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“Recomeça… 

Se puderes 

Sem angústia 

E sem pressa. 

E os passos que deres, 

Nesse caminho duro 

Do futuro 

Dá-os em Liberdade. 

Enquanto não alcances  

Não descanses. 

De nenhum fruto queiras só metade.” 

Miguel Torga 

  



 

 

  



 

 

PREFÁCIO 
 

 
 
Escrever estas palavras traz-me uma enorme satisfação, sensação de dever cumprido, mas 

também a memória dos muitos momentos que construíram este percurso. Nem sempre foi um 
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Os seus contributos, sempre pertinentes e certeiros, foram fundamentais para o 

desenvolvimento deste trabalho e para o meu crescimento científico. A sua capacidade de 

orientar com clareza, rigor e visão foi decisiva para o sucesso deste projeto. 

A todos os Diretores do Departamento de Biomedicina e da Unidade de Biologia Experimental, 

manifesto o meu sincero agradecimento pela forma como, ao longo de todo o meu percurso, 

me abriram as portas e criaram condições para que pudesse desenvolver o meu trabalho. 

A todos os membros do CETI, expresso o meu sincero agradecimento pelo acolhimento, 

colaboração e contributos partilhados ao longo destes anos. Um agradecimento especial ao 

Professor João Luís Silva-Carvalho, pela confiança e entusiasmo depositados neste trabalho, 

pelo incentivo contínuo à ciência e à investigação na área da infertilidade, e por sempre me 



 

motivar a questionar, aprender e ir mais longe. Agradeço ainda pela orientação atenta, pelo 

apoio nos momentos desafiantes e pela inspiração constante que representa para o meu percurso 

académico e científico. Agradeço também à Ângela, pela amizade, constante disponibilidade e 

paciência para todas as minhas dúvidas, bem como pelo apoio, incentivo e palavras de 

tranquilidade ao longo deste percurso, que foram essenciais para ultrapassar os momentos de 

maior incerteza. 

A todos os membros que, ao longo deste percurso, fizeram parte do grupo Ageing and Stress, 

deixo o meu sincero agradecimento pela colaboração, partilha de conhecimentos e pelos 
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salientar, de forma especial, a amizade, prontidão e disponibilidade para ajudar da Professora 

Alexandra, da Liliana, da Adriana e da Elisabete, que sempre tornaram o ambiente de trabalho 
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seguir em frente. Não poderia deixar de mencionar o Zé Pedro, que embora já não faça parte 

do grupo, sempre demonstrou entusiasmo por este trabalho e me incentivou a querer fazer 

sempre mais e melhor ciência. Gostaria ainda de expressar o meu sincero agradecimento ao 

Professor Carlos, pelo apoio, incentivo e pelas palavras certas nos momentos certos ao longo 

deste percurso. Ao Filipe e ao Miguel, agradeço profundamente a amizade, a disponibilidade e 

o apoio constante durante esta etapa. À Ana Charrua, deixo um agradecimento muito especial 
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RESUMO 

 

 

A endometriose é uma doença crónica, inflamatória, dependente de estrogénio, que afeta 

aproximadamente 10% das mulheres em idade reprodutiva. Caracteriza-se pela presença de tecido 

semelhante ao endométrio fora da cavidade uterina e está frequentemente associada a dor pélvica 

crónica e infertilidade, manifestando-se esta em cerca de 40% das mulheres com diagnóstico da 

doença. Embora tradicionalmente considerada uma patologia estritamente ginecológica, a 

endometriose é atualmente reconhecida como uma doença sistémica, com impacto metabólico, 

cardiovascular, imunitário e neurológico. Assim, na perspetiva mais vasta da doença reconhece-se 

a necessidade de estudar, não apenas os mecanismos pélvicos, mas também as alterações sistémicas 

que não só contribuem para a progressão da endometriose, como também, para o 

comprometimento da função reprodutiva. 

Os tratamentos hormonais recomendados na endometriose, embora eficazes no controlo 

dos sintomas, não são compatíveis com a conceção ou gravidez, nem apresentam benefícios no 

controlo das manifestações sistémicas da doença. Como tal, reconhece-se a necessidade de novas 

terapêuticas não hormonais, em particular de fármacos que possam ser utilizados com segurança 

antes da conceção e ao longo da gravidez. A avaliação de novas intervenções farmacológicas para 

a endometriose, inclusivamente recorrendo a reposicionamento de fármacos, implica a utilização 

de modelos animais. Nestes, é possível estudar a fisiopatologia da doença e avaliar o efeito das 

intervenções sem as limitações éticas e biológicas inerentes aos estudos estritamente clínicos. No 

entanto, os estudos clínicos são essenciais para validar os resultados e também para identificar 

biomarcadores com relevância diagnóstica e prognóstica, especialmente no contexto da Procriação 

Medicamente Assistida (PMA). A PMA é um recurso fundamental para mulheres inférteis com 

endometriose, apesar de estas apresentarem taxas de sucesso inferiores a 30%, percentagem 

observada globalmente na população que recorre a estes tratamentos. Assim, a identificação de 

biomarcadores que possam melhorar o diagnóstico, prever resultados reprodutivos ou orientar 

estratégias terapêuticas é de elevado interesse clínico. 

Esta tese teve como principal objetivo avaliar o potencial terapêutico de uma dose 

subterapêutica de metformina – um fármaco não hormonal com propriedades anti-inflamatórias, 

metabólicas e antioxidantes – num modelo de murganho com endometriose, com foco na 

progressão das lesões, resultados de fertilidade e alterações no tecido cardíaco, enquanto 

manifestação sistémica da doença. Adicionalmente, foi conduzida a pesquisa de biomarcadores de 

diagnóstico e prognóstico, no líquido folicular humano, com o objetivo de auxiliar, quer a 

identificação da doença, quer a previsão do resultado da PMA nas mulheres. 



 

Apesar da baixa dose, a metformina mostrou regular a expressão do marcador de 

proliferação, antigénio nuclear de proliferação celular (PCNA) e reduzir o crescimento das lesões e 

a fibrose nos tecidos ectópicos. Em relação à resposta inflamatória, o tratamento com metformina 

aumentou a presença de macrófagos (F4/80) no endométrio, concomitantemente com o aumento 

da expressão de galectina-3, do fator nuclear kappa B (NFkB) e das enzimas antioxidantes heme-

oxigenase 1 (HO-1) e glutationa peroxidase 1 (GPX-1), revelando ações anti-inflamatórias, anti-

fibróticas e de modulação redox coordenadas. 

No que ao tecido cardíaco diz respeito, a metformina preveniu a disfunção endotelial 

associada à endometriose através do aumento da expressão da síntase do oxido nítrico endotelial 

(eNOS) e da diminuição da endothelina-1 (ET-1), indicando proteção contra a perda de função 

vascular associada à doença. Induziu também o aumento da expressão da GPX-1 de forma 

independente do eixo clássico proteína quinase ativada (AMPK) –sirtuina 1 (SIRT1)– Coativador 

1-alfa do receptor gama ativado por proliferador do peroxissoma (PGC-1α)–sirtuina 3 (SIRT3). 

Um achado muito relevante deste trabalho foi o aumento da fertilidade observado nos 

murganhos com endometriose tratados com metformina, uma vez que ap resentaram um número 

superior de fetos por fêmea gestante em comparação com os animais não tratados, atingindo 

valores semelhantes aos dos controlos. 

