
Larochelle, A., Chinian, F., Mukherjee, S., Afzali, B., Kemper, C., & Zhang, N. R. 
(2022). Systematic single-cell pathway analysis to characterize early T cell activation. 
Cell Reports, 41(8). https://doi.org/10.1016/j.celrep.2022.111697 

Brown, J., Pirrung, M., & McCue, L. A. (2017). FQC Dashboard: Integrates FastQC re-
sults into a web-based, interactive, and extensible FASTQ quality control tool. Bio-
informatics, 33(19), 3137–3139. https://doi.org/10.1093/bioinformatics/btx373 

Brulport, A., Bourdon, M., Vaiman, D., Drouet, C., Pocate-Cheriet, K., Bouzid, K., Mar-
cellin, L., Santulli, P., Abo, C., Jeljeli, M., Chouzenoux, S., Chapron, C., Batteux, F., 
Berthelot, C., & Doridot, L. (2024). An integrated multi-tissue approach for endo-
metriosis candidate biomarkers: A systematic review. Reproductive Biology and 
Endocrinology, 22(1), 21. https://doi.org/10.1186/s12958-023-01181-8 

Bukulmez, O., Hardy, D. B., Carr, B. R., Word, R. A., & Mendelson, C. R. (2008). In-
flammatory status influences aromatase and steroid receptor expression in endo-
metriosis. Endocrinology, 149(3), 1190–1204. https://doi.org/10.1210/en.2007-0665 

Bulun, S. E., Cheng, Y.-H., Pavone, M. E., Xue, Q., Attar, E., Trukhacheva, E., Toku-
naga, H., Utsunomiya, H., Yin, P., Luo, X., Lin, Z., Imir, G., Thung, S., Su, E. J., & 
Kim, J. J. (2010). Estrogen Receptor-β, Estrogen Receptor-α, and Progesterone Resis-
tance in Endometriosis. Seminars in Reproductive Medicine, 28(1), 36–43. https://doi. 
org/10.1055/s-0029-1242991 

Bulun, S. E., Cheng, Y.-H., Yin, P., Imir, G., Utsunomiya, H., Attar, E., Innes, J., & Julie 
Kim, J. (2006). Progesterone resistance in endometriosis: Link to failure to metabolize 
estradiol. Molecular and Cellular Endocrinology, 248(1), 94–103. https://doi.org/10. 
1016/j.mce.2005.11.041 

Bunis, D. G., Wang, W., Vallvé-Juanico, J., Houshdaran, S., Sen, S., Ben Soltane, I., 
Kosti, I., Vo, K. C., Irwin, J. C., Giudice, L. C., & Sirota, M. (2022). Whole-Tissue 
Deconvolution and scRNAseq Analysis Identify Altered Endometrial Cellular Com-
positions and Functionality Associated With Endometriosis. Frontiers in Immuno-
logy, 12. https://www.frontiersin.org/articles/10.3389/fimmu.2021.788315 

Chandel, N. S. (2015). Evolution of Mitochondria as Signaling Organelles. Cell Meta-
bolism, 22(2), 204–206. https://doi.org/10.1016/j.cmet.2015.05.013 

Chung, M. S., & Han, S. J. (2022). Endometriosis-Associated Angiogenesis and Anti-
angiogenic Therapy for Endometriosis. Frontiers in Global Women’s Health, 3, 
856316. https://doi.org/10.3389/fgwh.2022.856316 

Colgrave, E. M., Bittinger, S., Healey, M., Dior, U. P., Rogers, P. A. W., Keast, J. R., 
Girling, J. E., & Holdsworth-Carson, S. J. (2020). Superficial peritoneal endometriotic 
lesions are histologically diverse and rarely demonstrate menstrual cycle synchro-
nicity with matched eutopic endometrium. Human Reproduction, 35(12), 2701–2714. 
Scopus. https://doi.org/10.1093/humrep/deaa249 

Costanza, B., Rademaker, G., Tiamiou, A., De Tullio, P., Leenders, J., Blomme, A., 
Bellier, J., Bianchi, E., Turtoi, A., Delvenne, P., Bellahcène, A., Peulen, O., & Castro-
novo, V. (2019). Transforming growth factor beta-induced, an extracellular matrix 
interacting protein, enhances glycolysis and promotes pancreatic cancer cell migra-



71 

tion. International Journal of Cancer, 145(6), 1570–1584. https://doi.org/10.1002/ 
ijc.32247 

Cousins, F. L., Filby, C. E., & Gargett, C. E. (2022). Endometrial Stem/Progenitor Cells–
Their Role in Endometrial Repair and Regeneration. Frontiers in Reproductive Health, 
3, 811537. https://doi.org/10.3389/frph.2021.811537 

Cousins, F. L., O, D. F., & Gargett, C. E. (2018). Endometrial stem/progenitor cells and 
their role in the pathogenesis of endometriosis. Best Practice & Research Clinical 
Obstetrics & Gynaecology, 50, 27–38. https://doi.org/10.1016/j.bpobgyn.2018.01.011 

Critchley, H. O. D., Maybin, J. A., Armstrong, G. M., & Williams, A. R. W. (2020). 
Physiology of the Endometrium and Regulation of Menstruation. Physiological 
Reviews, 100(3), 1149–1179. https://doi.org/10.1152/physrev.00031.2019 

Critchley, H. O. D., Osei, J., Henderson, T. A., Boswell, L., Sales, K. J., Jabbour, H. N., 
& Hirani, N. (2006). Hypoxia-inducible factor-1alpha expression in human endo-
metrium and its regulation by prostaglandin E-series prostanoid receptor 2 (EP2). 
Endocrinology, 147(2), 744–753. https://doi.org/10.1210/en.2005-1153 

De Leon, F. D., Vijayakumar, R., Brown, M., Rao, C. V., Yussman, M. A., & Schultz, G. 
(1986). Peritoneal fluid volume, estrogen, progesterone, prostaglandin, and epidermal 
growth factor concentrations in patients with and without endometriosis. Obstetrics 
and Gynecology, 68(2), 189–194. 

Delvoux, B., Groothuis, P., D’Hooghe, T., Kyama, C., Dunselman, G., & Romano, A. 
(2009). Increased Production of 17β-Estradiol in Endometriosis Lesions Is the Result 
of Impaired Metabolism. The Journal of Clinical Endocrinology & Metabolism, 
94(3), 876–883. https://doi.org/10.1210/jc.2008-2218 

Dengler, F. (2020). Activation of AMPK under Hypoxia: Many Roads Leading to Rome. 
International Journal of Molecular Sciences, 21(7), Article 7. https://doi.org/10. 
3390/ijms21072428 

Enkvist, E., Vaasa, A., Kasari, M., Kriisa, M., Ivan, T., Ligi, K., Raidaru, G., & Uri, A. 
(2011). Protein-Induced Long Lifetime Luminescence of Nonmetal Probes. ACS Che-
mical Biology, 6(10), 1052–1062. https://doi.org/10.1021/cb200120v 

Ewels, P., Magnusson, M., Lundin, S., & Käller, M. (2016). MultiQC: Summarize ana-
lysis results for multiple tools and samples in a single report. Bioinformatics, 32(19), 
3047–3048. https://doi.org/10.1093/bioinformatics/btw354 

Eyster, K. M., Hansen, K. A., Winterton, E., Klinkova, O., Drappeau, D., & Mark-Kap-
peler, C. J. (2010). Reciprocal Communication Between Endometrial Stromal Cells 
and Macrophages. Reproductive Sciences (Thousand Oaks, Calif.), 17(9), 809. 
https://doi.org/10.1177/1933719110371854 

Faubert, B., Boily, G., Izreig, S., Griss, T., Samborska, B., Dong, Z., Dupuy, F., Cham-
bers, C., Fuerth, B. J., Viollet, B., Mamer, O. A., Avizonis, D., DeBerardinis, R. J., 
Siegel, P. M., & Jones, R. G. (2013). AMPK Is a Negative Regulator of the Warburg 
Effect and Suppresses Tumor Growth In Vivo. Cell Metabolism, 17(1), 113–124. 
https://doi.org/10.1016/j.cmet.2012.12.001 

Ferrari, G., Cook, B. D., Terushkin, V., Pintucci, G., & Mignatti, P. (2009). Transforming 
growth factor-beta 1 (TGF-beta1) induces angiogenesis through vascular endothelial 
growth factor (VEGF)-mediated apoptosis. Journal of Cellular Physiology, 219(2), 
449–458. https://doi.org/10.1002/jcp.21706 

Fonseca, M. A. S., Haro, M., Wright, K. N., Lin, X., Abbasi, F., Sun, J., Hernandez, L., 
Orr, N. L., Hong, J., Choi-Kuaea, Y., Maluf, H. M., Balzer, B. L., Fishburn, A., Hic-
key, R., Cass, I., Goodridge, H. S., Truong, M., Wang, Y., Pisarska, M. D., … 



72 

Lawrenson, K. (2023). Single-cell transcriptomic analysis of endometriosis. Nature 
Genetics, 55(2), Article 2. https://doi.org/10.1038/s41588-022-01254-1 

Franzén, O., Gan, L.-M., & Björkegren, J. L. M. (2019). PanglaoDB: A web server for 
exploration of mouse and human single-cell RNA sequencing data. Database, 2019, 
baz046. https://doi.org/10.1093/database/baz046 

Fu, J.-L., Hsiao, K.-Y., Lee, H.-C., Li, W.-N., Chang, N., Wu, M.-H., & Tsai, S.-J. (2018). 
Suppression of COUP-TFII upregulates angiogenin and promotes angiogenesis in 
endometriosis. Human Reproduction, 33(8), 1517–1527. https://doi.org/10.1093/ 
humrep/dey220 

Fuhrich, D. G., Lessey, B. A., & Savaris, R. F. (2013). Comparison of HSCORE Assess-
ment of Endometrial β3 Integrin Subunit Expression with Digital HSCORE Using 
Computerized Image Analysis (ImageJ). Analytical and Quantitative Cytopathology 
and Histopathology, 35(4), 210–216. 

Fukunaga, M. (2012). Paratesticular endometriosis in a man with a prolonged hormonal 
therapy for prostatic carcinoma. Pathology – Research and Practice, 208(1), 59–61. 
https://doi.org/10.1016/j.prp.2011.10.007 

Gambino, L. S., Wreford, N. G., Bertram, J. F., Dockery, P., Lederman, F., & Rogers, P. 
A. W. (2002). Angiogenesis occurs by vessel elongation in proliferative phase human 
endometrium. Human Reproduction, 17(5), 1199–1206. https://doi.org/10.1093/ 
humrep/17.5.1199 

Garcia, D., & Shaw, R. J. (2017). AMPK: Mechanisms of cellular energy sensing and 
restoration of metabolic balance. Molecular Cell, 66(6), 789–800. https://doi.org/10. 
1016/j.molcel.2017.05.032 

Garcia Garcia, J. M., Vannuzzi, V., Donati, C., Bernacchioni, C., Bruni, P., & Petraglia, 
F. (2023). Endometriosis: Cellular and Molecular Mechanisms Leading to Fibrosis. Re-
productive Sciences, 30(5), 1453–1461. https://doi.org/10.1007/s43032-022-01083-x 

Garcia-Alonso, L., Handfield, L.-F., Roberts, K., Nikolakopoulou, K., Fernando, R. C., 
Gardner, L., Woodhams, B., Arutyunyan, A., Polanski, K., Hoo, R., Sancho-Serra, C., 
Li, T., Kwakwa, K., Tuck, E., Lorenzi, V., Massalha, H., Prete, M., Kleshchevnikov, 
V., Tarkowska, A., … Vento-Tormo, R. (2021). Mapping the temporal and spatial 
dynamics of the human endometrium in vivo and in vitro. Nature Genetics, 53(12), 
Article 12. https://doi.org/10.1038/s41588-021-00972-2 

Goldberg, M., Zhang, H. L., & Steinberg, S. F. (1997). Hypoxia alters the subcellular 
distribution of protein kinase C isoforms in neonatal rat ventricular myocytes. The 
Journal of Clinical Investigation, 99(1), 55–61. https://doi.org/10.1172/JCI119133 

Griffiths, M. J., Horne, A. W., Gibson, D. A., Roberts, N., & Saunders, P. T. K. (2024). 
Endometriosis: Recent advances that could accelerate diagnosis and improve care. 
Trends in Molecular Medicine, 30(9), 875–889. https://doi.org/10.1016/j.molmed. 
2024.06.008 

Guo, C., & Zhang, C. (2024). Role of the gut microbiota in the pathogenesis of endo-
metriosis: A review. Frontiers in Microbiology, 15. https://doi.org/10.3389/fmicb. 
2024.1363455 

Guo, F., He, Y., Fan, Y., Du, Z., Sun, H., Feng, Z., Zhang, G., & Xiong, T. (2021). G-
CSF and IL-6 may be involved in formation of endometriosis lesions by increasing 
the expression of angiogenic factors in neutrophils. Molecular Human Reproduction, 
27(11), gaab064. https://doi.org/10.1093/molehr/gaab064 

Guo, S.-W. (2009). Recurrence of endometriosis and its control. Human Reproduction 
Update, 15(4), 441–461. https://doi.org/10.1093/humupd/dmp007 



73 

Haddad, J. J., & Land, S. C. (2001). A non-hypoxic, ROS-sensitive pathway mediates 
TNF-α-dependent regulation of HIF-1α. FEBS Letters, 505(2), 269–274. https://doi. 
org/10.1016/S0014-5793(01)02833-2 

Halme, J., Hammond, M. G., Hulka, J. F., Raj, S. G., & Talbert, L. M. (1984). Retrograde 
menstruation in healthy women and in patients with endometriosis. Obstetrics and 
Gynecology, 64(2), 151–154. 

Hänzelmann, S., Castelo, R., & Guinney, J. (2013). GSVA: Gene set variation analysis 
for microarray and RNA-Seq data. BMC Bioinformatics, 14(1), 7. https://doi.org/10. 
1186/1471-2105-14-7 

Hashimoto, Y., Tsuzuki-Nakao, T., Kida, N., Matsuo, Y., Maruyama, T., Okada, H., & 
Hirota, K. (2023). Inflammatory Cytokine-Induced HIF-1 Activation Promotes 
Epithelial-Mesenchymal Transition in Endometrial Epithelial Cells. Biomedicines, 
11(1), 210. https://doi.org/10.3390/biomedicines11010210 

Heilier, J.-F., Donnez, O., Van Kerckhove, V., Lison, D., & Donnez, J. (2006). Expres-
sion of aromatase (P450 aromatase/CYP19) in peritoneal and ovarian endometriotic 
tissues and deep endometriotic (adenomyotic) nodules of the rectovaginal septum. 
Fertility and Sterility, 85(5), 1516–1518. https://doi.org/10.1016/j.fertnstert.2005. 
10.041 

Herzig, S., & Shaw, R. J. (2018). AMPK: Guardian of metabolism and mitochondrial 
homeostasis. Nature Reviews. Molecular Cell Biology, 19(2), 121–135. https://doi. 
org/10.1038/nrm.2017.95 

Hevir, N., Vouk, K., Šinkovec, J., Ribič-Pucelj, M., & Lanišnik Rižner, T. (2011). Aldo-
keto reductases AKR1C1, AKR1C2 and AKR1C3 may enhance progesterone meta-
bolism in ovarian endometriosis. Chemico-Biological Interactions, 191(1), 217–226. 
https://doi.org/10.1016/j.cbi.2011.01.003 

Hirsch, M., Dhillon-Smith, R., Cutner, A. S., Yap, M., & Creighton, S. M. (2020). The 
Prevalence of Endometriosis in Adolescents with Pelvic Pain: A Systematic Review. 
Journal of Pediatric and Adolescent Gynecology, 33(6), 623–630. https://doi.org/10. 
1016/j.jpag.2020.07.011 

Horne, A. W., Ahmad, S. F., Carter, R., Simitsidellis, I., Greaves, E., Hogg, C., Morton, 
N. M., & Saunders, P. T. K. (2019). Repurposing dichloroacetate for the treatment of 
women with endometriosis. Proceedings of the National Academy of Sciences of the 
United States of America, 116(51), 25389–25391. https://doi.org/10.1073/pnas. 
1916144116 

Horne, A. W., & Saunders, P. T. K. (2019). SnapShot: Endometriosis. Cell, 179(7), 1677-
1677.e1. https://doi.org/10.1016/j.cell.2019.11.033 

Hsiao, K.-Y., Chang, N., Lin, S.-C., Li, Y.-H., & Wu, M.-H. (2014). Inhibition of dual 
specificity phosphatase-2 by hypoxia promotes interleukin-8-mediated angiogenesis 
in endometriosis. Human Reproduction, 29(12), 2747–2755. https://doi.org/10.1093/ 
humrep/deu255 

Hsiao, K.-Y., Lin, S.-C., Wu, M.-H., & Tsai, S.-J. (2015). Pathological functions of 
hypoxia in endometriosis. Frontiers in Bioscience (Elite Edition), 7(2), 309–321. 
https://doi.org/10.2741/E736 

Hu, C., Li, T., Xu, Y., Zhang, X., Li, F., Bai, J., Chen, J., Jiang, W., Yang, K., Ou, Q., Li, 
X., Wang, P., & Zhang, Y. (2023a). CellMarker 2.0: An updated database of manually 
curated cell markers in human/mouse and web tools based on scRNA-seq data. Nuc-
leic Acids Research, 51(D1), D870–D876. https://doi.org/10.1093/nar/gkac947 



74 

Hu, Q., Saleem, K., Pandey, J., Charania, A. N., Zhou, Y., & He, C. (2023b). Cell Adhe-
sion Molecules in Fibrotic Diseases. Biomedicines, 11(7), 1995. https://doi.org/ 
10.3390/biomedicines11071995 

Hu, T., Allam, M., Cai, S., Henderson, W., Yueh, B., Garipcan, A., Ievlev, A. V., Afka-
rian, M., Beyaz, S., & Coskun, A. F. (2023c). Single-cell spatial metabolomics with 
cell-type specific protein profiling for tissue systems biology. Nature Communica-
tions, 14(1), 8260. https://doi.org/10.1038/s41467-023-43917-5 

Huang, X., Wu, L., Pei, T., Liu, D., Liu, C., Luo, B., Xiao, L., Li, Y., Wang, R., Ouyang, 
Y., Zhu, H., & Huang, W. (2023). Single-cell transcriptome analysis reveals endo-
metrial immune microenvironment in minimal/mild endometriosis. Clinical and 
Experimental Immunology, 212(3), 285–295. https://doi.org/10.1093/cei/uxad029 

Huang, Z.-X., Mao, X.-M., Wu, R.-F., Huang, S.-M., Ding, X.-Y., Chen, Q.-H., & Chen, 
Q.-X. (2020). RhoA/ROCK pathway mediates the effect of oestrogen on regulating 
epithelial-mesenchymal transition and proliferation in endometriosis. Journal of 
Cellular and Molecular Medicine, 24(18), 10693–10704. https://doi.org/10.1111/ 
jcmm.15689 

Janša, V., Klančič, T., Pušić, M., Klein, M., Vrtačnik Bokal, E., Ban Frangež, H., & Riž-
ner, T. L. (2021). Proteomic analysis of peritoneal fluid identified COMP and TGFBI 
as new candidate biomarkers for endometriosis. Scientific Reports, 11(1), 20870. 
https://doi.org/10.1038/s41598-021-00299-2 

Janša, V., Pušić Novak, M., Ban Frangež, H., & Rižner, T. L. (2023). TGFBI as a can-
didate biomarker for non-invasive diagnosis of early-stage endometriosis. Human 
Reproduction, 38(7), 1284–1296. https://doi.org/10.1093/humrep/dead091 

Jose, C., Bellance, N., & Rossignol, R. (2011). Choosing between glycolysis and oxida-
tive phosphorylation: A tumor’s dilemma? Biochimica et Biophysica Acta (BBA) – 
Bioenergetics, 1807(6), 552–561. https://doi.org/10.1016/j.bbabio.2010.10.012 

Kasvandik, S., Samuel, K., Peters, M., Eimre, M., Peet, N., Roost, A. M., Padrik, L., Paju, 
K., Peil, L., & Salumets, A. (2016). Deep Quantitative Proteomics Reveals Extensive 
Metabolic Reprogramming and Cancer-Like Changes of Ectopic Endometriotic 
Stromal Cells. Journal of Proteome Research, 15(2), 572–584. https://doi.org/10. 
1021/acs.jproteome.5b00965 

Kazi, A. A., Molitoris, K. H., & Koos, R. D. (2009). Estrogen Rapidly Activates the 
PI3K/AKT Pathway and Hypoxia-Inducible Factor 1 and Induces Vascular Endo-
thelial Growth Factor A Expression in Luminal Epithelial Cells of the Rat Uterus. 
Biology of Reproduction, 81(2), 378–387. https://doi.org/10.1095/biolreprod.109. 
076117 

Kim, S., Kim, S. A., Han, J., & Kim, I.-S. (2021). Rho-Kinase as a Target for Cancer 
Therapy and Its Immunotherapeutic Potential. International Journal of Molecular 
Sciences, 22(23), 12916. https://doi.org/10.3390/ijms222312916 

Kobayashi, H., Shigetomi, H., & Imanaka, S. (2021). Nonhormonal therapy for endo-
metriosis based on energy metabolism regulation. Reproduction and Fertility, 2(4), 
C42–C57. https://doi.org/10.1530/RAF-21-0053 

Kolberg, L., Raudvere, U., Kuzmin, I., Adler, P., Vilo, J., & Peterson, H. (2023). g:Pro-
filer—Interoperable web service for functional enrichment analysis and gene iden-
tifier mapping (2023 update). Nucleic Acids Research, 51(W1), W207–W212. 
https://doi.org/10.1093/nar/gkad347 

Koninckx, P. R., Ussia, A., Adamyan, L., Wattiez, A., Gomel, V., & Martin, D. C. (2019). 
Pathogenesis of endometriosis: The genetic/epigenetic theory. Fertility and Sterility, 
111(2), 327–340. https://doi.org/10.1016/j.fertnstert.2018.10.013 



75 

Krock, B. L., Skuli, N., & Simon, M. C. (2011). Hypoxia-Induced Angiogenesis: Good 
and Evil. Genes & Cancer, 2(12), 1117. https://doi.org/10.1177/1947601911423654 

Kvaskoff, M., Mu, F., Terry, K. L., Harris, H. R., Poole, E. M., Farland, L., & Missmer, 
S. A. (2015). Endometriosis: A high-risk population for major chronic diseases? 
Human Reproduction Update, 21(4), 500–516. https://doi.org/10.1093/humupd/ 
dmv013 

Laschke, M. W., & Menger, M. D. (2018). Basic mechanisms of vascularization in endo-
metriosis and their clinical implications. Human Reproduction Update, 24(2), 207–
224. https://doi.org/10.1093/humupd/dmy001 

Lavogina, D., Stepanjuk, A., Peters, M., Samuel, K., Kasvandik, S., Khatun, M., Arffman, 
R. K., Enkvist, E., Viht, K., Kopanchuk, S., Lättekivi, F., Velthut-Meikas, A., Uri, A., 
Piltonen, T. T., Rinken, A., & Salumets, A. (2021). Progesterone triggers Rho kinase-
cofilin axis during in vitro and in vivo endometrial decidualization. Human Reproduc-
tion, 36(8), 2230–2248. https://doi.org/10.1093/humrep/deab161 

Lebovic, D. I., Bentzien, F., Chao, V. A., Garrett, E. N., Meng, Y. G., & Taylor, R. N. 
(2000). Induction of an angiogenic phenotype in endometriotic stromal cell cultures 
by interleukin-1β. Molecular Human Reproduction, 6(3), 269–275. https://doi.org/10. 
1093/molehr/6.3.269 

Lee, H.-C., Lin, S.-C., Wu, M.-H., & Tsai, S.-J. (2019). Induction of Pyruvate Dehydro-
genase Kinase 1 by Hypoxia Alters Cellular Metabolism and Inhibits Apoptosis in 
Endometriotic Stromal Cells. Reproductive Sciences (Thousand Oaks, Calif.), 26(6), 
734–744. https://doi.org/10.1177/1933719118789513 

Lee, S. G., Kim, J. S., Kim, H.-J., Schlaepfer, D. D., Kim, I.-S., & Nam, J.-O. (2021). 
Endothelial angiogenic activity and adipose angiogenesis is controlled by extra-
cellular matrix protein TGFBI. Scientific Reports, 11, 9644. https://doi.org/10.1038/ 
s41598-021-88959-1 

Li, Y., Basang, Z., Ding, H., Lu, Z., Ning, T., Wei, H., Cai, H., & Ke, Y. (2011). Latexin 
expression is downregulated in human gastric carcinomas and exhibits tumor suppres-
sor potential. BMC Cancer, 11, 121. https://doi.org/10.1186/1471-2407-11-121 

Li, Y., Huang, B., Yang, H., Kan, S., Yao, Y., Liu, X., Pu, S., He, G., Khan, T.-M., Qi, 
G., Zhou, Z., Shu, W., & Chen, M. (2020). Latexin deficiency in mice up-regulates 
inflammation and aggravates colitis through HECTD1/Rps3/NF-κB pathway. Scien-
tific Reports, 10, 9868. https://doi.org/10.1038/s41598-020-66789-x 

Liang, Y., Jansen, M., Aronow, B., Geiger, H., & Van Zant, G. (2007). The quantitative 
trait gene latexin influences the size of the hematopoietic stem cell population in mice. 
Nature Genetics, 39(2), 178–188. Scopus. https://doi.org/10.1038/ng1938 

Liang, Y., & Zant, G. V. (2008). Aging stem cells, latexin and longevity. Experimental 
Cell Research, 314(9), 1962. https://doi.org/10.1016/j.yexcr.2008.01.032 

Lin, X., Dai, Y., Xu, W., Shi, L., Jin, X., Li, C., Zhou, F., Pan, Y., Zhang, Y., Lin, X., & 
Zhang, S. (2018). Hypoxia Promotes Ectopic Adhesion Ability of Endometrial Stro-
mal Cells via TGF-β1/Smad Signaling in Endometriosis. Endocrinology, 159(4), 
1630–1641. https://doi.org/10.1210/en.2017-03227 

Liu, M., Iosef, C., Rao, S., Domingo-Gonzalez, R., Fu, S., Snider, P., Conway, S. J., 
Umbach, G. S., Heilshorn, S. C., Dewi, R. E., Dahl, M. J., Null, D. M., Albertine, K. 
H., & Alvira, C. M. (2021). Transforming Growth Factor–induced Protein Promotes 
NF-κB–mediated Angiogenesis during Postnatal Lung Development. American 
Journal of Respiratory Cell and Molecular Biology, 64(3), 318–330. https://doi.org/ 
10.1165/rcmb.2020-0153OC 



76 

Liu, Y., Zhang, C., Li, Z., Wang, C., Jia, J., Gao, T., Hildebrandt, G., Zhou, D., Bondada, 
S., Ji, P., St. Clair, D., Liu, J., Zhan, C., Geiger, H., Wang, S., & Liang, Y. (2017). 
Latexin Inactivation Enhances Survival and Long-Term Engraftment of Hemato-
poietic Stem Cells and Expands the Entire Hematopoietic System in Mice. Stem Cell 
Reports, 8(4), 991–1004. Scopus. https://doi.org/10.1016/j.stemcr.2017.02.009 

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (San 
Diego, Calif.), 25(4), 402–408. https://doi.org/10.1006/meth.2001.1262 

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biology, 15(12), 550. https://doi. 
org/10.1186/s13059-014-0550-8 

Lucia, K., Wu, Y., Garcia, J. M., Barlier, A., Buchfelder, M., Saeger, W., Renner, U., 
Stalla, G. K., & Theodoropoulou, M. (2020). Hypoxia and the hypoxia inducible 
factor 1α activate protein kinase A by repressing RII beta subunit transcription. Onco-
gene, 39(16), 3367–3380. https://doi.org/10.1038/s41388-020-1223-6 

Lundberg, F. E., Iliadou, A. N., Rodriguez-Wallberg, K., Gemzell-Danielsson, K., & Jo-
hansson, A. L. V. (2019). The risk of breast and gynecological cancer in women with 
a diagnosis of infertility: A nationwide population-based study. European Journal of 
Epidemiology, 34(5), 499–507. https://doi.org/10.1007/s10654-018-0474-9 

Lv, H., Zhao, G., Jiang, P., Wang, H., Wang, Z., Yao, S., Zhou, Z., Wang, L., Liu, D., 
Deng, W., Dai, J., & Hu, Y. (2022). Deciphering the endometrial niche of human thin 
endometrium at single-cell resolution. Proceedings of the National Academy of Scien-
ces, 119(8), e2115912119. https://doi.org/10.1073/pnas.2115912119 

Ma, J., Zhang, L., Zhan, H., Mo, Y., Ren, Z., Shao, A., & Lin, J. (2021). Single-cell 
transcriptomic analysis of endometriosis provides insights into fibroblast fates and 
immune cell heterogeneity. Cell & Bioscience, 11(1), 125. https://doi.org/10.1186/ 
s13578-021-00637-x 

Maekawa, R., Mihara, Y., Sato, S., Okada, M., Tamura, I., Shinagawa, M., Shirafuta, Y., 
Takagi, H., Taketani, T., Tamura, H., & Sugino, N. (2019). Aberrant DNA methy-
lation suppresses expression of estrogen receptor 1 (ESR1) in ovarian endometrioma. 
Journal of Ovarian Research, 12(1), 14. https://doi.org/10.1186/s13048-019-0489-1 

Mahnke, J. L., Yusoff Dawood, M., & Huang, J.-C. (2000). Vascular endothelial growth 
factor and interleukin-6 in peritoneal fluid of women with endometriosis. Fertility and 
Sterility, 73(1), 166–170. https://doi.org/10.1016/S0015-0282(99)00466-5 

Marečková, M., Garcia-Alonso, L., Moullet, M., Lorenzi, V., Petryszak, R., Sancho-
Serra, C., Oszlanczi, A., Icoresi Mazzeo, C., Wong, F. C. K., Kelava, I., Hoffman, S., 
Krassowski, M., Garbutt, K., Gaitskell, K., Yancheva, S., Woon, E. V., Male, V., 
Granne, I., Hellner, K., … Vento-Tormo, R. (2024). An integrated single-cell refe-
rence atlas of the human endometrium. Nature Genetics, 56(9), 1925–1937. https://doi. 
org/10.1038/s41588-024-01873-w 

Maruyama, T. (2022). A Revised Stem Cell Theory for the Pathogenesis of Endometrio-
sis. Journal of Personalized Medicine, 12(2), Article 2. https://doi.org/10.3390/ 
jpm12020216 

Matsuzaki, S., & Darcha, C. (2015). Co-operation between the AKT and ERK signaling 
pathways may support growth of deep endometriosis in a fibrotic microenvironment 
in vitro†. Human Reproduction, 30(7), 1606–1616. https://doi.org/10.1093/humrep/ 
dev108 

Maybin, J. A., Murray, A. A., Saunders, P. T. K., Hirani, N., Carmeliet, P., & Critchley, 
H. O. D. (2018). Hypoxia and hypoxia inducible factor-1α are required for normal 



77 

endometrial repair during menstruation. Nature Communications, 9(1), 295.  
https:// doi.org/10.1038/s41467-017-02375-6 

McGinnis, C. S., Murrow, L. M., & Gartner, Z. J. (2019). DoubletFinder: Doublet Detec-
tion in Single-Cell RNA Sequencing Data Using Artificial Nearest Neighbors. Cell 
Systems, 8(4), 329–337.e4. https://doi.org/10.1016/j.cels.2019.03.003 

McKinnon, B., Bertschi, D., Wotzkow, C., Bersinger, N. A., Evers, J., & Mueller, M. D. 
(2014). Glucose transporter expression in eutopic endometrial tissue and ectopic 
endometriotic lesions. Journal of Molecular Endocrinology, 52(2), 169–179. 
https://doi.org/10.1530/JME-13-0194 

McKinnon, B. D., Kocbek, V., Nirgianakis, K., Bersinger, N. A., & Mueller, M. D. 
(2016). Kinase signalling pathways in endometriosis: Potential targets for non-hor-
monal therapeutics. Human Reproduction Update, 22(3), 382–403. https://doi.org/10. 
1093/humupd/dmv060 

McKinnon, B. D., Lukowski, S. W., Mortlock, S., Crawford, J., Atluri, S., Subramaniam, 
S., Johnston, R. L., Nirgianakis, K., Tanaka, K., Amoako, A., Mueller, M. D., & 
Montgomery, G. W. (2022). Altered differentiation of endometrial mesenchymal stro-
mal fibroblasts is associated with endometriosis susceptibility. Communications Bio-
logy, 5(1), Article 1. https://doi.org/10.1038/s42003-022-03541-3 

McLaren, J., Prentice, A., Charnock-Jones, D. S., & Smith, S. K. (1996). Vascular endo-
thelial growth factor (VEGF) concentrations are elevated in peritoneal fluid of women 
with endometriosis. Human Reproduction, 11(1), 220–223. https://doi.org/10.1093/ 
oxfordjournals.humrep.a019023 

Monsivais, D., Dyson, M. T., Yin, P., Coon, J. S., Navarro, A., Feng, G., Malpani, S. S., 
Ono, M., Ercan, C. M., Wei, J. J., Pavone, M. E., Su, E., & Bulun, S. E. (2014). ERβ- 
and Prostaglandin E2-Regulated Pathways Integrate Cell Proliferation via Ras-like 
and Estrogen-Regulated Growth Inhibitor in Endometriosis. Molecular Endo-
crinology, 28(8), 1304–1315. https://doi.org/10.1210/me.2013-1421 

Monsivais, D., Dyson, M. T., Yin, P., Navarro, A., Coon, J. S., Pavone, M. E., & Bulun, 
S. E. (2016). Estrogen receptor β regulates endometriotic cell survival through SGK1 
activation. Fertility and Sterility, 105(5), 1266–1273. https://doi.org/10.1016/j. 
fertnstert.2016.01.012 

Munger, J. S., Huang, X., Kawakatsu, H., Griffiths, M. J., Dalton, S. L., Wu, J., Pittet, J. 
F., Kaminski, N., Garat, C., Matthay, M. A., Rifkin, D. B., & Sheppard, D. (1999). 
The integrin alpha v beta 6 binds and activates latent TGF beta 1: A mechanism for 
regulating pulmonary inflammation and fibrosis. Cell, 96(3), 319–328. https://doi.org/ 
10.1016/s0092-8674(00)80545-0 

Muraoka, A., Suzuki, M., Hamaguchi, T., Watanabe, S., Iijima, K., Murofushi, Y., Shin-
jo, K., Osuka, S., Hariyama, Y., Ito, M., Ohno, K., Kiyono, T., Kyo, S., Iwase, A., 
Kikkawa, F., Kajiyama, H., & Kondo, Y. (2023). Fusobacterium infection facilitates 
the development of endometriosis through the phenotypic transition of endometrial 
fibroblasts. Science Translational Medicine, 15(700), eadd1531. https://doi.org/10. 
1126/scitranslmed.add1531 