Nas amostras humanas de líquido folicular, recolhidas de mulheres com endometriose e 

com infertilidade de causa masculina (controlo) em tratamento de PMA, analisámos proteínas 

secretadas pelo ovócito, pertencentes à família do fator de crescimento transformador beta (TGF-

β), tais como a hormona anti-Mülleriana (AMH), a proteína morfogenética óssea 15 (BMP-15) e o 

fator de diferenciação do crescimento 9 (GDF-9)), bem como um painel de microRNAs (miR-

20a_1, miR-145_1, miR-320a_1, miR-125b-5p, miR-212-3p e miR-199a), com função na 

progressão da endometriose e na qualidade embrionária. Quando comparadas com os controlos, 

as mulheres com endometriose apresentaram alterações marcadas nos perfis proteico e de 

microRNAs, incluindo aumento de BMP-15 e GDF-9, níveis reduzidos de AMH e desregulação 

de múltiplos microRNAs. Em particular, microRNAs específicos (miR-125b-5p, miR-212-3p e 

miR-145_1) demonstraram potencial para uso como marcadores de diagnóstico de endometriose, 

enquanto outros (miR-145_1 e miR-320a_1) foram associados a gravidez bioquímica nas mulheres 

controlo. 

No seu conjunto, os resultados desta tese reforçam o conceito de que a endometriose é 

uma doença sistémica que se estende para além da cavidade pélvica. Identifica-se a metformina 

como uma intervenção terapêutica não hormonal capaz de mitigar a progressão da doença, as suas 

manifestações sistémicas e aumentar a fertilidade. Paralelamente, os biomarcadores presentes no 

líquido folicular emergem como ferramentas promissoras para diagnóstico, prognóstico e, 

potencialmente, para guiar estratégias personalizadas de PMA. 



 

 

Ao incorporar investigação experimental e clínica, este estudo contribui para uma 

compreensão mais abrangente da natureza sistémica da endometriose, apoiando o desenvolvimento 

de abordagens terapêuticas direcionadas e capazes de preservar a fertilidade e de uma medicina 

personalizada apoiada por biomarcadores. 

  



 

 

  



 

 

ABSTRACT 
 
 

 
Endometriosis is a chronic inflammatory and estrogen-dependent disease that affects 

approximately 10% of women in reproductive age. It is characterised by the presence of 

endometrium-like tissue outside the uterine cavity and is frequently associated with chronic pelvic 

pain and infertility, affecting up to 40% of women diagnosed with the disease. Although 

traditionally considered a strictly gynaecological condition, increasing evidence recognises 

endometriosis as a systemic disease with metabolic, cardiovascular, immune, and neurological 

systems involvement. This expanded perspective underscores the need to study not only local 

pelvic mechanisms but also systemic alterations that may contribute to disease progression and 

impaired reproductive function. 

Conventional hormonal therapies, while effective in controlling symptoms, are not 

compatible with conception or pregnancy and do not address the broader systemic manifestations 

of the disease. As a result, new non-hormonal therapeutic strategies are needed, particularly those 

that can be safely used before conception and throughout pregnancy. Given the ethical and 

biological limitations of studying early lesion development and therapeutic responses in humans, 

animal models are indispensable for exploring the pathophysiology of endometriosis and evaluating 

novel pharmacological interventions. In parallel, clinical studies are essential to validate findings 

and identify biomarkers with diagnostic and prognostic relevance, especially in the context of 

Assisted Reproductive Technologies (ART), that represent a key treatment pathway for infertile 

women with endometriosis and where global success rates remain around 30% and outcomes are 

often poorer in those patients. Thus, identifying biomarkers that could improve diagnosis, predict 

reproductive outcomes, or guide treatment strategies is of major clinical interest. 

This thesis primarily aimed to assess the therapeutic potential of a sub-therapeutic dose 

of metformin – a non-hormonal drug with anti-inflammatory, metabolic, and anti-oxidative 

properties – in a mouse model of endometriosis, focusing on its effects on lesion progression, 

fertility outcomes, and cardiovascular alterations as a systemic feature of the disease. In addition, 

the investigation of diagnostic and prognostic biomarkers in human follicular fluid that could 

support disease detection and predict ART outcomes in women, was conducted.  

Despite the low dose, metformin regulated expression of proliferating cell nuclear antigen 

(PCNA), a proliferative marker, and reduced lesion growth and fibrosis of ectopic tissues. In the 

inflammatory setting, metformin increased macrophage presence (F4/80) in eutopic endometrium 

and upregulated galectin-3 and nuclear factor kappa B (NF-kB) in ectopic implants. In addition, 

metformin upregulated the antioxidant enzymes heme-oxygenase (HO-1) and glutathione 

peroxidase 1 (GPX-1), indicating coordinated anti-inflammatory, anti-fibrotic, and redox-

modulating actions. 



 

Regarding cardiac tissue, metformin prevented endometriosis-associated endothelial 

dysfunction through increase in endothelial nitric oxide synthase (eNOS) and decrease of 

endothelin-1 (ET-1) expression, indicating protection against vascular impairment linked to the 

disease. Notably, it enhanced cardiac GPX-1 expression independently of the classical protein 

kinase (AMPK) – sirtuin 1 (SIRT1)- Peroxisome Proliferator-Activated Receptor Gamma 

Coactivator 1-alpha (PGC-1α) – sirtuin 3 (SIRT3) axis activation.  

Importantly, fertility outcomes were improved, as treated animals exhibited an increased 

number of fetuses per pregnancy relatively to untreated animals, reaching numbers similar to 

controls.  

In the human samples of follicular fluid collected from women with endometriosis and 

controls undergoing ART, we analysed key oocyte-related proteins from the transforming growth 

factor beta (TGF-β) family, such as anti-Müllerian hormone (AMH), Bone Morphogenetic Protein 

15 ( BMP-15), and Growth Differentiation Factor 9 ( GDF-9), and a panel of microRNAs (miR-

20a_1, miR-145_1, miR-320a_1, miR-125b-5p, miR-212-3p, and miR-199a) with demonstrated 

roles in endometriosis progression and embryo quality. When compared with controls, women 

with endometriosis exhibited marked alterations in both protein and microRNA profiles, including 

increased levels of BMP-15 and GDF-9, decreased levels of AMH, and dysregulation of multiple 

microRNAs. Notably, specific microRNAs (miR-125b-5p, miR-212-3p, and miR-145_1) 

demonstrated potential as diagnostic markers for endometriosis, while others (miR-145_1 and miR-

320a_1) were associated with biochemical pregnancy outcomes in controls.  

Collectively, the results of this thesis reinforce the concept of endometriosis as a systemic 

condition that extends beyond pelvic cavity. Metformin demonstrated therapeutic potential as a 

non-hormonal intervention capable of improving disease progression, systemic features, and 

fertility outcomes. In parallel, follicular fluid biomarkers emerged as promising tools for diagnosis, 

prognosis, and potentially for guiding personalised ART strategies. 

By integrating experimental and clinical research, this study contributes to a broader 

understanding of the systemic nature of endometriosis, while supporting the development of 

targeted, fertility-preserving therapeutic approaches and biomarker-guided personalised medicine. 

  



 

 

INDEX 
 
 

 
I INTRODUCTION .................................................................................................................  27 

1. ENDOMETRIOSIS OVERVIEW ..................................................................................................................... 29 

2. ENDOMETRIOSIS: STAGING AND CLASSIFICATION ................................................................................ 32 

3. ENDOMETRIOSIS: A SYSTEMIC DISEASE .................................................................................................. 33 

4. RELEVANCE OF MICRORNAS AS BIOMARKERS OF ENDOMETRIOSIS ................................................... 46 

5. ENDOMETRIOSIS AND INFERTILITY LINK ............................................................................................... 49 

6. MEDICAL AND SURGICAL TREATMENTS FOR ENDOMETRIOSIS ........................................................... 52 

7. ANIMAL MODELS OF ENDOMETRIOSIS .................................................................................................... 60 

8. METFORMIN AS A POTENTIAL NON-HORMONAL THERAPY FOR PRESERVING REPRODUCTIVE 

FUNCTION IN ENDOMETRIOSIS ............................................................................................................................ 65 

9. OBJECTIVES AND STUDY OUTLINE ........................................................................................................... 69 

10. BIBLIOGRAPHY .................................................................................................................................. 73 

II PUBLICATIONS .................................................................................................................... 95 