Ngô, C., Chéreau, C., Nicco, C., Weill, B., Chapron, C., & Batteux, F. (2009). Reactive 
Oxygen Species Controls Endometriosis Progression. The American Journal of 
Pathology, 175(1), 225–234. https://doi.org/10.2353/ajpath.2009.080804 

Ni, Q.-F., Tian, Y., Kong, L.-L., Lu, Y.-T., Ding, W.-Z., & Kong, L.-B. (2014). Latexin 
exhibits tumor suppressor potential in hepatocellular carcinoma. Oncology Reports, 
31(3), 1364–1372. https://doi.org/10.3892/or.2014.2966 



78 

Niu, W., Zhang, Y., Liu, H., Liang, N., Xu, L., Li, Y., Yao, W., Shi, W., & Liu, Z. (2023). 
Single-Cell Profiling Uncovers the Roles of Endometrial Fibrosis and Microen-
vironmental Changes in Adenomyosis. Journal of Inflammation Research, 16, 1949–
1965. https://doi.org/10.2147/JIR.S402734 

Noble, L. S., Simpson, E. R., Johns, A., & Bulun, S. E. (1996). Aromatase expression in 
endometriosis. The Journal of Clinical Endocrinology & Metabolism, 81(1), 174–
179. https://doi.org/10.1210/jcem.81.1.8550748 

Noble, L. S., Takayama, K., Zeitoun, K. M., Putman, J. M., Johns, D. A., Hinshelwood, 
M. M., Agarwal, V. R., Zhao, Y., Carr, B. R., & Bulun, S. E. (1997). Prostaglandin 
E2 Stimulates Aromatase Expression in Endometriosis-Derived Stromal Cells*. The 
Journal of Clinical Endocrinology & Metabolism, 82(2), 600–606. https://doi.org/10. 
1210/jcem.82.2.3783 

Oldridge, E. E., Walker, H. F., Stower, M. J., Simms, M. S., Mann, V. M., Collins, A. T., 
Pellacani, D., & Maitland, N. J. (2013). Retinoic acid represses invasion and stem cell 
phenotype by induction of the metastasis suppressors RARRES1 and LXN. Onco-
genesis, 2(4), e45–e45. https://doi.org/10.1038/oncsis.2013.6 

Olivares, C., Bilotas, M., Buquet, R., Borghi, M., Sueldo, C., Tesone, M., & Meresman, 
G. (2008). Effects of a selective cyclooxygenase-2 inhibitor on endometrial epithelial 
cells from patients with endometriosis. Human Reproduction, 23(12), 2701–2708. 
https://doi.org/10.1093/humrep/den315 

Omwandho, C. O. A., Konrad, L., Halis, G., Oehmke, F., & Tinneberg, H.-R. (2010). 
Role of TGF-βs in normal human endometrium and endometriosis. Human Repro-
duction, 25(1), 101–109. https://doi.org/10.1093/humrep/dep382 

Ota, H., Igarashi, S., Sasaki, M., & Tanaka, T. (2001). Distribution of cyclooxygenase-2 
in eutopic and ectopic endometrium in endometriosis and adenomyosis. Human 
Reproduction, 16(3), 561–566. https://doi.org/10.1093/humrep/16.3.561 

Parasar, P., Ozcan, P., & Terry, K. L. (2017). Endometriosis: Epidemiology, Diagnosis 
and Clinical Management. Current Obstetrics and Gynecology Reports, 6(1), 34. 
https://doi.org/10.1007/s13669-017-0187-1 

Peinado, F. M., Iribarne-Durán, L. M., Ocón-Hernández, O., Olea, N., Artacho-Cordón, 
F., Peinado, F. M., Iribarne-Durán, L. M., Ocón-Hernández, O., Olea, N., & Artacho-
Cordón, F. (2020). Endocrine Disrupting Chemicals in Cosmetics and Personal Care 
Products and Risk of Endometriosis. In Endometriosis. IntechOpen. https://doi.org/ 
10.5772/intechopen.93091 

Picelli, S., Faridani, O. R., Björklund, A. K., Winberg, G., Sagasser, S., & Sandberg, R. 
(2014). Full-length RNA-seq from single cells using Smart-seq2. Nature Protocols, 
9(1), 171–181. https://doi.org/10.1038/nprot.2014.006 

Poole, E. M., Lin, W. T., Kvaskoff, M., De Vivo, I., Terry, K. L., & Missmer, S. A. 
(2017). Endometriosis and risk of ovarian and endometrial cancers in a large pro-
spective cohort of U.S. nurses. Cancer Causes & Control, 28(5), 437–445. https://doi. 
org/10.1007/s10552-017-0856-4 

Queckbörner, S., Von Grothusen, C., Boggavarapu, N. R., Francis, R. M., Davies, L. C., 
& Gemzell-Danielsson, K. (2021). Stromal Heterogeneity in the Human Proliferative 
Endometrium—A Single-Cell RNA Sequencing Study. Journal of Personalized 
Medicine, 11(6), 448. https://doi.org/10.3390/jpm11060448 

Rabinovitch, R. C., Samborska, B., Faubert, B., Ma, E. H., Gravel, S.-P., Andrzejewski, 
S., Raissi, T. C., Pause, A., St.-Pierre, J., & Jones, R. G. (2017). AMPK Maintains 
Cellular Metabolic Homeostasis through Regulation of Mitochondrial Reactive 
Oxygen Species. Cell Reports, 21(1), 1–9. https://doi.org/10.1016/j.celrep.2017.09.026 



79 

Rahmioglu, N., Mortlock, S., Ghiasi, M., Møller, P. L., Stefansdottir, L., Galarneau, G., 
Turman, C., Danning, R., Law, M. H., Sapkota, Y., Christofidou, P., Skarp, S., Giri, 
A., Banasik, K., Krassowski, M., Lepamets, M., Marciniak, B., Nõukas, M., Perro, 
D., … Zondervan, K. T. (2023). The genetic basis of endometriosis and comorbidity 
with other pain and inflammatory conditions. Nature Genetics, 55(3), 423–436. 
https://doi.org/10.1038/s41588-023-01323-z 

Rakhila, H., Bourcier, N., Akoum, A., & Pouliot, M. (2015). Abnormal Expression of 
Prostaglandins E2 and F2α Receptors and Transporters in Patients with Endometriosis. 
BioMed Research International, 2015, 808146. https://doi.org/10.1155/2015/808146 

Razzi, S., Fava, A., Sartini, A., De Simone, S., Cobellis, L., & Petraglia, F. (2004). Treat-
ment of severe recurrent endometriosis with an aromatase inhibitor in a young ova-
riectomised woman. BJOG: An International Journal of Obstetrics & Gynaecology, 
111(2), 182–184. https://doi.org/10.1046/j.1471-0528.2003.00038.x 

Rekker, K., Altmäe, S., Suhorutshenko, M., Peters, M., Martinez-Blanch, J. F., Codoñer, 
F. M., Vilella, F., Simón, C., Salumets, A., & Velthut-Meikas, A. (2018). A Two-
Cohort RNA-seq Study Reveals Changes in Endometrial and Blood miRNome in 
Fertile and Infertile Women. Genes, 9(12), 574. https://doi.org/10.3390/genes9120574 

Revised American Society for Reproductive Medicine classification of endometriosis: 
1996. (1997). Fertility and Sterility, 67(5), 817–821. https://doi.org/10.1016/s0015-
0282(97)81391-x 

Rizner, T. L. (2009). Estrogen metabolism and action in endometriosis. Molecular and 
Cellular Endocrinology, 307(1–2), 8–18. https://doi.org/10.1016/j.mce.2009.03.022 

Rizner, T. L., Smuc, T., Rupreht, R., Sinkovec, J., & Penning, T. M. (2006). AKR1C1 
and AKR1C3 may determine progesterone and estrogen ratios in endometrial cancer. 
Molecular and Cellular Endocrinology, 248(1–2), 126–135. https://doi.org/10.1016/j. 
mce.2005.10.009 

Saare, M., Laisk, T., Teder, H., Paluoja, P., Palta, P., Koel, M., Kirss, F., Karro, H., 
Sõritsa, D., Salumets, A., Krjutškov, K., & Peters, M. (2019). A molecular tool for 
menstrual cycle phase dating of endometrial samples in endometriosis transcriptome 
studies†. Biology of Reproduction, 101(1), 1–3. https://doi.org/10.1093/biolre/ioz072 

Saare, M., Lawarde, A., Modhukur, V., Mikeltadze, I., Karro, H., Minajeva, A., Salumets, 
A., & Peters, M. (2022). The expression pattern of endometrial receptivity genes is 
desynchronized between endometrium and matched endometriomas. Reproductive 
Biomedicine Online, 45(4), 713–720. https://doi.org/10.1016/j.rbmo.2022.05.028 

Sampson, J. A. (1927). Metastatic or Embolic Endometriosis, due to the Menstrual Disse-
mination of Endometrial Tissue into the Venous Circulation. The American Journal 
of Pathology, 3(2), 93. 

Sandbo, N., Kregel, S., Taurin, S., Bhorade, S., & Dulin, N. O. (2009). Critical role of 
serum response factor in pulmonary myofibroblast differentiation induced by TGF-
beta. American Journal of Respiratory Cell and Molecular Biology, 41(3), 332–338. 
https://doi.org/10.1165/rcmb.2008-0288OC 

Sarsenova, M., Lawarde, A., Pathare, A. D. S., Saare, M., Modhukur, V., Soplepmann, 
P., Terasmaa, A., Käämbre, T., Gemzell-Danielsson, K., Lalitkumar, P. G. L., Salu-
mets, A., & Peters, M. (2024). Endometriotic lesions exhibit distinct metabolic signa-
ture compared to paired eutopic endometrium at the single-cell level. Communications 
Biology, 7(1), 1–15. https://doi.org/10.1038/s42003-024-06713-5 

Saunders, P. T. K., & Horne, A. W. (2021). Endometriosis: Etiology, pathobiology, and 
therapeutic prospects. Cell, 184(11), 2807–2824. https://doi.org/10.1016/j.cell.2021. 
04.041 



80 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D. J., Har-
tenstein, V., Eliceiri, K., Tomancak, P., & Cardona, A. (2012). Fiji—An Open Source 
platform for biological image analysis. Nature Methods, 9(7), 10.1038/nmeth.2019. 
https://doi.org/10.1038/nmeth.2019 

Schuster, R., Younesi, F., Ezzo, M., & Hinz, B. (2023). The Role of Myofibroblasts in 
Physiological and Pathological Tissue Repair. Cold Spring Harbor Perspectives in 
Biology, 15(1), a041231. https://doi.org/10.1101/cshperspect.a041231 

Shanle, E. K., & Xu, W. (2011). Endocrine disrupting chemicals targeting estrogen 
receptor signaling: Identification and mechanisms of action. Chemical Research in 
Toxicology, 24(1), 6–19. https://doi.org/10.1021/tx100231n 

Shih, A. J., Adelson, R. P., Vashistha, H., Khalili, H., Nayyar, A., Puran, R., Herrera, R., 
Chatterjee, P. K., Lee, A. T., Truskinovsky, A. M., Elmaliki, K., DeFranco, M., Metz, 
C. N., & Gregersen, P. K. (2022). Single-cell analysis of menstrual endometrial tissues 
defines phenotypes associated with endometriosis. BMC Medicine, 20(1), 315. 
https://doi.org/10.1186/s12916-022-02500-3 

Shin, S., Chung, Y.-J., Moon, S. W., Choi, E. J., Kim, M.-R., Chung, Y.-J., & Lee, S. H. 
(2023). Single-cell profiling identifies distinct hormonal, immunologic, and inflam-
matory signatures of endometriosis-constituting cells. The Journal of Pathology, 
261(3), 323–334. https://doi.org/10.1002/path.6178 

Simko, V., Iuliano, F., Sevcikova, A., Labudova, M., Barathova, M., Radvak, P., Pasto-
rekova, S., Pastorek, J., & Csaderova, L. (2017). Hypoxia induces cancer-associated 
cAMP/PKA signalling through HIF-mediated transcriptional control of adenylyl 
cyclases VI and VII. Scientific Reports, 7, 10121. https://doi.org/10.1038/s41598-
017-09549-8 

Simonelli, A., Guadagni, R., De Franciscis, P., Colacurci, N., Pieri, M., Basilicata, P., 
Pedata, P., Lamberti, M., Sannolo, N., & Miraglia, N. (2017). Environmental and 
occupational exposure to bisphenol A and endometriosis: Urinary and peritoneal fluid 
concentration levels. International Archives of Occupational and Environmental 
Health, 90(1), 49–61. https://doi.org/10.1007/s00420-016-1171-1 

Smolková, K., Plecitá-Hlavatá, L., Bellance, N., Benard, G., Rossignol, R., & Ježek, P. 
(2011). Waves of gene regulation suppress and then restore oxidative phosphorylation 
in cancer cells. The International Journal of Biochemistry & Cell Biology, 43(7), 950–
968. https://doi.org/10.1016/j.biocel.2010.05.003 

Smuc, T., Pucelj, M. R., Sinkovec, J., Husen, B., Thole, H., & Lanisnik Rizner, T. (2007). 
Expression analysis of the genes involved in estradiol and progesterone action in 
human ovarian endometriosis. Gynecological Endocrinology: The Official Journal of 
the International Society of Gynecological Endocrinology, 23(2), 105–111. 
https://doi.org/10.1080/09513590601152219 

Spitzer, T. L. B., Rojas, A., Zelenko, Z., Aghajanova, L., Erikson, D. W., Barragan, F., 
Meyer, M., Tamaresis, J. S., Hamilton, A. E., Irwin, J. C., & Giudice, L. C. (2012). 
Perivascular Human Endometrial Mesenchymal Stem Cells Express Pathways Rele-
vant to Self-Renewal, Lineage Specification, and Functional Phenotype1. Biology of 
Reproduction, 86(2), 58, 1–16. https://doi.org/10.1095/biolreprod.111.095885 

Stegeman, H., Kaanders, J. H., Wheeler, D. L., van der Kogel, A. J., Verheijen, M. M., 
Waaijer, S. J., Iida, M., Grénman, R., Span, P. N., & Bussink, J. (2012). Activation of 
AKT by hypoxia: A potential target for hypoxic tumors of the head and neck. BMC 
Cancer, 12(1), 463. https://doi.org/10.1186/1471-2407-12-463 



81 

Tan, C., Smolenski, R., Harhun, M., Patel, H., Ahmed, S., Wanisch, K., Yáñez-Muñoz, 
R., & Baines, D. (2012). AMP-activated protein kinase (AMPK)–dependent and –
independent pathways regulate hypoxic inhibition of transepithelial Na+ transport 
across human airway epithelial cells. British Journal of Pharmacology, 167(2), 368–
382. https://doi.org/10.1111/j.1476-5381.2012.01993.x 

Tan, Y., Flynn, W. F., Sivajothi, S., Luo, D., Bozal, S. B., Davé, M., Luciano, A. A., 
Robson, P., Luciano, D. E., & Courtois, E. T. (2022). Single-cell analysis of endo-
metriosis reveals a coordinated transcriptional programme driving immunotolerance 
and angiogenesis across eutopic and ectopic tissues. Nature Cell Biology, 24(8), 
1306–1318. https://doi.org/10.1038/s41556-022-00961-5 

Tomasek, J. J., Vaughan, M. B., Kropp, B. P., Gabbiani, G., Martin, M. D., Haaksma, C. 
J., & Hinz, B. (2006). Contraction of myofibroblasts in granulation tissue is dependent 
on Rho/Rho kinase/myosin light chain phosphatase activity. Wound Repair and Re-
generation, 14(3), 313–320. https://doi.org/10.1111/j.1743-6109.2006.00126.x 

Vahter, J., Viht, K., Uri, A., Manoharan, G. B., & Enkvist, E. (2018). Thiazole- and 
selenazole-comprising high-affinity inhibitors possess bright microsecond-scale 
photoluminescence in complex with protein kinase CK2. Bioorganic & Medicinal 
Chemistry, 26(18), 5062–5068. https://doi.org/10.1016/j.bmc.2018.09.003 

Vander Heiden, M. G., Cantley, L. C., & Thompson, C. B. (2009). Understanding the 
Warburg Effect: The Metabolic Requirements of Cell Proliferation. Science (New 
York, N.Y.), 324(5930), 1029–1033. https://doi.org/10.1126/science.1160809 

Vaupel, P., Schmidberger, H., & Mayer, A. (2019). The Warburg effect: Essential part of 
metabolic reprogramming and central contributor to cancer progression. International 
Journal of Radiation Biology, 95(7), 912–919. https://doi.org/10.1080/09553002. 
2019.1589653 

Vissers, G., Giacomozzi, M., Verdurmen, W., Peek, R., & Nap, A. (2024). The role of 
fibrosis in endometriosis: A systematic review. Human Reproduction Update, dmae023. 
https://doi.org/10.1093/humupd/dmae023 

Wang, L., Guo, W., Tian, Y., Wang, J., Xu, S., Shu, W., Liang, H., & Chen, M. (2024). 
Carboxypeptidase inhibitor Latexin (LXN) regulates intestinal organogenesis and 
intestinal remodeling involved in intestinal injury repair in mice. International Jour-
nal of Biological Macromolecules, 279, 135129. https://doi.org/10.1016/j.ijbiomac. 
2024.135129 

Wang, W., Vilella, F., Alama, P., Moreno, I., Mignardi, M., Isakova, A., Pan, W., Simon, 
C., & Quake, S. R. (2020). Single-cell transcriptomic atlas of the human endometrium 
during the menstrual cycle. Nature Medicine, 26(10), Article 10. https://doi.org/10. 
1038/s41591-020-1040-z 