PUBLICATION I ................................................................................................................................................... 97 

“Metformin reverses infertility in a mouse model of endometriosis: unveiling disease pathways and implications for future 

clinical approaches” ................................................................................................................................................. 97 

PUBLICATION II .............................................................................................................................................. 119 

“Metformin Prevents Endothelial Dysfunction in Endometriosis through Downregulation of ET-1 and Upregulation of 

eNOS” ............................................................................................................................................................... 119 

PUBLICATION III ............................................................................................................................................. 137 

“Anti-oxidant effect of metformin through AMPK/SIRT1/PGC-1α/SIRT3- independent GPx1 expression in the 

heart of mice with endometriosis” .......................................................................................................................... 137 

PUBLICATION IV ............................................................................................................................................. 149 

“Identification of Proteins and MicroRNAs with Prognostic Value for Assisted Reproduction Technology Outcomes in 

Follicular Fluid of Women with Endometriosis: A Pilot Study” .......................................................................... 149 

PUBLICATION V .............................................................................................................................................. 169 

“Follicular Fluid redox involvement for ovarian follicle growth” ............................................................................ 169 



 

PUBLICATION VI .............................................................................................................................................. 181 

“The Unmet Needs for Studying Chronic Pelvic/Visceral Pain Using Animal Models” ....................................... 181 

III DISCUSSION ........................................................................................................................ 199 

1. METFORMIN ATTENUATES LESION GROWTH IN ENDOMETRIOSIS .................................................. 201 

2. METFORMIN IS INVOLVED IN IMMUNE AND ANTI-OXIDATIVE RESPONSES AND FIBROSIS IN 

ENDOMETRIOSIS ................................................................................................................................................... 203 

3. METFORMIN RESTORES FERTILITY IN ENDOMETRIOSIS .................................................................... 205 

4. BIOMARKERS OF FOLLICULAR FLUID ARE PREDICTORS OF ENDOMETRIOSIS AND ART 

OUTCOMES............................................................................................................................................................ 207 

5. TAKE-HOME MESSAGE ............................................................................................................................. 213 

6. BIBLIOGRAPHY ........................................................................................................................................... 216 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

I INTRODUCTION 
  



 

 



INTRODUCTION 
 

 29 

 

1. Endometriosis Overview 

Endometriosis is a chronic gynaecological condition that globally affects 

approximately 10% of women in reproductive age. It is characterized by the presence of 

endometrial-like tissue outside the uterus; the ectopic tissue mimics the endometrium, the 

tissue lining the inside of the uterus (Saunders & Horne, 2021). The growth of ectopic 

endometrial-like tissue can be found in several locations, such as the ovaries, fallopian 

tubes, peritoneum, and, less commonly, distant sites like the lungs, diaphragm or brain (L. 

Ye et al., 2022; Zondervan et al., 2018). Similarly to eutopic tissue, ectopic counterparts 

respond to hormonal changes during the menstrual cycle, leading to local inflammation, 

bleeding and pain. Over time, abdominal inflammatory processes contribute to the 

formation of adhesions, scarring, and cysts filled with endometrial-like tissue that when 

located in the ovaries are also known as endometriomas (S. E. Bulun et al., 2019; García-

Gómez et al., 2019; Sanchez et al., 2014; Wang et al., 2020). Continued exposure to 

inflammation leads to fibrosis of surrounding tissues and ultimately, contributes to 

infertility (Saunders & Horne, 2021).  

In the first half of the past century three theories had been developed to explain 

the etiology of endometriosis: Meyer's theory of coelomic metaplasia (1919), which 

considers that the origin of endometriosis lies in the metaplasia of the coelomic epithelium; 

Halban's metastatic theory (1925), which explains the appearance of endometrial lesions 

distant from the uterus by the hematogenous or lymphogenic propagation of viable 

endometrial cells; and Sampson's (1927) implantation theory, which argues that 

endometrial debris after retrograde menstruation survives and grows in the peritoneal 

cavity forming endometrial lesions. Among these theories, the most accepted and 
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evidence-supported is the implantation Sampson's theory. However, considering that 

retrograde menstruation is a phenomenon that occurs in the majority of childbearing age 

women and that only some of them develop endometriosis, it seems very probable that 

other factors contribute to the development of the disease (Cousins et al., 2023; Kobayashi 

et al., 2024). These factors include altered cellular immunity, genetic susceptibility, 

environmental influence and multifactorial modulation of specific gene expression by the 

microenvironment (Smolarz et al., 2021). In addition, it has been suggested that adult stem 

cells, which ensure endometrial self-renewal, could also contribute to the pathogenesis of 

ectopic endometrial growth (Gargett & Masuda, 2010; Maruyama, 2022; Pittatore et al., 

2014).  

Considering that no single theory is able to completely explain the etiology of 

endometriosis, the pathophysiology of the disease still remains unclear. Thus, it is largely 

accepted that endometriosis is a multifactorial disease caused by both endogenous and 

exogenous contributions (Kobayashi et al., 2024; Smolarz et al., 2021). In what concerns 

endogenous factors, genetic predisposition seems to play a significant role in 

endometriosis, because first-degree relatives of affected women have a sevenfold increased 

risk of developing the disease (Koninckx et al., 2019; Pais & Almeida-Santos, 2023; 

Rahmioglu et al., 2014). Hormonal influence is also critical, on account that estrogen is 

central to the pathogenesis of endometriosis by promoting the growth and survival of 

ectopic endometrial tissue (Mori et al., 2019; Reis et al., 2013; Zhang et al., 2023). 

Additionally, immune dysfunction is commonly observed in women with the condition, as 

they often exhibit impaired immune surveillance that allows ectopic implants to evade 

immune clearance, while chronic inflammation remains a hallmark of the disease (Jaeger-

Lansky et al., 2018; Suszczyk et al., 2024; Vallvé-Juanico et al., 2019). 
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Environmental factors may further contribute to the risk of developing 

endometriosis; in particular, exposure to endocrine-disrupting chemicals, such as dioxins, 

is highly associated with an increased likelihood (García-Peñarrubia et al., 2020; 

Interdonato et al., 2023; Stephens et al., 2021). In addition, nutritional factors can also 

influence the course of the disease, with certain types of diets potentially offering 

protection against its development or progression whereas others do the opposite. In this 

context, some studies suggest that a Mediterranean or anti-inflammatory diet—rich in 

vegetables, fruits, whole grains, polyphenols, and healthy fats—may help alleviate 

endometriosis-related pain, by managing estrogen levels and mitigating inflammation and 

oxidative stress. In contrast, a Western-style diet high in processed foods and red meat is 

likely to increase the risk and worsen the symptoms (Abramiuk et al., 2024; Barnard et al., 

2023; Hipólito-Reis et al., 2022; Markowska et al., 2023; Nirgianakis et al., 2022; Türkoğlu 

et al., 2024). In line, it was demonstrated that energy restriction initiated after endometriosis 

onset in a murine model stalled lesion growth (Yin et al., 2018), while another study found 

that a high-fat diet increased lesion number (Heard et al., 2016). 

Endometriosis presents with a wide range of symptoms that vary in severity and 

do not always correlate with the extent of the disease (Coxon et al., 2018; Vercellini et al., 

2006). Chronic pelvic pain is experienced by more than 60% of the diagnosed women, 

which can be persistent or cyclical, as dysmenorrhea, when accompanying the menstruation 

(Fauconnier & Chapron, 2005; Maddern et al., 2020; Masciullo et al., 2021). Dyspareunia, 

or pain during or after sexual intercourse, is a very common complaint with prevalence 

rates reaching as high as 79% of adolescents and adult woman with endometriosis, 

compared with 40% of their counterparts without endometriosis (Facchin et al., 2022; 

Pluchino et al., 2016; Schneider et al., 2020). Bladder symptoms, such as urinary frequency, 
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or pain during urination, particularly during menstruation, are also frequently reported (de 

Resende Júnior et al., 2018; Habib et al., 2020; Maddern et al., 2020; Wolthuis et al., 2014). 