Wen, G., Hong, M., Li, B., Liao, W., Cheng, S. K., Hu, B., Calaf, G. M., Lu, P., Partridge, 
M. A., Tong, J., & Hei, T. K. (2011). Transforming growth factor-β-induced protein 
(TGFBI) suppresses mesothelioma progression through the Akt/mTOR pathway. Inter-
national Journal of Oncology, 39(4), 1001–1009. https://doi.org/10.3892/ijo.2011.1097 

Wieczorek, K., Szczęsna, D., & Jurewicz, J. (2022). Environmental Exposure to Non-
Persistent Endocrine Disrupting Chemicals and Endometriosis: A Systematic Review. 
International Journal of Environmental Research and Public Health, 19(9), 5608. 
https://doi.org/10.3390/ijerph19095608 

Williams, K. E., Miroshnychenko, O., Johansen, E. B., Niles, R. K., Sundaram, R., 
Kannan, K., Albertolle, M., Zhou, Y., Prasad, N., Drake, P. M., Giudice, L. C., Hall, 
S. C., Witkowska, H. E., Buck Louis, G. M., & Fisher, S. J. (2015). Urine, peritoneal 
fluid and omental fat proteomes of reproductive age women: Endometriosis-related 



82 

changes and associations with endocrine disrupting chemicals. Journal of Proteomics, 
113, 194–205. https://doi.org/10.1016/j.jprot.2014.09.015 

Wu, M.-H., Chen, K.-F., Lin, S.-C., Lgu, C.-W., & Tsai, S.-J. (2007). Aberrant expression 
of leptin in human endometriotic stromal cells is induced by elevated levels of hypoxia 
inducible factor-1alpha. The American Journal of Pathology, 170(2), 590–598. 
https://doi.org/10.2353/ajpath.2007.060477 

Wu, M.-H., Hsiao, K.-Y., & Tsai, S.-J. (2019). Hypoxia: The force of endometriosis. The 
Journal of Obstetrics and Gynaecology Research, 45(3), 532–541. https://doi.org/ 
10.1111/jog.13900 

Wu, M.-H., Lu, C.-W., Chang, F.-M., & Tsai, S.-J. (2012). Estrogen receptor expression 
affected by hypoxia inducible factor-1α in stromal cells from patients with endo-
metriosis. Taiwanese Journal of Obstetrics and Gynecology, 51(1), 50–54. https://doi. 
org/10.1016/j.tjog.2012.01.010 

Wu, T., Hu, E., Xu, S., Chen, M., Guo, P., Dai, Z., Feng, T., Zhou, L., Tang, W., Zhan, 
L., Fu, X., Liu, S., Bo, X., & Yu, G. (2021a). clusterProfiler 4.0: A universal enrich-
ment tool for interpreting omics data. Innovation (Cambridge (Mass.)), 2(3), 100141. 
https://doi.org/10.1016/j.xinn.2021.100141 

Wu, X., Verschut, V., Woest, M. E., Ng-Blichfeldt, J.-P., Matias, A., Villetti, G., Accetta, 
A., Facchinetti, F., Gosens, R., & Kistemaker, L. E. M. (2021b). Rho-Kinase 1/2 
Inhibition Prevents Transforming Growth Factor-β-Induced Effects on Pulmonary 
Remodeling and Repair. Frontiers in Pharmacology, 11. https://doi.org/10.3389/ 
fphar.2020.609509 

Xie, J., Ning, Q., Zhang, H., Ni, S., & Ye, J. (2022). RhoA/ROCK Signaling Regulates 
TGF-β1-Induced Fibrotic Effects in Human Pterygium Fibroblasts through MRTF-A. 
Current Eye Research, 47(2), 196–205. https://doi.org/10.1080/02713683.2021. 
1962363 

Xue, Q., Lin, Z., Cheng, Y.-H., Huang, C.-C., Marsh, E., Yin, P., Milad, M. P., Confino, 
E., Reierstad, S., Innes, J., & Bulun, S. E. (2007). Promoter methylation regulates 
estrogen receptor 2 in human endometrium and endometriosis. Biology of Repro-
duction, 77(4), 681–687. https://doi.org/10.1095/biolreprod.107.061804 

Xue, Z., Zhou, Y., Wang, C., Zheng, J., Zhang, P., Zhou, L., Wu, L., Shan, Y., Ye, M., 
He, Y., & Cai, Z. (2016). Latexin exhibits tumor-suppressor potential in pancreatic 
ductal adenocarcinoma. Oncology Reports, 35(1), 50–58. Scopus. https://doi.org/10. 
3892/or.2015.4353 

Yan, J., Zhou, L., Liu, M., Zhu, H., Zhang, X., Cai, E., Xu, X., Chen, T., Cheng, H., Liu, 
J., Wang, S., Dai, L., Chang, X., & Tang, F. (2024). Single-cell analysis reveals 
insights into epithelial abnormalities in ovarian endometriosis. Cell Reports, 43(3), 
113716. https://doi.org/10.1016/j.celrep.2024.113716 

Yang, H.-L., Chang, K.-K., Mei, J., Zhou, W.-J., Liu, L.-B., Yao, L., Meng, Y., Wang, 
M.-Y., Ha, S.-Y., Lai, Z.-Z., Ye, J.-F., Li, D.-J., & Li, M.-Q. (2018). Estrogen restricts 
the apoptosis of endometrial stromal cells by promoting TSLP secretion. Molecular 
Medicine Reports, 18(5), 4410. https://doi.org/10.3892/mmr.2018.9428 

Yang, K., Huang, N., Sun, J., Dai, W., Chen, M., & Zeng, J. (2022). Transforming growth 
factor-β induced protein regulates pulmonary fibrosis via the G-protein signaling 
modulator 2 /Snail axis. Peptides, 155, 170842. https://doi.org/10.1016/j.peptides. 
2022.170842 

Yilmaz, B. D., & Bulun, S. E. (2019). Endometriosis and nuclear receptors. Human Re-
production Update, 25(4), 473–485. https://doi.org/10.1093/humupd/dmz005 



83 

Young, V. J., Ahmad, S. F., Brown, J. K., Duncan, W. C., & Horne, A. W. (2015). Perito-
neal VEGF-A expression is regulated by TGF-β1 through an ID1 pathway in women 
with endometriosis. Scientific Reports, 5(1), 16859. https://doi.org/10.1038/srep16859 

Young, V. J., Ahmad, S. F., Duncan, W. C., & Horne, A. W. (2017). The role of TGF-β 
in the pathophysiology of peritoneal endometriosis. Human Reproduction Update, 
23(5), 548–559. https://doi.org/10.1093/humupd/dmx016 

Young, V. J., Brown, J. K., Maybin, J., Saunders, P. T. K., Duncan, W. C., & Horne, A. 
W. (2014a). Transforming Growth Factor-β Induced Warburg-Like Metabolic Repro-
gramming May Underpin the Development of Peritoneal Endometriosis. The Journal 
of Clinical Endocrinology and Metabolism, 99(9), 3450–3459. https://doi.org/10. 
1210/jc.2014-1026 

Young, V. J., Brown, J. K., Saunders, P. T. K., Duncan, W. C., & Horne, A. W. (2014b). 
The peritoneum is both a source and target of TGF-β in women with endometriosis. 
PloS One, 9(9), e106773. https://doi.org/10.1371/journal.pone.0106773 

Yu, G., Wang, L.-G., Han, Y., & He, Q.-Y. (2012). clusterProfiler: An R package for 
comparing biological themes among gene clusters. Omics: A Journal of Integrative 
Biology, 16(5), 284–287. https://doi.org/10.1089/omi.2011.0118 

Yu, L., Lu, M., Jia, D., Ma, J., Ben-Jacob, E., Levine, H., Kaipparettu, B. A., & Onuchic, 
J. N. (2017). Modeling the Genetic Regulation of Cancer Metabolism: Interplay 
Between Glycolysis and Oxidative Phosphorylation. Cancer Research, 77(7), 1564–
1574. https://doi.org/10.1158/0008-5472.CAN-16-2074 

Zeitoun, K., Takayama, K., Sasano, H., Suzuki, T., Moghrabi, N., Andersson, S., Johns, 
A., Meng, L., Putman, M., Carr, B., & Bulun, S. E. (1998). Deficient 17β-Hydro-
xysteroid Dehydrogenase Type 2 Expression in Endometriosis: Failure to Metabolize 
17β-Estradiol1. The Journal of Clinical Endocrinology & Metabolism, 83(12), 4474–
4480. https://doi.org/10.1210/jcem.83.12.5301 

Zhang, H., Kong, Q., Wang, J., Jiang, Y., & Hua, H. (2020a). Complex roles of cAMP–
PKA–CREB signaling in cancer. Experimental Hematology & Oncology, 9(1), 32. 
https://doi.org/10.1186/s40164-020-00191-1 

Zhang, Q., Duan, J., Liu, X., & Guo, S.-W. (2016a). Platelets drive smooth muscle meta-
plasia and fibrogenesis in endometriosis through epithelial–mesenchymal transition 
and fibroblast-to-myofibroblast transdifferentiation. Molecular and Cellular Endo-
crinology, 428, 1–16. https://doi.org/10.1016/j.mce.2016.03.015 

Zhang, Q., Duan, J., Olson, M., Fazleabas, A., & Guo, S.-W. (2016b). Cellular Changes 
Consistent With Epithelial–Mesenchymal Transition and Fibroblast-to-Myofibroblast 
Transdifferentiation in the Progression of Experimental Endometriosis in Baboons. Re-
productive Sciences, 23(10), 1409–1421. https://doi.org/10.1177/1933719116641763 

Zhang, Y., Wen, G., Shao, G., Wang, C., Lin, C., Fang, H., Balajee, A. S., Bhagat, G., 
Hei, T. K., & Zhao, Y. (2009). TGFBI deficiency predisposes mice to spontaneous 
tumor development. Cancer Research, 69(1), 37–44. https://doi.org/10.1158/0008-
5472.CAN-08-1648 

Zhang, Z., Li, S., Deng, J., Yang, S., Xiang, Z., Guo, H., Xi, H., Sang, M., & Zhang, W. 
(2020b). Aspirin inhibits endometrial fibrosis by suppressing the TGF‑β1‑Smad2/ 
Smad3 pathway in intrauterine adhesions. International Journal of Molecular Medi-
cine, 45(5), 1351–1360. https://doi.org/10.3892/ijmm.2020.4506 

Zheng, J., Dai, Y., Lin, X., Huang, Q., Shi, L., Jin, X., Liu, N., Zhou, F., & Zhang, S. 
(2021). Hypoxia-induced lactate dehydrogenase A protects cells from apoptosis in 
endometriosis. Molecular Medicine Reports, 24(3), 637. https://doi.org/10.3892/mmr. 
2021.12276 



84 

Zhu, S., Wang, A., Xu, W., Hu, L., Sun, J., & Wang, X. (2023). The heterogeneity of 
fibrosis and angiogenesis in endometriosis revealed by single-cell RNA-sequencing. 
Biochimica Et Biophysica Acta. Molecular Basis of Disease, 1869(2), 166602. 
https://doi.org/10.1016/j.bbadis.2022.166602 

Zmijewski, J. W., Banerjee, S., Bae, H., Friggeri, A., Lazarowski, E. R., & Abraham, E. 
(2010). Exposure to Hydrogen Peroxide Induces Oxidation and Activation of AMP-
activated Protein Kinase*. Journal of Biological Chemistry, 285(43), 33154–33164. 
https://doi.org/10.1074/jbc.M110.143685 

Zondervan, K. T., Becker, C. M., & Missmer, S. A. (2020). Endometriosis. New England 
Journal of Medicine, 382(13), 1244–1256. https://doi.org/10.1056/NEJMra1810764 

Zou, G., Wang, J., Xu, X., Xu, P., Zhu, L., Yu, Q., Peng, Y., Guo, X., Li, T., & Zhang, 
X. (2021). Cell subtypes and immune dysfunction in peritoneal fluid of endometriosis 
revealed by single-cell RNA-sequencing. Cell & Bioscience, 11(1), 98. https://doi. 
org/10.1186/s13578-021-00613-5 

  



85 

ACKNOWLEDGEMENTS 

My PhD started in the middle of the COVID pandemic and was rich in challenges, 
events and good people I met along the way.  

I’d like to express my gratitude to people in both Estonia and Sweden: 
Thanks to my supervisors – it was great to work with you and learn from you 

both professionally and personally. To Andres – for your always supportive and 
kind words; your help and patience were key in our projects, with your en-
couraging words “Okay/sure, let’s proceed!”. To Maire – you are so professional 
and precise in everything you do (which is admirable to everyone around you), 
yet at the same time, you are a down-to-earth person with a great sense of humour 
and genuine kindness. Thank you for sharing life advice, funny stories, and caring 
support throughout my PhD, it was great to be your student. To Lalit – for help 
and encouragement, especially during challenging times with some of the 
projects, I appreciate your time, being available whenever needed. To Kristina – 
for always positive and helpful words; your humble and kind way motivates 
everyone in our lab. 

To the MATER programme and my fellows, who became my friends – we 
shared good times together. Additional thanks to Kadri and Gerly for their kind 
help. Thanks to the patients who donated materials for research, and to all pro-
jects’ collaborators. Thanks to the University of Tartu and Karolinska Institutet. 

To the UT internal reviewers and to KI Examination Board members – for 
reviewing my dissertation and providing valuable suggestions in your feedback. 

To the people in Tartu: Celvia and UT members, and in particular, Merli, 
Külli, Darja Lavõgina, and my lab & office fellows starting from 2020: Spyros, 
Keiu, Chitra, Nastya, Ankita, Amruta, Apostol, Alesandro, Alberto, Ana and 
Lucia – with whom we had a great time together and shared many fun lunches. 
Each of you is so unique and I’m happy to have met you on this journey. 

To the people in Stockholm: Yiqun, Xander, Twana, Nage, Volodymyr, 
Mohammed, Akan and amazing WHO team – you were always there for me when 
I needed help or just a talk and advice, and I truly enjoyed our lunch discussions 
and fun times. 

A special thank you to my dear “Ayesh and friends™©”, a group that has 
gradually expanded from Raatuse 22-641 kitchen (Nat, Nailya, Jhalak, Ayesh, 
Ilona, Akila, Larissa, Imali, Apostol, Chaitanya, Alessandro, Sabina, Michaela, 
Janis, Kristaps and Tejas) – thank you for who you are, for your friendship and 
your sincere smiles; you became my comrades and together we shared good times 
and priceless moments. I look forward to many more in the future.  

To my lovely friends in Astana (my motherland with fritillaries, irises, and 
other flowers that embraced my happy childhood), with whom I share wonderful 
moments and future plans. 

To the authors of books, which I’ve read during my time in Tartu and Stock-
holm (especially, “TWoT” during the bus rides). To the cozy and green city of 
Tartu – it will always be a special place for me – both on Earth and in my heart. 



86 

 
To my loving family: thank you for your endless and unconditional love and 
support – it is truly precious to me; you are my home and life’s inspiration. To 
Eldar – thank you for always standing by my side, cheering me on, and believing 
in me. No words can ever fully express my deep gratitude, but I think you all 
know what it means to me – as the lyrics of one song say: “All I cannot say – I hope 
(SMB: I am sure) you know” :-) 

  



 
 

 

 

PUBLICATIONS 

 
  



136 

CURRICULUM VITAE 

Name:   Meruert Sarsenova 
Date of birth:  April 7, 1989 
Citizenship:  Kazakhstani 
Telephone:   +372 5894 2625 
E-mail:   meruertsbs@gmail.com 
 

Education: 
2020–2024  MSCA PhD fellow – Double PhD degree between Institute of 

Clinical Medicine, University of Tartu, Estonia and Karolinska 
Institutet, Sweden 

2017–2019  IRCM (Montreal Research Clinical Institute)/ Université de Mon-
tréal, Canada, MSc in Molecular and Cellular Medicine 

2015–2016  University of Sheffield, UK, MSc in Molecular and Cellular Basis 
of Human Disease 

2007–2014  JSC Astana Medical University, Kazakhstan, General Medicine & 
Obstetrics and Gynaecology, MD qualification 

 

Professional employment: 
2024–2025 Celvia CC AS, Estonia, junior researcher in genetic and molecular 

biology research 
2020–2023 University of Tartu, Institute of Clinical Medicine, Junior Re-

search Fellow 
2020  Astana International University, Kazakhstan, teaching instructor 

of Molecular Biology, co-supervisor of Master’ students 
2016  University of Sheffield, UK, research assistant in the Centre for 

Stem Cell Biology 
 

Publications: 
Sarsenova, M., Lawarde, A., Pathare, A. D. S., Saare, M., Modhukur, V., Soplep-

mann, P., Terasmaa, A., Käämbre, T., Gemzell-Danielsson, K., Lalitkumar, P. 
G. L., Salumets, A., & Peters, M. (2024). Endometriotic lesions exhibit dis-
tinct metabolic signature compared to paired eutopic endometrium at the 
single-cell level. Communications Biology, 7(1), 1026. doi:10.1038/s42003-
024-06713-5. 

Sarsenova, M., Boggavarapu NR., Kask K., Modhukur V., Samuel K., Karro H., 
Gemzell-Danielsson K., Lalitkumar PGL., Salumets A., Peters M., Lavogina 
D. (2024). Hypoxic conditions affect transcriptome of endometrial stromal 
cells in endometriosis and promote TGFBI axis. Frontiers in Endocrinology, 
15. doi: 10.3389/fendo.2024.1465393. 