As well, gastrointestinal involvement frequently causes painful bowel movements, diarrhea, 

constipation, and bloating due to inflammatory and adhesive processes. In addition to these 

common symptoms, some women experience atypical manifestations like fatigue, 

depression, lower back or sciatica pain. In rare instances, the respiratory system is impacted, 

with thoracic endometriosis causing chest pain, difficulty breathing, or hemoptysis 

(coughing blood). Besides these symptoms, 30-50% of women with endometriosis are 

diagnosed with infertility, in part due to distorted pelvic anatomy, adhesions, or altered 

implantation (Bonavina & Taylor, 2022; Tanbo & Fedorcsak, 2017). 

The impact of these debilitating conditions on quality of life is profound by 

causing significant physical, emotional and social well-being impairment (Bourdel et al., 

2019; Ruszała et al., 2022; Szypłowska et al., 2023). Delays in diagnosis and treatment, 

further aggravate the challenges, leading to prolonged suffering and frustration of the 

affected women (Agarwal et al., 2019; Cromeens et al., 2021; Davenport et al., 2023).  

 

2. Endometriosis: Staging and Classification 

The staging and classification of endometriosis have traditionally relied on the 

American Society for Reproductive Medicine (ASRM) system, initially developed in 1979 

and subsequently revised in 1985 and 1997 (American Society for Reproductive, 1997; 

"Classification of endometriosis. The American Fertility Society," 1979). However, this 

system has proven insufficient, as it poorly correlates with pain and infertility and fails to 

account for extra-pelvic lesions (S. E. Bulun et al., 2019; Haas et al., 2011). To address this, 

the Enzyan system was introduced in 2005 and revised in 2011 (Lee et al., 2021; Tuttlies et 
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al., 2005). This system complements the ASRM classification by considering existence and 

extent of deep and unusual localization of endometriosis lesions on a setting of deep-

infiltrated endometriosis (DIE) (Haas et al., 2011; Lee et al., 2021). Traditionally, 

endometriosis has been viewed as a localized pelvic disorder primarily affecting the 

reproductive organs and their surrounding tissues; indeed, it is classified according to the 

location of lesions as peritoneal, ovarian and deep infiltrated; according to its severity, it is 

classified into four stages (I: minimal, II: mild, III: moderate, and IV: severe). Beyond the 

classification based on the location, extent and depth of endometriotic structural lesions, 

other assessments evolved to consider the prediction of woman fertility, when this point 

is relevant as it frequently is (for example the Endometriosis Fertility Index (Adamson & 

Pasta, 2010)). The complexity of the subject resulted in other classifications aiming to refine 

lesion evaluation, consensual treatment options and condition prognosis (Johnson et al., 

2017).  

Current evidence indicates that endometriosis manifests systemically, impacting 

various organ systems and leading to widespread physiological and immunological changes. 

These findings emphasize the need to reconsider endometriosis as a systemic disease rather 

than one confined to the pelvis (Alderman et al., 2017; Taylor et al., 2021; Tulandi & 

Vercellini, 2024). As summarized in Figure 1, endometriosis affects multiple organs and 

physiological systems, highlighting its multifactorial and systemic nature. In the future, this 

view will likely lead to a reappraisal of the current classification systems and criteria. 

 

3. Endometriosis: A Systemic Disease 

a. Inflammation and immune dysfunction in Endometriosis 
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A key feature of endometriosis is chronic systemic inflammation, which plays a 

pivotal role in disease development and progression (Taylor et al., 2021). In fact, 

inflammation associated with the disease is not limited to the local environment of ectopic 

lesions. Women with endometriosis frequently exhibit elevated levels of pro-inflammatory 

cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α) and 

interleukin-1β (IL-1β), in both peritoneal fluid and blood (Khorram et al., 1993; Othman 

Eel et al., 2008). These cytokines are crucial mediators of chronic inflammatory response 

observed in endometriosis (Taylor et al., 2021) and their elevation in blood indicates that 

the inflammatory process extends beyond the lesions, rather manifesting as systemic and 

affecting multiple organs and tissues (Bao et al., 2022; Monsanto et al., 2016; Taylor et al., 

2021).  

Systemic inflammation is in part due to immune dysfunction, another critical 

aspect of endometriosis. Immune cells, which typically recognize and eliminate abnormal 

cells on tissues, often display impaired function in women with endometriosis (Chapron et 

al., 2019; Vallvé-Juanico et al., 2019). In fact, altered immune cell activity, particularly in 

vias involving natural killer (NK) cells, was demonstrated in patients (Maeda et al., 2002; 

Reis et al., 2023; Thiruchelvam et al., 2015; Wu et al., 2000). NK cells are essential for 

detecting and eliminating abnormal cells, including those from ectopic endometrial lesions. 

In women with endometriosis, NK cell activity is frequently impaired, allowing ectopic 

tissue cells to evade immune clearance and to persist in lesions (Reis et al., 2023; 

Thiruchelvam et al., 2015). The impairment in immune surveillance contributes to the 

chronic nature of endometriosis, promoting lesions growth and perpetuation of 

inflammation. In addition to NK cell dysfunction, alterations in T-cell responses, as an 

increase in T-helper 17 (Th17) cells, are also identified in endometriosis (Gogacz et al., 
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2016; Khan et al., 2019). Th17 cells secrete cytokines that exacerbate inflammatory 

responses, contributing to the endometriotic lesions growth and their associated symptoms 

(Chang et al., 2017; Kang et al., 2023). Conversely, a decrease in regulatory T-cells (Tregs), 

which suppress excessive immune responses and maintain immune tolerance, further 

impairs the immune system’s ability to regulate inflammation, aggravating the chronic 

inflammatory nature of the disease (Khan et al., 2019; Knez et al., 2024; Tanaka et al., 

2017).  

An additional feature of immune dysfunction in endometriosis is the secretion of 

autoantibodies, which target self-tissues and trigger autoimmune-like mechanisms 

(Eisenberg et al., 2012; Greenbaum et al., 2021; Shigesi et al., 2019). Actually, anti-

endometrial antibodies have been detected in the blood of women with endometriosis, 

indicating a potential overlap between the condition and autoimmune diseases (Fernández-

Shaw et al., 1993; Greenbaum et al., 2021); some of these anti-endometrial antibodies, such 

as anti-stomatin-like protein 2 (SLP2), anti-tropomodulin 3 (TMOD3), anti-tropomyosin 

3 (TPM3), and anti-PDLIM1-interacting kinase 1 like (PDIK1L) can be used in the 

diagnosis of the disease (Gajbhiye et al., 2017; Greenbaum et al., 2021; Mathur et al., 1998; 

Pillai et al., 1996). Supporting immune dysfunction in endometriosis, an increased 

prevalence of autoimmune diseases, including systemic lupus erythematosus, Sjögren’s 

syndrome, rheumatoid arthritis, autoimmune thyroid disorders, celiac disease, multiple 

sclerosis, inflammatory bowel disease, and Addison’s disease (Shigesi et al., 2019) has been 

demonstrated in patients with endometriosis, comparatively with women not diagnosed 

with the disease (Porpora et al., 2020; Shigesi et al., 2019; Vanni et al., 2021). In addition, a 

recent study carried out by Vanni et al. suggests that endometriosis is more severe in those 

who are also affected by autoimmune disturbances (Vanni et al., 2021). Impairment in 
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immune response mechanisms contribute to systemic manifestations of endometriosis 

causing widespread symptoms, such as debility and fatigue (Ramin-Wright et al., 2018; 

Sherwani et al., 2024). Moreover, chronic inflammation and altered immune response 

increase susceptibility to other chronic conditions, including cardiovascular disease, 

diabetes and cancer. In fact, their incidence is higher in post-menopause endometriosis 

patients who discontinued treatments, relatively to disease-free women (L.-H. Chen et al., 