Sarsenova, M., Stepanjuk, A., Saare, M., Kasvandik, S., Soplepmann, P., Mikel-
tadze, I., Götte, M., Salumets, A., & Peters, M. (2024). Carboxypeptidase In-
hibitor LXN Expression in Endometrial Tissue Is Menstrual Cycle Phase-
Dependent and Is Upregulated in Endometriotic Lesions. Genes, 15(8), 1086. 
doi:10.3390/genes15081086. 



137 

ELULOOKIRJELDUS 

Nimi: Meruert Sarsenova 
Sünniaeg: 7. aprill 1989
Kodakondsus: Kasahstani 
Telefon:  +372 5894 2625
E-post: meruertsbs@gmail.com

Haridustee: 
2020–2024 MSCA PhD kandidaat, Tartu Ülikool kliinilise meditsiini insti-

tuut ja Karolinska Instituut (Rootsi) 
2017–2019 IRCM (Montreali teadusuuringute kliiniline instituut) / Univer-

sité de Montréal, Kanada, magistrikraad molekulaar- ja raku-
meditsiinis 

2015–2016 Sheffieldi Ülikool, Ühendkuningriik, magistrikraad inimhaigus-
te molekulaarsete ja rakuliste aluste alal 

2007–2014 JSC Astana Meditsiiniülikool, Kasahstan, meditsiiniarsti kvali-
fikatsioon üldmeditsiini ja sünnitusabi ning günekoloogia eri-
alal 

Teenistuskäik: 
2024–2025 Celvia CC AS, Eesti, geeni- ja molekulaarbioloogia uuringute 

nooremteadur 
2020–2023 Tartu Ülikool, kliinilise meditsiini instituut, nooremteadur 
2020 Astana rahvusvaheline ülikool, Kasahstan, molekulaarbioloogia 

õppejõud, magistrantide kaasjuhendaja 
2016 Sheffieldi Ülikool, Ühendkuningriik, tüvirakkude bioloogia 

keskuse teadur 

Publikatsioonid: 
Sarsenova, M., Lawarde, A., Pathare, A. D. S., Saare, M., Modhukur, V., Soplep-

mann, P., Terasmaa, A., Käämbre, T., Gemzell-Danielsson, K., Lalitkumar, P. 
G. L., Salumets, A., & Peters, M. (2024). Endometriotic lesions exhibit dis-
tinct metabolic signature compared to paired eutopic endometrium at the
single-cell level. Communications Biology, 7(1), 1026. doi:10.1038/s42003-
024-06713-5.

Sarsenova, M., Boggavarapu NR., Kask K., Modhukur V., Samuel K., Karro H., 
Gemzell-Danielsson K., Lalitkumar PGL., Salumets A., Peters M., Lavogina 
D. (2024). Hypoxic conditions affect transcriptome of endometrial stromal
cells in endometriosis and promote TGFBI axis. Frontiers in Endocrinology,
15. doi: 10.3389/fendo.2024.1465393.

Sarsenova, M., Stepanjuk, A., Saare, M., Kasvandik, S., Soplepmann, P., Mikel-
tadze, I., Götte, M., Salumets, A., & Peters, M. (2024). Carboxypeptidase In-
hibitor LXN Expression in Endometrial Tissue Is Menstrual Cycle Phase-
Dependent and Is Upregulated in Endometriotic Lesions. Genes, 15(8), 1086. 
doi:10.3390/genes15081086. 



138 

DISSERTATIONES MEDICINAE  
UNIVERSITATIS TARTUENSIS 

 
 1. Heidi-Ingrid Maaroos. The natural course of gastric ulcer in connection 

with chronic gastritis and Helicobacter pylori. Tartu, 1991. 
 2. Mihkel Zilmer. Na-pump in normal and tumorous brain tissues: Structural, 

functional and tumorigenesis aspects. Tartu, 1991. 
 3. Eero Vasar. Role of cholecystokinin receptors in the regulation of beha-

viour and in the action of haloperidol and diazepam. Tartu, 1992. 
 4. Tiina Talvik. Hypoxic-ischaemic brain damage in neonates (clinical, bio-

chemical and brain computed tomographical investigation). Tartu, 1992. 
 5. Ants Peetsalu. Vagotomy in duodenal ulcer disease: A study of gastric aci-

dity, serum pepsinogen I, gastric mucosal histology and Helicobacter 
pylori. Tartu, 1992. 

 6. Marika Mikelsaar. Evaluation of the gastrointestinal microbial ecosystem 
in health and disease. Tartu, 1992. 

 7. Hele Everaus. Immuno-hormonal interactions in chronic lymphocytic leu-
kaemia and multiple myeloma. Tartu, 1993. 

 8. Ruth Mikelsaar. Etiological factors of diseases in genetically consulted 
children and newborn screening: dissertation for the commencement of the 
degree of doctor of medical sciences. Tartu, 1993. 

 9. Agu Tamm. On metabolic action of intestinal microflora: clinical aspects. 
Tartu, 1993. 

 10. Katrin Gross. Multiple sclerosis in South-Estonia (epidemiological and 
computed tomographical investigations). Tartu, 1993. 

 11. Oivi Uibo. Childhood coeliac disease in Estonia: occurrence, screening, 
diagnosis and clinical characterization. Tartu, 1994. 

 12. Viiu Tuulik. The functional disorders of central nervous system of che-
mistry workers. Tartu, 1994. 

 13. Margus Viigimaa. Primary haemostasis, antiaggregative and anticoagulant 
treatment of acute myocardial infarction. Tartu, 1994. 

 14. Rein Kolk. Atrial versus ventricular pacing in patients with sick sinus 
syndrome. Tartu, 1994. 

 15. Toomas Podar. Incidence of childhood onset type 1 diabetes mellitus in 
Estonia. Tartu, 1994. 

 16. Kiira Subi. The laboratory surveillance of the acute respiratory viral 
infections in Estonia. Tartu, 1995. 

17.  Irja Lutsar. Infections of the central nervous system in children (epidemi-
ologic, diagnostic and therapeutic aspects, long term outcome). Tartu, 1995. 

18.  Aavo Lang. The role of dopamine, 5-hydroxytryptamine, sigma and 
NMDA receptors in the action of antipsychotic drugs. Tartu, 1995. 

19.  Andrus Arak. Factors influencing the survival of patients after radical 
surgery for gastric cancer. Tartu, 1996. 



139 

20.  Tõnis Karki. Quantitative composition of the human lactoflora and 
method for its examination. Tartu, 1996. 

21. Reet Mändar. Vaginal microflora during pregnancy and its transmission 
to newborn. Tartu, 1996.  

22. Triin Remmel. Primary biliary cirrhosis in Estonia: epidemiology, clinical 
characterization and prognostication of the course of the disease. Tartu, 
1996. 

23. Toomas Kivastik. Mechanisms of drug addiction: focus on positive rein-
forcing properties of morphine. Tartu, 1996.  

24.  Paavo Pokk. Stress due to sleep deprivation: focus on GABAA receptor-
chloride ionophore complex. Tartu, 1996. 

25. Kristina Allikmets. Renin system activity in essential hypertension. As-
sociations with atherothrombogenic cardiovascular risk factors and with 
the efficacy of calcium antagonist treatment. Tartu, 1996. 

26. Triin Parik. Oxidative stress in essential hypertension: Associations with 
metabolic disturbances and the effects of calcium antagonist treatment. 
Tartu, 1996. 

27.  Svetlana Päi. Factors promoting heterogeneity of the course of rheumatoid 
arthritis. Tartu, 1997.  

28. Maarike Sallo. Studies on habitual physical activity and aerobic fitness in 
4 to 10 years old children. Tartu, 1997. 

29. Paul Naaber. Clostridium difficile infection and intestinal microbial eco-
logy. Tartu, 1997. 

30. Rein Pähkla. Studies in pinoline pharmacology. Tartu, 1997. 
31. Andrus Juhan Voitk. Outpatient laparoscopic cholecystectomy. Tartu, 1997. 
32. Joel Starkopf. Oxidative stress and ischaemia-reperfusion of the heart. 

Tartu, 1997. 
33.  Janika Kõrv. Incidence, case-fatality and outcome of stroke. Tartu, 1998. 
34. Ülla Linnamägi. Changes in local cerebral blood flow and lipid peroxida-

tion following lead exposure in experiment. Tartu, 1998. 
35. Ave Minajeva. Sarcoplasmic reticulum function: comparison of atrial and 

ventricular myocardium. Tartu, 1998. 
36. Oleg Milenin. Reconstruction of cervical part of esophagus by revascular-

ised ileal autografts in dogs. A new complex multistage method. Tartu, 
1998. 

37. Sergei Pakriev. Prevalence of depression, harmful use of alcohol and 
alcohol dependence among rural population in Udmurtia. Tartu, 1998. 

38. Allen Kaasik. Thyroid hormone control over β-adrenergic signalling 
system in rat atria. Tartu, 1998. 

39. Vallo Matto. Pharmacological studies on anxiogenic and antiaggressive 
properties of antidepressants. Tartu, 1998. 

40. Maire Vasar. Allergic diseases and bronchial hyperreactivity in Estonian 
children in relation to environmental influences. Tartu, 1998. 

41. Kaja Julge. Humoral immune responses to allergens in early childhood. 
Tartu, 1998. 



140 

42. Heli Grünberg. The cardiovascular risk of Estonian schoolchildren. 
A cross-sectional study of 9-, 12- and 15-year-old children. Tartu, 1998. 

43. Epp Sepp. Formation of intestinal microbial ecosystem in children. Tartu, 
1998. 

44. Mai Ots. Characteristics of the progression of human and experimental 
glomerulopathies. Tartu, 1998. 

45. Tiina Ristimäe. Heart rate variability in patients with coronary artery 
disease. Tartu, 1998. 

46. Leho Kõiv. Reaction of the sympatho-adrenal and hypothalamo-pituitary-
adrenocortical system in the acute stage of head injury. Tartu, 1998. 

47. Bela Adojaan. Immune and genetic factors of childhood onset IDDM in 
Estonia. An epidemiological study. Tartu, 1999. 

48. Jakov Shlik. Psychophysiological effects of cholecystokinin in humans. 
Tartu, 1999. 

49. Kai Kisand. Autoantibodies against dehydrogenases of α-ketoacids. Tartu, 
1999. 

50. Toomas Marandi. Drug treatment of depression in Estonia. Tartu, 1999. 
51. Ants Kask. Behavioural studies on neuropeptide Y. Tartu, 1999. 
52. Ello-Rahel Karelson. Modulation of adenylate cyclase activity in the rat 

hippocampus by neuropeptide galanin and its chimeric analogs. Tartu, 1999. 
53. Tanel Laisaar. Treatment of pleural empyema — special reference to 

intrapleural therapy with streptokinase and surgical treatment modalities. 
Tartu, 1999. 

54. Eve Pihl. Cardiovascular risk factors in middle-aged former athletes. 
Tartu, 1999. 

55. Katrin Õunap. Phenylketonuria in Estonia: incidence, newborn screening, 
diagnosis, clinical characterization and genotype/phenotype correlation. 
Tartu, 1999. 

56. Siiri Kõljalg. Acinetobacter – an important nosocomial pathogen. Tartu, 
1999. 

57.  Helle Karro. Reproductive health and pregnancy outcome in Estonia: 
association with different factors. Tartu, 1999. 

58. Heili Varendi. Behavioral effects observed in human newborns during 
exposure to naturally occurring odors. Tartu, 1999.  

59. Anneli Beilmann. Epidemiology of epilepsy in children and adolescents in 
Estonia. Prevalence, incidence, and clinical characteristics. Tartu, 1999. 

60. Vallo Volke. Pharmacological and biochemical studies on nitric oxide in 
the regulation of behaviour. Tartu, 1999. 

61.  Pilvi Ilves. Hypoxic-ischaemic encephalopathy in asphyxiated term infants. 
A prospective clinical, biochemical, ultrasonographical study. Tartu, 1999. 

62. Anti Kalda. Oxygen-glucose deprivation-induced neuronal death and its 
pharmacological prevention in cerebellar granule cells. Tartu, 1999. 

63.  Eve-Irene Lepist. Oral peptide prodrugs – studies on stability and 
absorption. Tartu, 2000. 



141 

64. Jana Kivastik. Lung function in Estonian schoolchildren: relationship 
with anthropometric indices and respiratory symptomas, reference values 
for dynamic spirometry. Tartu, 2000. 

65. Karin Kull. Inflammatory bowel disease: an immunogenetic study. Tartu, 
2000. 

66. Kaire Innos. Epidemiological resources in Estonia: data sources, their 
quality and feasibility of cohort studies. Tartu, 2000. 

67. Tamara Vorobjova. Immune response to Helicobacter pylori and its 
association with dynamics of chronic gastritis and epithelial cell turnover 
in antrum and corpus. Tartu, 2001. 

68. Ruth Kalda. Structure and outcome of family practice quality in the 
changing health care system of Estonia. Tartu, 2001. 

69. Annika Krüüner. Mycobacterium tuberculosis – spread and drug resis-
tance in Estonia. Tartu, 2001. 

70. Marlit Veldi. Obstructive Sleep Apnoea: Computerized Endopharyngeal 
Myotonometry of the Soft Palate and Lingual Musculature. Tartu, 2001. 

71. Anneli Uusküla. Epidemiology of sexually transmitted diseases in Estonia 
in 1990–2000. Tartu, 2001. 

72. Ade Kallas. Characterization of antibodies to coagulation factor VIII. 
Tartu, 2002. 

73. Heidi Annuk. Selection of medicinal plants and intestinal lactobacilli as 
antimicrobil components for functional foods. Tartu, 2002.  

74. Aet Lukmann. Early rehabilitation of patients with ischaemic heart 
disease after surgical revascularization of the myocardium:  assessment of 
health-related quality of life, cardiopulmonary reserve and oxidative stress. 
A clinical study. Tartu, 2002. 

75. Maigi Eisen. Pathogenesis of Contact Dermatitis: participation of Oxida-
tive Stress. A clinical – biochemical study. Tartu, 2002. 

76. Piret Hussar. Histology of the post-traumatic bone repair in rats. Elabora-
tion and use of a new standardized experimental model – bicortical per-
foration of tibia compared to internal fracture and resection osteotomy. 
Tartu, 2002. 

77. Tõnu Rätsep. Aneurysmal subarachnoid haemorrhage: Noninvasive moni-
toring of cerebral haemodynamics. Tartu, 2002. 

78. Marju Herodes. Quality of life of people with epilepsy in Estonia. Tartu, 
2003. 

79. Katre Maasalu. Changes in bone quality due to age and genetic disorders 
and their clinical expressions in Estonia. Tartu, 2003. 

80. Toomas Sillakivi. Perforated peptic ulcer in Estonia: epidemiology, risk 
factors and relations with Helicobacter pylori. Tartu, 2003. 

81. Leena Puksa. Late responses in motor nerve conduction studies. F and A 
waves in normal subjects and patients with neuropathies. Tartu, 2003. 

82. Krista Lõivukene. Helicobacter pylori in gastric microbial ecology and  
its antimicrobial susceptibility pattern. Tartu, 2003. 



142 

83. Helgi Kolk. Dyspepsia and Helicobacter pylori infection: the diagnostic 
value of symptoms, treatment and follow-up of patients referred for upper 
gastrointestinal endoscopy by family physicians. Tartu, 2003. 

84. Helena Soomer. Validation of identification and age estimation methods 
in forensic odontology. Tartu, 2003. 

85. Kersti Oselin. Studies on the human MDR1, MRP1, and MRP2 ABC 
transporters: functional relevance of the genetic polymorphisms in the 
MDR1 and MRP1 gene. Tartu, 2003. 

86. Jaan Soplepmann. Peptic ulcer haemorrhage in Estonia: epidemiology, 
prognostic factors, treatment and outcome. Tartu, 2003. 

87. Margot Peetsalu. Long-term follow-up after vagotomy in duodenal ulcer 
disease: recurrent ulcer, changes in the function, morphology and Helico-
bacter pylori colonisation of the gastric mucosa. Tartu, 2003. 

88. Kersti Klaamas. Humoral immune response to Helicobacter pylori a study 
of host-dependent and microbial factors. Tartu, 2003. 

89. Pille Taba. Epidemiology of Parkinson’s disease in Tartu, Estonia. Pre-
valence, incidence, clinical characteristics, and pharmacoepidemiology. 
Tartu, 2003.  

90. Alar Veraksitš. Characterization of behavioural and biochemical pheno-
type of cholecystokinin-2 receptor deficient mice: changes in the function 
of the dopamine and endopioidergic system. Tartu, 2003. 

91. Ingrid Kalev. CC-chemokine receptor 5 (CCR5) gene polymorphism in 
Estonians and in patients with Type I and Type II diabetes mellitus. Tartu, 
2003. 

92. Lumme Kadaja. Molecular approach to the regulation of mitochondrial 
function in oxidative muscle cells. Tartu, 2003. 

93. Aive Liigant. Epidemiology of primary central nervous system tumours in 
Estonia from 1986 to 1996. Clinical characteristics, incidence, survival and 
prognostic factors. Tartu, 2004. 

94. Andres, Kulla. Molecular characteristics of mesenchymal stroma in human 
astrocytic gliomas. Tartu, 2004. 

95. Mari Järvelaid. Health damaging risk behaviours in adolescence. Tartu, 
2004. 

96. Ülle Pechter. Progression prevention strategies in chronic renal failure and 
hypertension. An experimental and clinical study. Tartu, 2004. 

97. Gunnar Tasa. Polymorphic glutathione S-transferases – biology and role 
in modifying genetic susceptibility to senile cataract and primary open 
angle glaucoma. Tartu, 2004. 