2023; Gemmell et al., 2017; Symons et al., 2018).  

 
b. Cardiovascular impact of Endometriosis 

Evidence supports that women with endometriosis have an increased risk of 

cardiovascular disease (CVD), which could be attributed to chronic inflammation and 

oxidative stress - an imbalance between the production of reactive oxygen species (ROS) 

and the anti-oxidative defenses— central features of the condition (Parsa et al., 2025; Poeta 

do Couto et al., 2023). In fact, both inflammation and oxidative stress are known to 

significantly contribute to atherogenesis, the process that leads to the development of 

atherosclerotic plaques the major structural change that heightens the risk of cardiovascular 

events (Batty et al., 2022; Steven et al., 2019). In addition, women with endometriosis often 

exhibit dyslipidemia, characterized by elevated low-density lipoprotein (LDL) and reduced 

high-density lipoprotein (HDL) levels that also associate to atheroma plaque and 

cardiovascular risk establishment (Melo et al., 2010; Mu et al., 2017). Furthermore, 

hormonal therapies used to manage endometriosis, particularly those involving high-dose 

estrogen, may exacerbate cardiovascular risk by increasing the likelihood of thrombosis in 

susceptible individuals (Maeda et al., 2020; Wu et al., 2015). 

Our research in a murine model of endometriosis, developed by myself 

(publication I - (A. Catarina Neto et al., 2025)), apart from showing the establishment and 
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growth of the endometrial cyst, explored the impact of metformin, a common therapeutic 

agent, of endometriosis-related cardiovascular dysfunction (publications II (Martins et al., 

2022) and III (Felgueiras et al., 2022)). The study demonstrated that mice with surgically-

induced endometriosis presented increased heart fibrosis and cardiomyocyte cross-

sectional area when compared to controls. Also, in the heart of those animals, a reduced 

eNOS (endothelial nitric oxide synthase) expression in parallel with an upregulated ET-1 

(endothelin-1) expression was found, which points to endothelial dysfunction. In addition, 

we observed an upregulation of inflammatory pathways, involving increased expression of 

NFkB (nuclear factor kappa B) expression, an important mediator of metabolic and age-

induced myocardial disease and a contributor to myocardial inflammation and to the onset 

of cardiovascular disease (publication II).  

Metformin, discussed below, was found to mitigate endothelial dysfunction, which 

is essential for maintaining proper vascular health. However, treatment did not reduce NF-

kB-associated inflammation or prevent cardiac fibrosis, (publication II) and led to 

cardiomyocyte hypertrophy, an enlargement of heart muscle cells with unknown impact 

on heart function (publication II). Regarding the molecular mechanisms that respond to 

oxidative conditions in the heart, we verified that AMP-activated protein kinase (AMPK – 

activated protein kinase)/SIRT1 – sirtuin-1 /PGC-1α - Peroxisome Proliferator-Activated 

Receptor Gamma Coactivator 1-alpha /SIRT3 – sirtuin-3 pathway did not notably alter in 

the heart of mice with endometriosis comparatively with controls. However, metformin 

enhanced the expression of the antioxidant enzyme glutathione peroxidase 1 (GPX-1) in 

mice with endometriosis (publication III). These findings do not provide evidence in 

favor of cardiovascular amelioration in endometriosis; however, in the setting of oxidative 
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stress, metformin appears to promote a compensatory antioxidant response. To tackle this 

complex condition, further investigation is necessary. 

 

c. Neurological impact of Endometriosis 

Beyond localized pelvic pain, endometriosis has other profound neurological 

implications including manifestations such as hypersensitization to pain and ensuing 

anxiety, depression and fatigue (Bajaj et al., 2003; Chen et al., 2016; Lemaire, 2004; Ramin-

Wright et al., 2018; Taylor et al., 2021). A key mechanism contributing to the chronic pain 

experienced by many women with endometriosis is central sensitization (Bajaj et al., 2003). 

This phenomenon occurs when persistent nociceptive (pain-related) input from 

endometriotic lesions leads to heightened excitability of neurons in the central nervous 

system (CNS) (Fan & Li, 2022; Maddern et al., 2020; Neves et al., 2024). Over time, this 

condition results in an increased sensitivity to stimuli in areas not directly affected by the 

disease and in widespread chronic pain (Maddern et al., 2020; Vuontisjärvi et al., 2018). 

Research utilizing functional Magnetic Resonance Imaging (fMRI) has provided valuable 

insights into how endometriosis impacts brain activity, demonstrating that women with 

endometriosis exhibit altered activity in brain regions responsible for processing pain, 

including the insula and the anterior cingulate cortex (As-Sanie et al., 2016; Szabo et al., 

2022). These changes in brain activity suggest that the disease not only intensifies the 

perception of pelvic pain but also alters the way brain processes and responds to pain 

signals. This evidence provides a neurological basis for the heightened pain experienced by 

these patients, even in the absence of new tissue damage (Li et al., 2018; Maddern et al., 

2020). Furthermore, endometriosis can directly affect the peripheral nervous system, when 

lesions from endometriosis attach to or infiltrate peripheral nerves, such as sciatic nerve 
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(Gharaei & Gholampoor, 2023; McKinnon et al., 2015). In this particular case, sciatic 

endometriosis, women not only feel sciatica pain, but also tingling and legs weakness 

(Gharaei & Gholampoor, 2023; Possover & Chiantera, 2007). Hence, endometriosis can 

have a direct and disruptive impact on both central and peripheral nervous systems, further 

complicating the management of pain and symptoms.  

 

d. Endocrine and metabolic impact of Endometriosis 

Endometriosis is closely associated with endocrine and metabolic disturbances 

and is largely hormonally driven (S. E. Bulun et al., 2019; Patel et al., 2018). The primary 

contributor to these disruptions is estrogen dominance, which occurs due to the 

overexpression of aromatase in endometriotic tissue (Bulun et al., 1999). Aromatase 

catalyzes the conversion of androgens to estrogens, leading to excessive local production 

and increased circulating estrogen level. Such an imbalance not only promotes disease 

progression but also impacts various estrogen-sensitive systems throughout the body 

(Bulun et al., 2002; Da Costa et al., 2022; Ferrero et al., 2014; Zeitoun & Bulun, 1999). 

Locally, estrogen plays a key role in promoting the survival and proliferation while 

inhibiting apoptosis of endometrial cells and corresponding growth of ectopic tissue (Mori 

et al., 2019). Additionally, estrogen produced by endometriotic lesions creates a self-

sustaining cycle of disease progression (S. E. Bulun et al., 2019; McCallion et al., 2022). 

Estrogen also interacts with immune cells, contributing to chronic inflammation and pain 

(Cutolo et al., 2010; García-Gómez et al., 2019; Harding & Heaton, 2022; Villa et al., 2015). 

As well, estrogen stimulates angiogenesis (Chung & Han, 2022). Moreover, expression of 

estrogen receptors (ERα and Erβ) is dysregulated in endometriosis, with an 

increased ERβ/ERα ratio in ectopic lesions, which enhances estrogen signaling, effect 
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causing inflammation and lesion increase (Chantalat et al., 2020; Simmen & Kelley, 2016). 

Concomitantly with estrogen upregulation, patients evidence progesterone resistance, 

which is in part due to downregulation of progesterone receptor (PR) expression and 

function. This condition not only causes privation of anti-inflammatory and 

antiproliferative effects of progesterone but also leads to inadequate response to progestin-

based therapies. These factors, when combined, make endometriosis a highly estrogen-

dependent and progesterone-resistant condition, complicating treatment strategies and 

contributing to the persistence of symptoms (Attia et al., 2000; Bedaiwy et al., 2015; Patel 

et al., 2017; Tang et al., 2024; Zhang & Wang, 2023). Moreover, endometriosis presence 

signals a higher risk profile for estrogen-dependent malignancies such as several ovarian 

cancer subtypes, endometrial and breast cancer (Serdar E Bulun et al., 2019; Mogensen et 

al., 2016; Wilbur et al., 2017; J. Ye et al., 2022).  