98. Tuuli Käämbre. Intracellular energetic unit: structural and functional 
aspects. Tartu, 2004. 

99.  Vitali Vassiljev. Influence of nitric oxide syntase inhibitors on the effects  
of ethanol after acute and chronic ethanol administration and withdrawal. 
Tartu, 2004. 



143 

100. Aune Rehema. Assessment of nonhaem ferrous iron and glutathione 
redox ratio as markers of pathogeneticity of oxidative stress in different 
clinical groups. Tartu, 2004. 

101.  Evelin Seppet. Interaction of mitochondria and ATPases in oxidative 
muscle cells in normal and pathological conditions. Tartu, 2004. 

102. Eduard Maron. Serotonin function in panic disorder: from clinical expe-
riments to brain imaging and genetics. Tartu, 2004.  

103. Marje Oona. Helicobacter pylori infection in children: epidemiological 
and therapeutic aspects. Tartu, 2004. 

104. Kersti Kokk. Regulation of active and passive molecular transport in the 
testis. Tartu, 2005.  

105. Vladimir Järv. Cross-sectional imaging for pretreatment evaluation and 
follow-up of pelvic malignant tumours. Tartu, 2005. 

106. Andre Õun. Epidemiology of adult epilepsy in Tartu, Estonia. Incidence, 
prevalence and medical treatment. Tartu, 2005. 

107. Piibe Muda. Homocysteine and hypertension: associations between 
homocysteine and essential hypertension in treated and untreated hyper-
tensive patients with and without coronary artery disease. Tartu, 2005. 

108. Külli Kingo. The interleukin-10 family cytokines gene polymorphisms in 
plaque psoriasis. Tartu, 2005.  

109. Mati Merila. Anatomy and clinical relevance of the glenohumeral joint  
capsule and ligaments. Tartu, 2005. 

110. Epp Songisepp. Evaluation of technological and functional properties of 
the new probiotic Lactobacillus fermentum ME-3. Tartu, 2005. 

111. Tiia Ainla. Acute myocardial infarction in Estonia: clinical characte-
ristics, management and outcome. Tartu, 2005. 

112. Andres Sell. Determining the minimum local anaesthetic requirements for 
hip replacement surgery under spinal anaesthesia – a study employing a 
spinal catheter. Tartu, 2005. 

113. Tiia Tamme. Epidemiology of odontogenic tumours in Estonia. Patho-
genesis and clinical behaviour of ameloblastoma. Tartu, 2005. 

114. Triine Annus. Allergy in Estonian schoolchildren: time trends and 
characteristics. Tartu, 2005. 

115. Tiia Voor. Microorganisms in infancy and development of allergy: com-
parison  of  Estonian  and Swedish  children. Tartu, 2005. 

116. Priit Kasenõmm. Indicators for tonsillectomy in adults with recurrent 
tonsillitis – clinical, microbiological and pathomorphological investiga-
tions. Tartu, 2005. 

117. Eva Zusinaite. Hepatitis C virus: genotype identification and interactions 
between viral proteases. Tartu, 2005. 

118. Piret Kõll. Oral lactoflora in chronic periodontitis and periodontal health. 
Tartu, 2006. 

119. Tiina Stelmach. Epidemiology of cerebral palsy and unfavourable neuro-
developmental outcome in child population of Tartu city and county, 
Estonia Prevalence, clinical features and risk factors. Tartu, 2006. 



144 

120. Katrin Pudersell. Tropane alkaloid production and riboflavine excretion 
in the field and tissue cultures of henbane (Hyoscyamus niger L.). Tartu, 
2006.  

121. Külli Jaako. Studies on the role of neurogenesis in brain plasticity. Tartu, 
2006.  

122. Aare Märtson. Lower limb lengthening: experimental studies of bone 
regeneration and long-term clinical results. Tartu, 2006. 

123.  Heli Tähepõld. Patient consultation in family medicine. Tartu, 2006. 
124. Stanislav Liskmann. Peri-implant disease: pathogenesis, diagnosis and 

treatment in view of both inflammation and oxidative stress profiling. 
Tartu, 2006. 

125. Ruth Rudissaar. Neuropharmacology of atypical antipsychotics and an 
animal model of psychosis. Tartu, 2006. 

126. Helena Andreson. Diversity of Helicobacter pylori genotypes in Esto-
nian patients with chronic inflammatory gastric diseases. Tartu, 2006. 

127. Katrin Pruus. Mechanism of action of antidepressants: aspects of sero-
toninergic system and its interaction with glutamate. Tartu, 2006. 

128. Priit Põder. Clinical and experimental investigation: relationship of 
ischaemia/reperfusion injury with oxidative stress in abdominal aortic 
aneurysm repair and in extracranial brain artery endarterectomy and possi-
bilities of protection against ischaemia using a glutathione analogue in a 
rat model of global brain ischaemia. Tartu, 2006.   

129. Marika Tammaru. Patient-reported outcome measurement in rheumatoid 
arthritis. Tartu, 2006. 

130.   Tiia Reimand. Down syndrome in Estonia. Tartu, 2006. 
131. Diva Eensoo. Risk-taking in traffic and Markers of Risk-Taking Beha-

viour in Schoolchildren and Car Drivers. Tartu, 2007. 
132. Riina Vibo. The third stroke registry in Tartu, Estonia from 2001 to 2003: 

incidence, case-fatality, risk factors and long-term outcome. Tartu, 2007.  
133. Chris Pruunsild. Juvenile idiopathic arthritis in children in Estonia. 

Tartu, 2007. 
134. Eve Õiglane-Šlik. Angelman and Prader-Willi syndromes in Estonia. 

Tartu, 2007. 
135. Kadri Haller. Antibodies to follicle stimulating hormone. Significance in 

female infertility. Tartu, 2007. 
136.  Pille Ööpik. Management of depression in family medicine. Tartu, 2007. 
137. Jaak Kals. Endothelial function and arterial stiffness in patients with 

atherosclerosis and in healthy subjects. Tartu, 2007. 
138.  Priit Kampus. Impact of inflammation, oxidative stress and age on arte-

rial stiffness and carotid artery intima-media thickness. Tartu, 2007. 
139.  Margus Punab. Male fertility and its risk factors in Estonia. Tartu, 2007. 
140. Alar Toom. Heterotopic ossification after total hip arthroplasty: clinical 

and pathogenetic investigation. Tartu, 2007. 



145 

141. Lea Pehme. Epidemiology of tuberculosis in Estonia 1991–2003 with 
special regard to extrapulmonary tuberculosis and delay in diagnosis of 
pulmonary tuberculosis. Tartu, 2007. 

142.  Juri Karjagin. The pharmacokinetics of metronidazole and meropenem 
in septic shock. Tartu, 2007. 

143. Inga Talvik. Inflicted traumatic brain injury shaken baby syndrome in 
Estonia – epidemiology and outcome. Tartu, 2007. 

144.  Tarvo Rajasalu. Autoimmune diabetes: an immunological study of type 
1 diabetes in humans and in a model of experimental diabetes (in RIP-
B7.1 mice). Tartu, 2007. 

145. Inga Karu. Ischaemia-reperfusion injury of the heart during coronary sur-
gery: a clinical study investigating the effect of hyperoxia. Tartu, 2007. 

146. Peeter Padrik. Renal cell carcinoma: Changes in natural history and 
treatment of metastatic disease. Tartu, 2007.  

147.  Neve Vendt. Iron deficiency and iron deficiency anaemia in infants aged 
9 to 12 months in Estonia. Tartu, 2008.  

148. Lenne-Triin Heidmets. The effects of neurotoxins on brain plasticity: 
focus on neural Cell Adhesion Molecule. Tartu, 2008. 

149.  Paul Korrovits. Asymptomatic inflammatory prostatitis: prevalence, etio-
logical factors, diagnostic tools. Tartu, 2008. 

150.   Annika Reintam. Gastrointestinal failure in intensive care patients. Tartu, 
2008. 

151.   Kristiina Roots. Cationic regulation of Na-pump in the normal, Alzhei-
mer’s and CCK2 receptor-deficient brain. Tartu, 2008. 

152. Helen Puusepp. The genetic causes of mental retardation in Estonia: 
fragile X syndrome and creatine transporter defect. Tartu, 2009. 

153. Kristiina Rull. Human chorionic gonadotropin beta genes and recurrent 
miscarriage: expression and variation study. Tartu, 2009. 

154.  Margus Eimre. Organization of energy transfer and feedback regulation 
in oxidative muscle cells. Tartu, 2009. 

155. Maire Link. Transcription factors FoxP3 and AIRE: autoantibody as-
sociations. Tartu, 2009. 

156.  Kai Haldre. Sexual health and behaviour of young women in Estonia. 
Tartu, 2009. 

157.  Kaur Liivak. Classical form of congenital adrenal hyperplasia due to  
21-hydroxylase deficiency in Estonia: incidence, genotype and phenotype 
with special attention to short-term growth and 24-hour blood pressure. 
Tartu, 2009. 

158. Kersti Ehrlich. Antioxidative glutathione analogues (UPF peptides) – 
molecular design, structure-activity relationships and testing the protec-
tive properties. Tartu, 2009. 

159. Anneli Rätsep. Type 2 diabetes care in family medicine. Tartu, 2009. 
160. Silver Türk. Etiopathogenetic aspects of chronic prostatitis: role of 

mycoplasmas, coryneform bacteria and oxidative stress. Tartu, 2009. 



146 

161.  Kaire Heilman. Risk markers for cardiovascular disease and low bone 
mineral density in children with type 1 diabetes. Tartu, 2009. 

162.  Kristi Rüütel. HIV-epidemic in Estonia: injecting drug use and quality of 
life of people living with HIV. Tartu, 2009. 

163. Triin Eller. Immune markers in major depression and in antidepressive 
treatment. Tartu, 2009. 

164.  Siim Suutre. The role of TGF-β isoforms and osteoprogenitor cells in the 
pathogenesis of heterotopic ossification. An experimental and clinical 
study of hip arthroplasty. Tartu, 2010. 

165.  Kai Kliiman. Highly drug-resistant tuberculosis in Estonia: Risk factors 
and predictors of poor treatment outcome. Tartu, 2010.  

166.  Inga Villa. Cardiovascular health-related nutrition, physical activity and 
fitness in Estonia. Tartu, 2010. 

167. Tõnis Org. Molecular function of the first PHD finger domain of Auto-
immune Regulator protein. Tartu, 2010.  

168. Tuuli Metsvaht. Optimal antibacterial therapy of neonates at risk of early 
onset sepsis. Tartu, 2010. 

169.  Jaanus Kahu. Kidney transplantation: Studies on donor risk factors and 
mycophenolate mofetil. Tartu, 2010.  

170.  Koit Reimand. Autoimmunity in reproductive failure: A study on as-
sociated autoantibodies and autoantigens. Tartu, 2010. 

171. Mart Kull. Impact of vitamin D and hypolactasia on bone mineral den-
sity: a population based study in Estonia. Tartu, 2010. 

172. Rael Laugesaar. Stroke in children – epidemiology and risk factors. 
Tartu, 2010.  

173.  Mark Braschinsky. Epidemiology and quality of life issues of hereditary 
spastic paraplegia in Estonia and implemention of genetic analysis in 
everyday neurologic practice. Tartu, 2010. 

174. Kadri Suija. Major depression in family medicine: associated factors, 
recurrence and possible intervention. Tartu, 2010. 

175. Jarno Habicht. Health care utilisation in Estonia: socioeconomic determi-
nants and financial burden of out-of-pocket payments. Tartu, 2010. 

176. Kristi Abram. The prevalence and risk factors of rosacea. Subjective 
disease perception of rosacea patients. Tartu, 2010. 

177.  Malle Kuum. Mitochondrial and endoplasmic reticulum cation fluxes: 
Novel roles in cellular physiology. Tartu, 2010. 

178.  Rita Teek. The genetic causes of early onset hearing loss in Estonian 
children. Tartu, 2010. 

179. Daisy Volmer. The development of community pharmacy services in 
Estonia – public and professional perceptions 1993–2006. Tartu, 2010. 

180. Jelena Lissitsina. Cytogenetic causes in male infertility. Tartu, 2011. 
181.  Delia Lepik. Comparison of gunshot injuries caused from Tokarev, Ma-

karov and Glock 19 pistols at different firing distances. Tartu, 2011. 
182.  Ene-Renate Pähkla. Factors related to the efficiency of treatment of 

advanced periodontitis. Tartu, 2011.  



147 

183. Maarja Krass. L-Arginine pathways and antidepressant action. Tartu, 
2011.  

184.  Taavi Lai. Population health measures to support evidence-based health 
policy in Estonia. Tartu, 2011.  

185. Tiit Salum. Similarity and difference of temperature-dependence of the 
brain sodium pump in normal, different neuropathological, and aberrant 
conditions and its possible reasons. Tartu, 2011.  

186.  Tõnu Vooder. Molecular differences and similarities between histo-
logical subtypes of non-small cell lung cancer. Tartu, 2011.  

187.  Jelena Štšepetova. The characterisation of intestinal lactic acid bacteria 
using bacteriological, biochemical and molecular approaches. Tartu, 2011.  

188. Radko Avi. Natural polymorphisms and transmitted drug resistance in 
Estonian HIV-1 CRF06_cpx and its recombinant viruses. Tartu, 2011, 116 p. 

189.  Edward Laane. Multiparameter flow cytometry in haematological malig-
nancies. Tartu, 2011, 152 p. 

190.  Triin Jagomägi. A study of the genetic etiology of nonsyndromic cleft lip 
and palate. Tartu, 2011, 158 p. 

191.  Ivo Laidmäe. Fibrin glue of fish (Salmo salar) origin: immunological 
study and development of new pharmaceutical preparation. Tartu, 2012, 
150 p. 

192.  Ülle Parm. Early mucosal colonisation and its role in prediction of inva-
sive infection in neonates at risk of early onset sepsis. Tartu, 2012, 168 p. 

193.  Kaupo Teesalu. Autoantibodies against desmin and transglutaminase 2 in 
celiac disease: diagnostic and functional significance. Tartu, 2012, 142 p. 

194. Maksim Zagura. Biochemical, functional and structural profiling of 
arterial damage in atherosclerosis. Tartu, 2012, 162 p. 

195. Vivian Kont. Autoimmune regulator: characterization of thymic gene 
regulation and promoter methylation. Tartu, 2012, 134 p. 

196.  Pirje Hütt. Functional properties, persistence, safety and efficacy of 
potential probiotic lactobacilli. Tartu, 2012, 246 p. 

197.  Innar Tõru. Serotonergic modulation of CCK-4- induced panic. Tartu, 
2012, 132 p. 

198.  Sigrid Vorobjov. Drug use, related risk behaviour and harm reduction 
interventions utilization among injecting drug users in Estonia: impli-
cations for drug policy. Tartu, 2012, 120 p. 

199.  Martin Serg. Therapeutic aspects of central haemodynamics, arterial 
stiffness and oxidative stress in hypertension. Tartu, 2012, 156 p.  

200.  Jaanika Kumm. Molecular markers of articular tissues in early knee 
osteoarthritis: a population-based longitudinal study in middle-aged sub-
jects. Tartu, 2012, 159 p. 

201. Kertu Rünkorg. Functional changes of dopamine, endopioid and endo-
cannabinoid systems in CCK2 receptor deficient mice. Tartu, 2012, 125 p. 

202. Mai Blöndal. Changes in the baseline characteristics, management and 
outcomes of acute myocardial infarction in Estonia. Tartu, 2012, 127 p.        



148 

203. Jana Lass. Epidemiological and clinical aspects of medicines use in 
children in Estonia. Tartu, 2012, 170 p. 

204. Kai Truusalu. Probiotic lactobacilli in experimental persistent Salmo-
nella infection. Tartu, 2013, 139 p.  

205. Oksana Jagur. Temporomandibular joint diagnostic imaging in relation 
to pain and bone characteristics. Long-term results of arthroscopic treat-
ment. Tartu, 2013, 126 p. 

206. Katrin Sikk. Manganese-ephedrone intoxication – pathogenesis of neuro-
logical damage and clinical symptomatology. Tartu, 2013, 125 p. 

207. Kai Blöndal. Tuberculosis in Estonia with special emphasis on drug-
resistant tuberculosis: Notification rate, disease recurrence and mortality. 
Tartu, 2013, 151 p. 

208. Marju Puurand. Oxidative phosphorylation in different diseases of 
gastric mucosa. Tartu, 2013, 123 p.  

209. Aili Tagoma. Immune activation in female infertility: Significance of 
autoantibodies and inflammatory mediators. Tartu, 2013, 135 p. 

210.  Liis Sabre. Epidemiology of traumatic spinal cord injury in Estonia. 
Brain activation in the acute phase of traumatic spinal cord injury. Tartu, 
2013, 135 p. 

211. Merit Lamp. Genetic susceptibility factors in endometriosis. Tartu, 2013, 
125 p. 

212.  Erik Salum. Beneficial effects of vitamin D and angiotensin II receptor 
blocker on arterial damage. Tartu, 2013, 167 p.   

213.  Maire Karelson. Vitiligo: clinical aspects, quality of life and the role of 
melanocortin system in pathogenesis. Tartu, 2013, 153 p.  

214. Kuldar Kaljurand. Prevalence of exfoliation syndrome in Estonia and its 
clinical significance. Tartu, 2013, 113 p.  

215.  Raido Paasma. Clinical study of methanol poisoning: handling large out-
breaks, treatment with antidotes, and long-term outcomes. Tartu, 2013,  
96 p. 

216.  Anne Kleinberg. Major depression in Estonia: prevalence, associated 
factors, and use of health services. Tartu, 2013, 129 p. 

217.  Triin Eglit. Obesity, impaired glucose regulation, metabolic syndrome 
and their associations with high-molecular-weight adiponectin levels. 
Tartu, 2014, 115 p. 

218.  Kristo Ausmees. Reproductive function in middle-aged males: Associa-
tions with prostate, lifestyle and couple infertility status. Tartu, 2014, 125 p.  

219.  Kristi Huik. The influence of host genetic factors on the susceptibility to 
HIV and HCV infections among intravenous drug users. Tartu, 2014, 
144 p.  

220. Liina Tserel. Epigenetic profiles of monocytes, monocyte-derived macro-
phages and dendritic cells. Tartu, 2014, 143 p. 

221.  Irina Kerna. The contribution of ADAM12 and CILP genes to the 
development of knee osteoarthritis. Tartu, 2014, 152 p. 



149 

222. Ingrid Liiv. Autoimmune regulator protein interaction with DNA-depen-
dent protein kinase and its role in apoptosis. Tartu, 2014, 143 p. 

223.  Liivi Maddison. Tissue perfusion and metabolism during intra-abdominal 
hypertension. Tartu, 2014, 103 p. 

224.  Krista Ress. Childhood coeliac disease in Estonia, prevalence in atopic 
dermatitis and immunological characterisation of coexistence. Tartu, 
2014, 124 p. 

225.  Kai Muru. Prenatal screening strategies, long-term outcome of children 
with marked changes in maternal screening tests and the most common 
syndromic heart anomalies in Estonia. Tartu, 2014, 189 p. 

226. Kaja Rahu. Morbidity and mortality among Baltic Chernobyl cleanup 
workers: a register-based cohort study. Tartu, 2014, 155 p.  

227.  Klari Noormets. The development of diabetes mellitus, fertility and 
energy metabolism disturbances in a Wfs1-deficient mouse model of 
Wolfram syndrome. Tartu, 2014, 132 p. 

228. Liis Toome. Very low gestational age infants in Estonia. Tartu, 2014,  
183 p. 

229.  Ceith Nikkolo. Impact of different mesh parameters on chronic pain and 
foreign body feeling after open inguinal hernia repair. Tartu, 2014, 132 p. 

230.  Vadim Brjalin. Chronic hepatitis C: predictors of treatment response in 
Estonian patients. Tartu, 2014, 122 p. 

231.  Vahur Metsna. Anterior knee pain in patients following total knee arthro-
plasty: the prevalence, correlation with patellar cartilage impairment and 
aspects of patellofemoral congruence. Tartu, 2014, 130 p. 

232.  Marju Kase. Glioblastoma multiforme: possibilities to improve treatment 
efficacy. Tartu, 2015, 137 p.  

233. Riina Runnel. Oral health among elementary school children and the 
effects of polyol candies on the prevention of dental caries. Tartu, 2015, 
112 p. 

234. Made Laanpere. Factors influencing women’s sexual health and repro-
ductive choices in Estonia. Tartu, 2015, 176 p. 

235.  Andres Lust. Water mediated solid state transformations of a polymorphic 
drug – effect on pharmaceutical product performance. Tartu, 2015, 134 p.  

236. Anna Klugman. Functionality related characterization of pretreated wood 
lignin, cellulose and polyvinylpyrrolidone for pharmaceutical applications. 
Tartu, 2015, 156 p. 

237. Triin Laisk-Podar. Genetic variation as a modulator of susceptibility to 
female infertility and a source for potential biomarkers. Tartu, 2015, 155 p. 

238. Mailis Tõnisson. Clinical picture and biochemical changes in blood in 
children with acute alcohol intoxication. Tartu, 2015, 100 p. 

239. Kadri Tamme. High volume haemodiafiltration in treatment of severe 
sepsis – impact on pharmacokinetics of antibiotics and inflammatory 
response. Tartu, 2015, 133 p.  

 
 



150 

240. Kai Part. Sexual health of young people in Estonia in a social context: the 
role of school-based sexuality education and youth-friendly counseling 
services. Tartu, 2015, 203 p. 

241.  Urve Paaver. New perspectives for the amorphization and physical stabi-
lization of poorly water-soluble drugs and understanding their dissolution 
behavior. Tartu, 2015, 139 p. 

242. Aleksandr Peet. Intrauterine and postnatal growth in children with HLA-
conferred susceptibility to type 1 diabetes. Tartu. 2015, 146 p. 

243. Piret Mitt. Healthcare-associated infections in Estonia – epidemiology 
and surveillance of bloodstream and surgical site infections. Tartu, 2015, 
145 p. 

244.  Merli Saare. Molecular Profiling of Endometriotic Lesions and Endo-
metria of Endometriosis Patients. Tartu, 2016, 129 p. 

245.  Kaja-Triin Laisaar. People living with HIV in Estonia: Engagement in 
medical care and methods of increasing adherence to antiretroviral therapy 
and safe sexual behavior. Tartu, 2016, 132 p. 

246. Eero Merilind. Primary health care performance: impact of payment and 
practice-based characteristics. Tartu, 2016, 120 p. 

247. Jaanika Kärner. Cytokine-specific autoantibodies in AIRE deficiency. 
Tartu, 2016, 182 p. 

248. Kaido Paapstel. Metabolomic profile of arterial stiffness and early bio-
markers of renal damage in atherosclerosis. Tartu, 2016, 173 p. 

249.  Liidia Kiisk. Long-term nutritional study: anthropometrical and clinico-
laboratory assessments in renal replacement therapy patients after inten-
sive nutritional counselling. Tartu, 2016, 207 p. 

250. Georgi Nellis. The use of excipients in medicines administered to neo-
nates in Europe. Tartu, 2017, 159 p. 

251.  Aleksei Rakitin. Metabolic effects of acute and chronic treatment with 
valproic acid in people with epilepsy. Tartu, 2017, 125 p. 

252. Eveli Kallas. The influence of immunological markers to susceptibility to 
HIV, HBV, and HCV infections among persons who inject drugs. Tartu, 
2017, 138 p. 

253.  Tiina Freimann. Musculoskeletal pain among nurses: prevalence, risk 
factors, and intervention. Tartu, 2017, 125 p. 

254.  Evelyn Aaviksoo. Sickness absence in Estonia: determinants and 
influence of the sick-pay cut reform. Tartu, 2017, 121 p. 

255. Kalev Nõupuu. Autosomal-recessive Stargardt disease: phenotypic hetero-
geneity and genotype-phenotype associations. Tartu, 2017, 131 p. 

256. Ho Duy Binh. Osteogenesis imperfecta in Vietnam. Tartu, 2017, 125 p. 
257.  Uku Haljasorg. Transcriptional mechanisms in thymic central tolerance. 

Tartu, 2017, 147 p.  
258.  Živile Riispere. IgA Nephropathy study according to the Oxford Classi-

fication: IgA Nephropathy clinical-morphological correlations, disease 
progression and the effect of renoprotective therapy. Tartu, 2017, 129 p. 



151 

259. Hiie Soeorg. Coagulase-negative staphylococci in gut of preterm neonates 
and in breast milk of their mothers. Tartu, 2017, 216 p. 

260.  Anne-Mari Anton Willmore. Silver nanoparticles for cancer research. 
Tartu, 2017, 132 p. 

261.  Ott Laius. Utilization of osteoporosis medicines, medication adherence 
and the trend in osteoporosis related hip fractures in Estonia. Tartu, 2017,  
134 p.  

262.  Alar Aab. Insights into molecular mechanisms of asthma and atopic 
dermatitis. Tartu, 2017, 164 p. 

263. Sander Pajusalu. Genome-wide diagnostics of Mendelian disorders:  
from chromosomal microarrays to next-generation sequencing. Tartu, 
2017, 146 p. 

264.  Mikk Jürisson. Health and economic impact of hip fracture in Estonia. 
Tartu, 2017, 164 p. 

265. Kaspar Tootsi. Cardiovascular and metabolomic profiling of osteo-
arthritis. Tartu, 2017, 150 p. 

266.  Mario Saare. The influence of AIRE on gene expression – studies of 
transcriptional regulatory mechanisms in cell culture systems. Tartu, 2017, 
172 p. 

267. Piia Jõgi. Epidemiological and clinical characteristics of pertussis in 
Estonia. Tartu, 2018, 168 p. 

268. Elle Põldoja. Structure and blood supply of the superior part of the 
shoulder joint capsule. Tartu, 2018, 116 p. 

269. Minh Son Nguyen. Oral health status and prevalence of temporo-
mandibular disorders in 65–74-year-olds in Vietnam. Tartu, 2018, 182 p. 

270.  Kristian Semjonov. Development of pharmaceutical quench-cooled 
molten and melt-electrospun solid dispersions for poorly water-soluble 
indomethacin. Tartu, 2018, 125 p. 

271.  Janne Tiigimäe-Saar. Botulinum neurotoxin type A treatment for 
sialorrhea in central nervous system diseases. Tartu, 2018, 109 p. 

272. Veiko Vengerfeldt. Apical periodontitis: prevalence and etiopathogenetic 
aspects. Tartu, 2018,  150 p.  

273. Rudolf Bichele. TNF superfamily and AIRE at the crossroads of thymic 
differentiation and host protection against Candida albicans infection. 
Tartu, 2018, 153 p.  

274. Olga Tšuiko. Unravelling Chromosomal Instability in Mammalian Pre-
implantation Embryos Using Single-Cell Genomics. Tartu, 2018, 169 p. 

275.  Kärt Kriisa. Profile of acylcarnitines, inflammation and oxidative stress 
in first-episode psychosis before and after antipsychotic treatment. Tartu, 
2018, 145 p. 

276.  Xuan Dung Ho. Characterization of the genomic profile of osteosarcoma. 
Tartu, 2018, 144 p. 

277.  Karit Reinson. New Diagnostic Methods for Early Detection of Inborn 
Errors of Metabolism in Estonia. Tartu, 2018, 201 p. 



152 

278.  Mari-Anne Vals. Congenital N-glycosylation Disorders in Estonia. Tartu, 
2019, 148 p. 

279. Liis Kadastik-Eerme. Parkinson’s disease in Estonia: epidemiology, 
quality of life, clinical characteristics and pharmacotherapy. Tartu, 2019,  
202 p. 

280. Hedi Hunt. Precision targeting of intraperitoneal tumors with peptide-
guided nanocarriers. Tartu, 2019, 179 p. 

281.  Rando Porosk. The role of oxidative stress in Wolfram syndrome 1 and 
hypothermia. Tartu, 2019, 123 p. 

282. Ene-Ly Jõgeda. The influence of coinfections and host genetic factor on 
the susceptibility to HIV infection among people who inject drugs. Tartu, 
2019, 126 p. 

283.  Kristel Ehala-Aleksejev. The associations between body composition, 
obesity and obesity-related health and lifestyle conditions with male re-
productive function. Tartu, 2019, 138 p. 

284.  Aigar Ottas. The metabolomic profiling of psoriasis, atopic dermatitis 
and atherosclerosis. Tartu, 2019, 136 p. 

285.  Elmira Gurbanova. Specific characteristics of tuberculosis in low de-
fault, but high multidrug–resistance prison setting. Tartu, 2019, 129 p. 

286.  Van Thai Nguyeni. The first study of the treatment outcomes of patients 
with cleft lip and palate in Central Vietnam. Tartu, 2019, 144 p. 

287.  Maria Yakoreva. Imprinting Disorders in Estonia. Tartu, 2019, 187 p. 
288.  Kadri Rekker. The putative role of microRNAs in endometriosis patho-

genesis and potential in diagnostics. Tartu, 2019, 140 p. 
289. Ülle Võhma. Association between personality traits, clinical characteris-

tics and pharmacological treatment response in panic disorder. Tartu, 
2019, 121 p. 

290. Aet Saar. Acute myocardial infarction in Estonia 2001–2014: towards 
risk-based prevention and management. Tartu, 2019, 124 p. 

291.  Toomas Toomsoo. Transcranial brain sonography in the Estonian cohort 
of Parkinson’s disease. Tartu, 2019, 114 p. 

292.  Lidiia Zhytnik. Inter- and intrafamilial diversity based on genotype and 
phenotype correlations of Osteogenesis Imperfecta. Tartu, 2019, 224 p. 

293.  Pilleriin Soodla. Newly HIV-infected people in Estonia: estimation of 
incidence and transmitted drug resistance. Tartu, 2019, 194 p. 

294. Kristiina Ojamaa. Epidemiology of gynecological cancer in Estonia. 
Tartu, 2020, 133 p. 

295. Marianne Saard. Modern Cognitive and Social Intervention Techniques 
in Paediatric Neurorehabilitation for Children with Acquired Brain Injury. 
Tartu, 2020, 168 p. 

296. Julia Maslovskaja. The importance of DNA binding and DNA breaks for 
AIRE-mediated transcriptional activation. Tartu, 2020, 162 p. 

297. Natalia Lobanovskaya. The role of PSA-NCAM in the survival of retinal 
ganglion cells. Tartu, 2020, 105 p. 



153 

298.  Madis Rahu. Structure and blood supply of the postero-superior part of 
the shoulder joint capsule with implementation of surgical treatment after 
anterior traumatic dislocation. Tartu, 2020, 104 p. 

299. Helen Zirnask. Luteinizing hormone (LH) receptor expression in the 
penis and its possible role in pathogenesis of erectile disturbances. Tartu, 
2020, 87 p. 

300.  Kadri Toome. Homing peptides for targeting of brain diseases. Tartu, 
2020, 152 p. 

301.  Maarja Hallik. Pharmacokinetics and pharmacodynamics of inotropic 
drugs in neonates. Tartu, 2020,  172 p. 

302.  Raili Müller. Cardiometabolic risk profile and body composition in early 
rheumatoid arthritis. Tartu, 2020, 133 p. 

303. Sergo Kasvandik. The role of proteomic changes in endometrial cells – 
from the perspective of fertility and endometriosis. Tartu, 2020, 191 p. 

304.  Epp Kaleviste. Genetic variants revealing the role of STAT1/STAT3 
signaling cytokines in immune protection and pathology. Tartu, 2020, 
189 p. 

305.  Sten Saar. Epidemiology of severe injuries in Estonia. Tartu, 2020, 104 p. 
306.  Kati Braschinsky. Epidemiology of primary headaches in Estonia and 

applicability of web-based solutions in headache epidemiology research. 
Tartu, 2020, 129 p. 

307. Helen Vaher. MicroRNAs in the regulation of keratinocyte responses in 
psoriasis vulgaris and atopic dermatitis. Tartu, 2020, 242 p. 

308. Liisi Raam. Molecular Alterations in the Pathogenesis of Two Chronic 
Dermatoses – Vitiligo and Psoriasis. Tartu, 2020, 164 p. 

309.  Artur Vetkas. Long-term quality of life, emotional health, and associated 
factors in patients after aneurysmal subarachnoid haemorrhage. Tartu, 
2020, 127 p. 

310. Teele Kasepalu. Effects of remote ischaemic preconditioning on organ 
damage and acylcarnitines’ metabolism in vascular surgery. Tartu, 2020, 
130 p. 

311.  Prakash Lingasamy. Development of multitargeted tumor penetrating 
peptides. Tartu, 2020, 246 p. 

312.  Lille Kurvits. Parkinson’s disease as a multisystem disorder: whole trans-
criptome study in Parkinson’s disease patients’ skin and blood. Tartu, 
2021, 142 p. 

313.  Mariliis Põld. Smoking, attitudes towards smoking behaviour, and nico-
tine dependence among physicians in Estonia: cross-sectional surveys 
1982–2014. Tartu, 2021, 172 p. 

314. Triin Kikas. Single nucleotide variants affecting placental gene expression 
and pregnancy outcome. Tartu, 2021, 160 p. 

315.  Hedda Lippus-Metsaots. Interpersonal violence in Estonia: prevalence, 
impact on health and health behaviour. Tartu, 2021, 172 p. 

 



154 

316. Georgi Dzaparidze. Quantification and evaluation of the diagnostic signi-
ficance of adenocarcinoma-associated microenvironmental changes in the 
prostate using modern digital pathology solutions. Tartu, 2021, 132 p. 

317. Tuuli Sedman. New avenues for GLP1 receptor agonists in the treatment 
of diabetes. Tartu, 2021, 118 p. 

318. Martin Padar. Enteral nutrition, gastrointestinal dysfunction and intes-
tinal biomarkers in critically ill patients. Tartu, 2021, 189 p. 

319. Siim Schneider. Risk factors, etiology and long-term outcome in young 
ischemic stroke patients in Estonia. Tartu, 2021, 131 p. 

320. Konstantin Ridnõi. Implementation and effectiveness of new prenatal 
diagnostic strategies in Estonia. Tartu, 2021, 191 p. 

321. Risto Vaikjärv. Etiopathogenetic and clinical aspects of peritonsillar 
abscess. Tartu, 2021, 115 p. 

322. Liis Preem. Design and characterization of antibacterial electrospun drug 
delivery systems for wound infections. Tartu, 2022, 220 p. 

323.  Keerthie Dissanayake. Preimplantation embryo-derived extracellular 
vesicles: potential as an embryo quality marker and their role during the 
embryo-maternal communication. Tartu, 2022, 203 p. 

324.  Laura Viidik. 3D printing in pharmaceutics: a new avenue for fabricating 
therapeutic drug delivery systems. Tartu, 2022, 139 p. 

325. Kasun Godakumara. Extracellular vesicle mediated embryo-maternal 
communication – A tool for evaluating functional competency of pre-
implantation embryos. Tartu, 2022, 176 p. 

326. Hindrek Teder. Developing computational methods and workflows for 
targeted and whole-genome sequencing based non-invasive prenatal 
testing. Tartu, 2022, 138 p. 