Recent research supports that endometriosis is closely linked to metabolic 

dysregulation (Li et al., 2023; Neves et al., 2024; Sapkota et al., 2017; Taylor et al., 2021), 

considering that women with endometriosis exhibit disrupted glucose homeostasis and 

impaired insulin sensitivity and a heightened risk of developing insulin resistance (IR) 

(Marianna et al., 2017). Moreover, elevated fasting insulin levels in blood and reduced 

insulin receptor activity in endometriotic tissues were identified, suggesting a localized 

insulin-resistant state (J.-P. Chen et al., 2023; Noemi Salmeri et al., 2023).  Dysregulated 

glucose uptake and mitochondrial dysfunction in endometriotic cells, contributing to 

metabolic alterations that may exacerbate disease progression and systemic insulin 

resistance were also demonstrated (Liu et al., 2024; Xin et al., 2024). 

Interestingly, patients with endometriosis often present with a lower body mass 

index (BMI) and reduced adiposity compared to the general population (Ferrero et al., 
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2005; Hong & Yi, 2022). Recent research from our group evidenced that endometriosis 

impacts both browning (the process by which white adipose tissue acquires characteristics 

of brown adipose tissue (Bartelt & Heeren, 2014), such as increase of mitochondrial 

content and thermogenic capability) and inflammatory pathways in visceral adipose tissue. 

We also found that women with endometriosis exhibit reduced adipocyte size and altered 

serum catecholamine levels, suggesting dysfunction of adipose tissue with impact in lipid 

metabolism (Abobeleira et al., 2024).  

Furthermore, evidence points that endometriosis modulates the function of other 

endocrine glands, such as adrenals, pituitary, and thyroid. Dysregulation of the 

hypothalamic-pituitary-adrenal (HPA) axis in endometriosis results in glucocorticoid 

receptor expression changes and reduction of morning cortisol levels, which suggests an 

impaired stress response (Cuevas et al., 2012; Ortiz et al., 2020; Petrelluzzi et al., 2008; 

Quiñones et al., 2015). Endometriosis is also linked to dysregulation of thyroid-secreted 

hormone metabolism. Interestingly, increased thyroxine (T4) and decreased 

triiodothyronine (T3) secretion was found in endometriotic cells comparatively to control 

endometrial cells. A higher prevalence of thyroid autoimmune diseases, such as 

Hashimoto’s thyroiditis is observed in endometriosis patients comparatively with women 

without the disease (Peyneau et al., 2019; Zhang et al., 2023). In those patients, hormonal 

imbalances involving the pituitary gland, including altered thyroid-stimulating hormone 

(TSH) levels, may exacerbate disease progression and symptoms (Peyneau et al., 2019; 

Vannuccini et al., 2022). 

 
e. Impact of Endometriosis in ovarium function 

Despite the systemic nature of endometriosis, which impairs multiple organ 

systems including endocrine regulation, the disease most profoundly affects ovarian 
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function through mechanisms that compromise fertility (Kitajima et al., 2021; Sanchez et 

al., 2017). The formation of ovarian endometriomas can mechanically damage ovarian 

tissue, disrupt blood flow, and impair follicular development (Bulun, 2014; Kitajima et al., 

2011). These cysts are often involved in the production of high levels of ROS and 

inflammatory molecules, leading to oxidative stress and further harm to oocytes and 

follicular cells (Sanchez et al., 2014). Consequently, women with endometriosis frequently 

exhibit a reduced ovarian reserve, as indicated by lower anti-Müllerian hormone (AMH) 

levels, and decreased antral follicle counts (Lemos et al., 2008; Yoo et al., 2011), which 

aligns with the diminished levels of AMH in the follicular fluid (FF) of women with 

endometriosis when compared with controls (publication IV- (Ana Catarina Neto et 

al., 2025)). 

Owing to both systemic and local manifestations of endometriosis, the 

composition of FF also shows modifications. FF, which surrounds the developing oocyte, 

is a critical medium for its development and maturation as it contains proteins, steroid 

hormones, ROS and antioxidants, all of which modulate oocyte maturation (publication 

V - (Freitas et al., 2017)) (Pocate-Cheriet et al., 2020; Yland et al., 2020). Some of these 

compounds are locally secreted by oocytes and granulosa cells, but other components of 

FF depend on levels found in blood, considering that an equilibrium is reached between 

both fluids. FF in endometriosis patients is characterized by elevated levels of inflammatory 

mediators, such as, IL-6, TNF-α, and TGF-b, which may further compromise oocyte 

quality and fertility outcomes (Kacem-Berjeb et al., 2023; Y. Li et al., 2019; Oală et al., 

2024).  

The transforming growth factor-beta (TGF-β) family is a group of multifunctional 

cytokines involved in cellular processes such as growth, differentiation, immune regulation, 
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and tissue remodeling (Derynck & Budi, 2019; Y. Zhang et al., 2017). Members of the 

TGF-β family, including TGF-β isoforms, bone morphogenetic proteins (BMPs), and 

growth differentiation factors (GDFs), play indeed a significant role in the progression of 

endometriosis and in its link to infertility, as well (De Conto et al., 2021; Santoso et al., 

2021; Sikora et al., 2018).  

TGF-β1, TGF-β2, and TGF-β3 contribute to fibrosis, angiogenesis, and immune 

modulation in endometriosis. In particular, elevated TGF-β1 levels in ectopic lesions drive 

extracellular matrix deposition and promote adhesion formation, impairing pelvic organ 

function. Moreover, TGF-β1 enhances blood vessel growth to support ectopic lesion 

survival through increment in vascular endothelial growth factor (VEGF - Vascular 

Endothelial Growth Factor) production (Sikora et al., 2018; Young et al., 2017; Yu et al., 

2017).  

Activins and BMPs modulate follicular development, granulosa cell function, and 

reproductive tissue remodeling. In women with endometriosis, altered expression of 

activins and BMPs contributes to disrupted ovarian dynamics and compromised 

endometrial receptivity (Knight & Glister, 2006; Wijayarathna & de Kretser, 2016). In fact, 

in those patients, altered levels of oocyte-secreted factors bone morphogenetic protein-15 

(BMP-15) and growth differentiator factor-9 (GDF-9) that have emerged as critical 

regulators of ovarian function, particularly in folliculogenesis (Fountas et al., 2024; Freitas 

et al., 2017; Riepsamen et al., 2019), are associated with granulosa-oocyte signaling 

disruption and reduction of oocyte quality and developmental potential (Gilchrist et al., 

2008; Sanchez et al., 2014). BMP-15 and GDF-9 regulate together the interaction between 

oocytes and granulosa cells ensuring optimal oocyte maturation and competence (Sanfins 

et al., 2018) and in women with endometriosis, in part owing to pro-inflammatory 
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cytokines and aberrant estrogen signaling but also to increased oxidative stress, a negative 

impact on BMP-15 and GDF-9-mediated pathways is observed (Gupta et al., 2006).  

Hence, alterations of BMP-15 and GDF-9 levels in FF may serve as biomarkers 

for assessing oocyte quality and predicting assisted reproductive technologies (ART) 

outcomes in endometriosis patients (Bulun, 2009; S. E. Bulun et al., 2019; Paulini & Melo, 

2011; Riepsamen et al., 2019). However, data is conflicting because while most of the 

studies evidence a decrease of both proteins in FF from patients with endometriosis, we 

found them elevated in FF of patients comparatively to controls. Our hypothesis is that 

the increase in both proteins in FF may reflect an intrinsic compensatory mechanism aimed 

at improving oocyte quality (publication IV). Regularizing BMP-15 and GDF-9 activity 

through pharmacological agents or supplementation could improve granulosa-oocyte 

interactions and enhance follicular function. In addition, strategies to mitigate oxidative 

stress and inflammation in the ovarian microenvironment may indirectly preserve BMP-15 

and GDF-9 activity, improving fertility outcomes (Donnez & Dolmans, 2021; Knight & 

Glister, 2006). Further research is needed to elucidate the precise mechanisms and develop 

targeted therapies for restoring normal ovarian function.
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Figure 1 – Endometriosis, a systemic disease 
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4. Relevance of microRNAs as biomarkers of endometriosis  

MicroRNAs are among the biological compounds present in FF. They are small 

(~22 nucleotides) non-coding RNA molecules, that regulate gene expression by targeting 

messenger RNAs (mRNAs) for degradation or translational repression (Yates et al., 2013). 

Their stability in body fluids such as serum and FF, coupled with their tissue-specific 

expression patterns, makes them attractive candidates for biomarker discovery in 

endometriosis (Moustafa et al., 2020; Qasemi & Amidi, 2020). In fact, several studies have 

identified panels of circulating and exosomal miRNAs that are consistently dysregulated in 

women with endometriosis compared to controls, with some panels achieving high 

diagnostic accuracy (Area Under Curve (AUC) > 0.9) and robust sensitivity and specificity 

in distinguishing endometriosis from other gynecologic conditions (Bjorkman & Taylor, 

2019; Cho et al., 2015; Gu et al., 2020; Moustafa et al., 2020; Vanhie et al., 2024; Zafari et 

al., 2022). These miRNAs are implicated in pathways related to inflammation, angiogenesis, 

cell proliferation, and immune evasion—key processes in endometriosis pathophysiology 

(Bjorkman & Taylor, 2019; Ghasemi et al., 2022; Santos et al., 2025). For instance, Rekker 

et al.  identified a panel of circulating miRNAs (miR-200a and miR-141) with high 

diagnostic accuracy, suggesting their utility as non-invasive biomarkers (Rekker et al., 2015). 

Similarly, Wang et al. performed a genome-wide profiling of serum miRNAs and reported 

distinct expression signatures in women with endometriosis, where miR-199a and miR-122 

were found to be up-regulated and miR-145, miR-141, miR-542-3p, and miR-9 were down-

regulated in endometriosis patients (Wang et al., 2013).  Additionally, a recent study from 

Frisendahl et al. identified 14  dysregulated miRNAs in the eutopic endometrium of women 

with endometriosis (Frisendahl et al., 2024). Moreover, various miRNAs have been found 

to be differentially expressed in the FF of women with endometriosis (Qasemi & Amidi, 
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2020). In fact, the study by Li et al. revealed that miR-451, among other miRNAs, was 

significantly and consistently downregulated in the FF of women with endometriosis. 

Through both human and murine models, the authors demonstrated that decreased levels 

of miR-451 negatively impacted embryonic developmental potential, apparently by 

interference with the expression of genes involved in the WNT signalling pathway, a crucial 

regulator of early embryogenesis. These findings support the hypothesis that alterations in 

FF miRNA profile —particularly the suppression of miR-451—may impair oocyte quality 

and compromise pre-implantation embryo development in the context of endometriosis 

(X. Li et al., 2019). These findings suggest that FF miRNAs may contribute to the 

subfertility phenotype observed in endometriosis by altering the follicular milieu and 

impairing oocyte competence.  

Furthermore, miRNAs have emerged as promising biomarkers for predicting 

reproductive outcomes in ART. In patients without endometriosis, a growing body of 

evidence supports their utility in evaluating both oocyte competence and endometrial 

receptivity, two critical determinants of ART success (Charalampos Voros et al., 2025; C. 

Voros et al., 2025). Vörös et al. highlighted how specific endometrial miRNA signatures—

such as miR-30b, miR-30d, and members of the let-7 and miR-200 families—are closely 

associated with endometrial receptivity and implantation outcomes, modulating key 

pathways such as WNT, TGF-β, and PI3K/AKT (Charalampos Voros et al., 2025). Other 

studies have characterized extracellular and exosomal miRNAs within FF, revealing their 

potential to reflect oocyte quality and embryo development potential. For instance, Scalici 

et al. and Qasemi & Amidi demonstrated that FF-derived miRNAs could discriminate 

between successful and unsuccessful IVF outcomes, suggesting their value in predicting 

fertilization rates and embryo viability (Qasemi & Amidi, 2020; Scalici et al., 2016). 
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Similarly, Machtinger et al. identified miRNAs (including miR-320 and let-7b) in FF whose 

altered expression correlated with both oocyte fertilization potential and early embryo 

morphology (Machtinger et al., 2017). A study by Muraoka et al. further advanced this field 

by showing that small extracellular vesicles (sEVs) in FF, enriched in specific miRNAs, 

could serve as robust, non-invasive predictors of clinical pregnancy (Muraoka et al., 2024). 

Supporting this, another study by Zhang et al. demonstrated that exosomal miRNAs in FF 

were significantly associated with oocyte quality, reinforcing the hypothesis that these 

molecules actively participate in intercellular signalling within the ovarian follicle (Zhang et 

al., 2021).  

In line with these findings, our study (publication IV) showed that miR-125b-5p 

and miR-212-3p levels were significantly decreased, while miR-20a_1, miR-145_1, and 

miR-320a_1 were increased in the FF of women with endometriosis. Furthermore, ROC 

analysis revealed that FF levels of miR-125b-5p, miR-212-3p, and miR-145_1 may serve as 

potential biomarkers for the presence of endometriosis. Notably, miR-145_1 and miR-

320a_1 levels were also associated with biochemical pregnancy outcomes in women 

without endometriosis, suggesting their potential utility in predicting reproductive success 

in ART settings. 

Collectively, these findings underscore the diagnostic and prognostic potential of 

miRNAs—both circulating, vesicle-associated and present in FF—as non-invasive 

biomarkers for assessing oocyte quality, endometrial receptivity, and overall ART 

outcomes (Charalampos Voros et al., 2025). Their differential expression in FF and 

endometrial tissue highlights their relevance in embryo selection and the personalization 

of fertility treatments (Fang et al., 2021; Liang et al., 2017). Nevertheless, several challenges 

must be addressed before miRNA-based tools can be translated into routine clinical 
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practice. These include biological variability linked to the menstrual cycle phase, 

inconsistencies in sample collection and processing protocols, and the lack of 

methodological standardization across studies (Diener et al., 2022; Ho et al., 2022; Lamon 

et al., 2023; Vanhie et al., 2024). Overcoming these limitations through large-scale, well-

controlled studies and harmonized analytical approaches will be essential to validate 

miRNA signatures and fully harness their clinical utility in reproductive medicine. 

 

5. Endometriosis and Infertility Link 

Endometriosis is one of the leading causes of infertility, affecting up to 50% of 

women struggling to conceive (Bonavina & Taylor, 2022; Leone Roberti Maggiore et al., 

2024). The mechanisms linking endometriosis and infertility are complex, involving a 

combination of anatomical, hormonal, inflammatory, and molecular factors (Bonavina & 

Taylor, 2022; Macer & Taylor, 2012). Understanding the causative factors of infertility in 

endometriosis is essential for optimizing fertility treatments and developing targeted 

therapeutic interventions for affected women (Bonavina & Taylor, 2022; Corachán et al., 

2021).  

Severe endometriosis, particularly on stages III and IV, is characterized by 

significant anatomical changes that can directly impair fertility. The formation of adhesions 

in the pelvis causes distortion of normal anatomy, affecting the mobility of the fallopian 

tubes and their ability to capture the oocyte during ovulation, further reducing the chances 

of natural conception (Bonavina & Taylor, 2022; D'Hooghe et al., 2003; Rathod et al., 

2024). Adhesions or fibrosis may directly block the fallopian tubes, preventing sperm from 

reaching the oocyte, while inflammation can disrupt the ciliary action of the tubal 
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epithelium, which is critical for transporting the oocyte and embryo (Holoch & Lessey, 

2010; Macer & Taylor, 2012).  