327. Jana Tuusov. Deaths caused by alcohol, psychotropic and other sub-
stances in Estonia: evidence based on forensic autopsies. Tartu, 2022, 157 p. 

328. Heigo Reima. Colorectal cancer care and outcomes – evaluation and pos-
sibilities for improvement in Estonia. Tartu, 2022, 146 p.  

329. Liisa Kuhi. A contribution of biomarker collagen type II neoepitope C2C 
in urine to the diagnosis and prognosis of knee osteoarthritis. Tartu, 2022, 
157 p.  

330. Reeli Tamme. Associations between pubertal hormones and physical 
activity levels, and subsequent bone mineral characteristics: a longitudinal 
study of boys aged 12–18. Tartu, 2022, 118 p. 

331. Deniss Sõritsa. The impact of endometriosis and physical activity on 
female reproduction. Tartu, 2022, 152 p. 

332. Mohammad Mehedi Hasan. Characterization of follicular fluid-derived 
extracellular vesicles and their contribution to periconception environ-
ment. Tartu, 2022, 194 p.  

333. Priya Kulkarni. Osteoarthritis pathogenesis: an immunological passage 
through synovium-synovial fluid axis. Tartu, 2022, 268 p.  



155 

334. Nigul Ilves. Brain plasticity and network reorganization in children with 
perinatal stroke: a functional magnetic resonance imaging study. Tartu, 
2022, 169 p. 

335.  Marko Murruste. Short- and long-term outcomes of surgical manage-
ment of chronic pancreatitis. Tartu, 2022, 180 p. 

336.  Marilin Ivask. Transcriptomic and metabolic changes in the WFS1-defi-
cient mouse model. Tartu, 2022, 158 p. 

337. Jüri Lieberg. Results of surgical treatment and role of biomarkers in 
pathogenesis and risk prediction in patients with abdominal aortic aneu-
rysm and peripheral artery disease. Tartu, 2022, 160 p. 

338.  Sanna Puusepp. Comparison of molecular genetics and morphological 
findings of childhood-onset neuromuscular disorders. Tartu, 2022, 216 p. 

339. Khan Nguyen Viet. Chemical composition and bioactivity of extracts and 
constituents isolated from the medicinal plants in Vietnam and their nano-
technology-based delivery systems. Tartu, 2023, 172 p. 

340. Getnet Balcha Midekessa. Towards understanding the colloidal stability 
and detection of Extracellular Vesicles. Tartu, 2023, 172 p.  

341. Kristiina Sepp. Competency-based and person-centred community phar-
macy practice – development and implementation in Estonia. Tartu, 2023, 
242 p.  

342.  Linda Sõber. Impact of thyroid disease and surgery on patient’s quality 
of voice and swallowing. Tartu, 2023, 114 p. 

343. Anni Lepland. Precision targeting of tumour-associated macrophages in 
triple negative breast cancer. Tartu, 2023, 160 p.  

344. Sirje Sammul. Prevalence and risk factors of arterial hypertension and 
cardiovascular mortality: 13-year longitudinal study among 35- and 55-
year-old adults in Estonia and Sweden. Tartu, 2023, 158 p. 

345. Maarjaliis Paavo. Short-Wavelength and Near-Infrared Autofluorescence 
Imaging in Recessive Stargardt Disease, Choroideremia, PROM1-Macular 
Dystrophy and Ocular Albinism. Tartu, 2023, 202 p. 

346. Kaspar Ratnik. development of predictive multimarker test for pre-
eclampsia in early and late pregnancy. Tartu, 2023, 134 p. 

347. Kärt Simre. Development of coeliac disease in two populations with 
different environmental backgrounds. Tartu, 2023, 161 p. 

348.  Qurat Ul Ain Reshi. Characterization of the maternal reproductive tract 
and spermatozoa communication during periconception period via extra-
cellular vesicles. Tartu, 2023, 182 p. 

349. Stanislav Tjagur. Mycoplasma genitalium and other sexually transmitted 
infections causing urethritis – their prevalence, impact on male fertility 
parameters and prostate health. Tartu, 2023, 225 p. 

350. Lagle Lehes. The first study of voice and resonance related treatment out-
comes of Estonian cleft palate children. Tartu, 2023, 126 p. 

351.  Liis Ilves. Metabolomic profiling of chronic inflammatory skin diseases. 
Tartu, 2023, 146 p. 



156 

352. Marina Šunina. Flow cytometric analysis of T and B cell properties in 
healthy donors and subjects with vitiligo. Tartu, 2023, 164 p. 

353. Jaanus Suumann. Gastric biomarkers and their dynamics as a less inva-
sive method to evaluate stomach health in bariatric surgery patients. Tartu, 
2023, 122 p. 

354. Ele Hanson. Clinical and biochemical markers for the prediction and 
early diagnosis of pregnancy related complications. Tartu, 2023, 145 p. 

355. Priit Pauklin. Hemodynamic and biochemical characteristics of patients 
with atrial fibrillation and anticoagulation of ≥65-year-old patients with 
atrial fibrillation in Estonia. Tartu, 2023, 144 p. 

356. Triinu Keskpaik. Quality Indicators and Non-Ischemic Myocardial In-
jury in Emergency Medicine. Tartu, 2023, 121 p.  

357. Laura Roht. Hereditary colorectal cancer syndromes in Estonia. Tartu, 
2023, 178 p. 

358.  Norman Ilves. Risk factors and onset time of periventricular hemorrhagic 
infarction in preterm born children and periventricular venous infarction 
in term born children. Tartu, 2024, 177 p. 

359. Edgar Lipping. Postoperative antibacterial therapy in complicated appen-
dicitis and appendectomy in pregnancy. Tartu, 2024, 121 p. 

360. Celia Teresa Pozo Ramos. Preparation and assessment of antimicrobial 
electrospun matrices for prospective applications in wound healing. Tartu, 
2024, 203 p. 

361. Karl Kuusik. Effects of remote ischaemic preconditioning on arterial 
stiffness, organ damage and metabolomic profile in patients with lower 
extremity artery disease. Tartu, 2024, 173 p. 

362. Kelli Somelar-Duracz. The molecular and cellular mechanisms of brain 
plasticity impairing factors. Tartu, 2024, 245 p. 

363. Aleksei Baburin. Breast cancer incidence, mortality and survival in Esto-
nia in the context of health care system changes and screening. Tartu, 
2024, 130 p. 

364. Marina Loid. Molecular and cellular determinants of healthy receptive 
and aged endometrium. Tartu, 2024, 159 p.  

365. Ulvi Vaher. Epilepsy after ischemic perinatal stroke in term born children: 
neuroimaging predictors, clinical course and cognitive outcome. Tartu, 
2024, 160 p.  

366.  Allan Tobi. Development of Smart Nanoparticles for Experimental Treat-
ment of Cancer. Tartu, 2024, 160 p.  

367. Leho Rips. The influence of vitamin D on the physical performance of 
conscripts in the Estonian Defence Forces. Tartu, 2024, 147 p. 

368.  Kati Kärberg. Factors and markers predicting subclinical atherosclerosis 
in type 2 diabetes. Tartu, 2024, 161 p. 

369.  Valeria Sidorenko. Novel anthracycline-loaded nanoparticles for preci-
sion cancer therapy. Tartu, 2024, 183 p. 



370. Kadri Kõivumägi. Acute gastroenteritis hospitalizations in Estonia after 
implementation of universal mass vaccination against rotavirus. Tartu, 
2024, 150 p. 

371. Ingrid Oit-Wiscombe. Genetic markers of enzymatics in the patho-
genesis of chronic obstructive pulmonary disease as a systemic disease 
and the effects of antioxidant peptides. Tartu, 2025, 170 p. 

372.  Gerli Mõts. Ethical issues in nursing before and during the COVID-19 
pandemic: a multi-method study. Tartu, 2025, 150 p. 

373. Annika Valner. Changes in structure and function of extremities in early 
rheumatoid arthritis. Tartu, 2025, 129 p. 


	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1. INTRODUCTION
	2. REVIEW OF THE LITERATURE
	2.1 Endometriosis
	2.1.1 Eutopic endometrium:  hormone regulation and menstrual cycle
	2.1.2 Endometriosis prevalence and characteristics
	2.1.3 Epidemiology and risk factors
	2.1.4 Endometriotic lesions and their origin

	2.2 Pathogenetic hallmarks of endometriosis
	2.2.1 Hormonal imbalance
	2.2.2 Hypoxia – master regulator in endometriosis
	2.2.3 Hypoxia and cell metabolism
	2.2.4 Hypoxia and angiogenesis
	2.2.5 Hypoxia, adhesions and fibrosis
	2.2.6 Hypoxia and inflammation

	2.3 Single-cell studies on pathogenesis of endometriosis
	2.4 Diagnostics and treatment
	2.4.1 Invasive and non-invasive diagnostics
	2.4.2 Therapeutic and surgical treatment

	2.5 Rationale for studies

	3. AIMS OF THE STUDY
	4. MATERIALS AND METHODS
	4.1 Ethical statement (Studies I–III)
	4.2 Study participants, sample collection and processing (Studies I–III)
	4.3 Study design (Studies I–III)
	4.4 Single-cell isolation from tissue biopsies (Study I)
	4.5 Chromium 10x single-cell capturing, library preparation & sequencing (Study I)
	4.6 Bioinformatic analysis (Study I)
	4.7 Stromal cell isolation and culturing (Study II)
	4.8 mRNA-seq and qRT-PCR (Studies II and III)
	4.9 Protein kinase assay and ELISA (Study II)
	4.10 Immunohistochemistry  (Studies II and III)
	4.11 siRNA transfection, MTT and migration assays  (Study III)
	4.12 Statistics and Reproducibility  (Studies I–III)

	5. RESULTS
	5.1 Study I: Metabolic activity and steroidogenesis in endometriosis
	5.1.1 Metabolic activity in major cell types of paired endometriotic lesions and eutopic endometrium
	5.1.2 Steroidogenesis in perivascular, stromal and endothelial cells of endometriotic lesions
	5.1.3 Differential expression of cell cycle genes in EcE vs EuE

	5.2 Study II: The effect of hypoxia on transcriptome and protein kinases in endometriosis
	5.2.1 Hypoxia-mediated alterations in transcriptome and  PK activity of eutopic and ectopic endometrial stromal cells
	5.2.2 In vitro and ex vivo TGFBI expression in endometriosis

	5.3 Study III: Carboxypeptidase inhibitor LXN in endometrium and endometriosis
	5.3.1 LXN expression across the menstrual cycle in eutopic and ectopic endometrium
	5.3.2 LXN silencing affects cell viability and migration


	6. DISCUSSION
	6.1 Metabolic activity and steroidogenesis  of endometriotic lesions differ from that  of eutopic endometrium
	6.2 Hypoxia alters transcriptome of endometrial stromal cells and activates TGFBI axis in endometriosis
	6.3 LXN expression is menstrual cycle dependent and affects endometrial cell viability and migration
	6.4 Study limitations and future directions

	7. CONCLUSIONS
	SUMMARY IN ESTONIAN
	REFERENCES
	ACKNOWLEDGEMENTS
	PUBLICATIONS
	CURRICULUM VITAE
	ELULOOKIRJELDUS
	nim.pdf
	65. Karin Kull. Inflammatory bowel disease: an immunogenetic study. Tartu, 2000.
	119. Tiina Stelmach. Epidemiology of cerebral palsy and unfavourable neurodevelopmental outcome in child population of Tartu city and county, Estonia Prevalence, clinical features and risk factors. Tartu, 2006.
	135. Kadri Haller. Antibodies to follicle stimulating hormone. Significance in female infertility. Tartu, 2007.
	148. Lenne-Triin Heidmets. The effects of neurotoxins on brain plasticity: focus on neural Cell Adhesion Molecule. Tartu, 2008.
	201. Kertu Rünkorg. Functional changes of dopamine, endopioid and endocannabinoid systems in CCK2 receptor deficient mice. Tartu, 2012, 125 p.
	231.  Vahur Metsna. Anterior knee pain in patients following total knee arthroplasty: the prevalence, correlation with patellar cartilage impairment and aspects of patellofemoral congruence. Tartu, 2014, 130 p.

	Study I_Sarsenova.pdf
	Study I_Sarsenova.pdf
	Endometriotic lesions exhibit distinct metabolic signature compared to paired eutopic endometrium at the single-cell level
	Results
	EcE is enriched for perivascular, endothelial, and immune cells
	Metabolic reprogramming of perivascular, stromal and endothelial cell populations in EcE
	Regulatory metabolic pathways (AMPK signaling pathway and HIF-1 signaling pathway)
	Glycolytic metabolism
	Oxidative metabolism
	Biosynthetic metabolism
	Metabolic activity is similar in EuE from women with endometriosis vs controls
	Progesterone resistance and elevated estradiol signaling genes in EcE
	Differences in expression of cell cycle phase-specific genes between EuE and EcE
	Differential expression and pathway analyses revealed altered proliferation, apoptosis, migration and angiogenesis processes in EcE

	Discussion
	Conclusions
	Materials and methods
	Patient selection and sample processing
	Tissue dissociation for scRNA-seq
	Chromium 10x single cell capturing, library generation and sequencing
	Quality control, normalization, doublet cell removal, sample integration, and cell-type clustering
	Cell cluster annotations
	Pseudobulk differential expression and KEGG pathway analyses
	Metabolic and steroidogenesis pathways analysis
	The single-cell pathway analysis
	Gene set variation analysis
	Transcription factor analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information


	Study I_Sarsenova.pdf
	Endometriotic lesions exhibit distinct metabolic signature compared to paired eutopic endometrium at the single-cell level
	Results
	EcE is enriched for perivascular, endothelial, and immune cells
	Metabolic reprogramming of perivascular, stromal and endothelial cell populations in EcE
	Regulatory metabolic pathways (AMPK signaling pathway and HIF-1 signaling pathway)
	Glycolytic metabolism
	Oxidative metabolism
	Biosynthetic metabolism
	Metabolic activity is similar in EuE from women with endometriosis vs controls
	Progesterone resistance and elevated estradiol signaling genes in EcE
	Differences in expression of cell cycle phase-specific genes between EuE and EcE
	Differential expression and pathway analyses revealed altered proliferation, apoptosis, migration and angiogenesis processes in EcE

	Discussion
	Conclusions
	Materials and methods
	Patient selection and sample processing
	Tissue dissociation for scRNA-seq
	Chromium 10x single cell capturing, library generation and sequencing
	Quality control, normalization, doublet cell removal, sample integration, and cell-type clustering
	Cell cluster annotations
	Pseudobulk differential expression and KEGG pathway analyses
	Metabolic and steroidogenesis pathways analysis
	The single-cell pathway analysis
	Gene set variation analysis
	Transcription factor analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information



	Study II_Sarsenova.pdf
	Hypoxic conditions affect transcriptome of endometrial stromal cells in endometriosis and promote TGFBI axis
	1 Introduction
	2 Materials and methods
	2.1 Patient selection and sample processing
	2.2 Stromal cell isolation and primary cell culturing
	2.3 Incubation of cells in normoxic or hypoxic conditions
	2.4 Protein kinase assay
	2.5 RNA extraction
	2.6 mRNA library generation and sequencing
	2.7 mRNA-seq data analysis
	2.8 Enzyme-linked immunosorbent assay
	2.9 qRT-PCR
	2.10 Immunohistochemistry
	2.11 Statistical analysis

	3 Results
	3.1 The activity of PKAc and Akt kinase families is reduced in the hypoxia-treated EcESCs but not in the EuESCs
	3.2 Hypoxia alters the transcriptome of endometrial SCs with distinct differences between EuESCs and EcESCs
	3.3 Secretion of TGFBI mirrors transcriptome changes in ESCs
	3.4 The mRNA expression pattern of TGFBI in EuE from women with and without endometriosis is dependent on the menstrual cycle phase
	3.5 TGFBI protein is expressed in the stroma and around the vessels of EuE and EcE

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


	Study III_Sarsenova.pdf
	Introduction 
	Materials and Methods 
	Study Participants 
	mRNA Extraction and Gene Expression Analysis 
	Immunohistochemistry (IHC) 
	Cell Culture and siRNA Transfection 
	MTT (3-(4,5-Dimethyl-2-yl)-2,5-Diphenyltetrazolium Bromide) Cell Viability Assay 
	Migration Assay 
	Statistical Analysis 

	Results 
	Characteristics of the Study Population 
	LXN Expression in Eutopic and Ectopic Endometrium 
	LXN Expression in Endometrial Tissue by IHC 
	LXN Silencing Affects Endometrial Stromal Cell Migration and Viability 
	LXN Availability in Body Fluids 

	Discussion 
	Conclusions 
	References

	nim.pdf
	65. Karin Kull. Inflammatory bowel disease: an immunogenetic study. Tartu, 2000.
	119. Tiina Stelmach. Epidemiology of cerebral palsy and unfavourable neurodevelopmental outcome in child population of Tartu city and county, Estonia Prevalence, clinical features and risk factors. Tartu, 2006.
	135. Kadri Haller. Antibodies to follicle stimulating hormone. Significance in female infertility. Tartu, 2007.
	148. Lenne-Triin Heidmets. The effects of neurotoxins on brain plasticity: focus on neural Cell Adhesion Molecule. Tartu, 2008.
	201. Kertu Rünkorg. Functional changes of dopamine, endopioid and endocannabinoid systems in CCK2 receptor deficient mice. Tartu, 2012, 125 p.
	231.  Vahur Metsna. Anterior knee pain in patients following total knee arthroplasty: the prevalence, correlation with patellar cartilage impairment and aspects of patellofemoral congruence. Tartu, 2014, 130 p.