Endometriosis also affects the uterine environment creating conditions that may 

hinder successful implantation and pregnancy (Arici et al., 1996; Boucher et al., 2022; 

Tsikouras et al., 2024). Altered expression of implantation-related genes, such as HOXA10 

(Homeobox A10) and LIF (leukemia inhibitory factor) in the endometrium of women with 

endometriosis reduces the likelihood of successful embryo implantation (Boucher et al., 

2022; Lessey & Kim, 2017). In addition, the peritoneal cavity in women with endometriosis 

is characterized by heightened inflammation and immune system dysfunction that may lead 

to increased uterine natural killer (uNK) cell activity and abnormal cytokine secretion, 

creating a hostile environment for implantation in uterus (Cuadrado-Torroglosa et al., 

2024; Thiruchelvam et al., 2015).  Activated peritoneal macrophages release ROS that 

associated with elevated levels of pro-inflammatory cytokines, such as TNF-α, IL-1β, and 

IL-6, impair sperm motility, oocyte quality and embryos development (Cuadrado-

Torroglosa et al., 2024; Simopoulou et al., 2021; Yoshida et al., 2004). The inflammatory 

environment also negatively affects sperm capacitation and interaction with the oocyte 

(Gou et al., 2019; Máté et al., 2018; Ngô et al., 2009; Ramírez-Pavez et al., 2021; Yamada 

et al., 2019). In fact, the mechanisms linking endometriosis to infertility are multifactorial 

and involve synergistic crosstalk between inflammation, oxidative stress, hormonal 

imbalances, and immune system dysfunction that contribute to an unprepared 

endometrium and inhospitable environment for gametes and embryos (Bonavina & Taylor, 

2022; Gupta et al., 2008; Tanbo & Fedorcsak, 2017). Considering that a unique cause is 

not identified for endometriosis-related infertility, tailored management strategies are 

necessary to every patient (Tomassetti & D'Hooghe, 2018). Hormonal therapies to 
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suppress endometriosis-associated inflammation may help improve ovarian and uterine 

conditions, though these are often contraindicated or impeditive when attempting 

conception (Vercellini et al., 2009). Laparoscopic excision of endometriosis lesions has 

shown to improve fertility outcomes in selected patients, particularly in cases of tubal or 

pelvic adhesions, though the risks of ovarian damage must be weighed against potential 

benefits (Bafort et al., 2020; Gasimli et al., 2024). Due to these reproductive challenges, 

many women with endometriosis require ART to achieve pregnancy (de Ziegler et al., 2019; 

Moss et al., 2021).  

Not infrequently, women with endometriosis face difficulties with ART, including 

IVF. They typically have fewer oocytes retrieved during IVF cycles, likely due to reduced 

ovarian reserve (Senapati et al., 2016). In addition, embryos from women with 

endometriosis may show lower developmental potential, possibly linked to altered follicular 

and peritoneal environments (Ding et al., 2010; Garrido et al., 2000; Han et al., 2023; Yland 

et al., 2020). Even when high-quality embryos are transferred, implantation rates are lower 

in such women, reflecting compromised endometrial receptivity (Boucher et al., 2022; 

Lessey & Kim, 2017; N. Salmeri et al., 2023). Despite these challenges, ART can still offer 

hope for many patients with endometriosis. Protocols that optimize ovarian stimulation, 

manage inflammation, and improve embryo quality have shown promising results, 

including pre-treatment with anti-inflammatory agents or hormone suppression that may 

enhance outcomes (Barra et al., 2020; Corachán et al., 2021) 

Supporting evidence in women, in the endometriosis-induced mouse model I have 

developed, we verified that animals in the endometriosis-induced group had a significant 

decrease of fertility rate (publication I). Continued research is essential to unravel the 
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complex interactions driving infertility in endometriosis, with the ultimate goal of 

developing more effective and personalized treatment options for affected women.   

 

6. Medical and Surgical Treatments for Endometriosis 

Being a chronic inflammatory disease, endometriosis requires a comprehensive 

treatment approach combining medical and surgical strategies tailored to symptom 

severity, fertility goals, and patient preferences  (Chapron et al., 2019; Olive & Pritts, 2002). 

Medical treatments primarily aim to suppress excess estrogen-driven proliferation of 

ectopic endometrial tissue, alleviate pain, and prevent disease progression (Vannuccini et 

al., 2022; Vercellini et al., 2016). Hormonal therapies, including combined oral 

contraceptives, progestin-only preparations, gonadotropin-releasing hormone (GnRH) 

agonists and antagonists, and aromatase inhibitors, play a crucial role in symptom 

management. In particular, GnRH antagonists like elagolix and relugolix offer advantages 

over agonists by allowing a more flexible dosage regimen with fewer side effects (Ferrero 

et al., 2018; Vannuccini et al., 2022). Non-hormonal approaches such as NSAIDs 

(nonsteroidal anti-inflammatory drugs) for pain relief, neuromodulators for central 

desensitization, and emerging therapies targeting immune and inflammatory pathways are 

also under investigation (Clemenza et al., 2018; Dolmans & Donnez, 2022; Ferrero et al., 

2018) (Table 1). Preoperative medical therapy, particularly GnRH analogs, may help 

reduce lesion size and inflammation, which facilitates surgery. In addition, postoperative 

therapy with this class of drugs is often recommended to prevent recurrence in patients 

who are not planning pregnancy (Chen et al., 2020; Zakhari et al., 2020). 

Surgical intervention for removing endometriotic lesions is invasive and indicated 

for cases of severe pain unresponsive to medical therapy, infertility related to such lesions, 
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large ovarian endometriomas, or DIE affecting the bowel or urinary tract (Meuleman et 

al., 2011; Singh & Suen, 2017). Laparoscopic surgery remains the gold standard for both 

excising or ablating lesions, with excision preferred due to lower recurrence rates and better 

long-term pain control (Bafort et al., 2020; Byrne et al., 2018). Cystectomy is recommended 

over simple drainage for ovarian endometriomas as it preserves ovarian reserve and reduces 

recurrence (Alammari et al., 2017; Daniilidis et al., 2023). In cases of DIE, specialized 

surgical techniques may be required, sometimes involving segmental bowel resection or 

ureterolysis. For refractory cases, hysterectomy with or without bilateral salpingo-

oophorectomy (BSO) may be considered, eventually followed by hormone replacement 

therapy (HRT), often necessary to manage hypoestrogenic symptoms (Abrão et al., 2015; 

Acién et al., 2013; Matorras et al., 2002; Meuleman et al., 2011). 

The choice between surgical and medical treatment depends on individual factors 

of each patient, as surgery provides significant pain relief and may have fertility benefits, 

particularly in cases of DIE or ovarian endometriomas, whereas medical therapy serves as 

a first-line approach and is essential in preventing recurrence after surgery. However, a 

multimodal approach that combines both strategies is often the most effective for long-

term management (Bedaiwy et al., 2015; Horne & Missmer, 2022; Saunders & Horne, 

2021). Advances in minimally invasive techniques, such as robotic-assisted surgery, are 

improving surgical outcomes, while research into personalized medicine, molecular 

profiling, and immune-modulating therapies holds promise for more targeted and effective 

treatment options in the future (Burnett et al., 2020; Saunders & Horne, 2021; Volpini et 

al., 2023).  

Recent studies have explored the use of non-hormonal pharmacologic treatments 

for endometriosis (Table 1). Notably, dopamine agonists such as cabergoline, quinagolide, 
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as well as the immunomodulatory JNK inhibitor bentamapimod, have shown promising 

results in randomized controlled trials or animal models (Chen et al., 2019; Delgado-Rosas 

et al., 2011; DiVasta et al., 2021; Mendoza-Torreblanca et al., 2023; Shi et al., 2023). 

However, other agents like statins and TNF-α inhibitors, such as atorvastatin, simvastatin, 

etanercept or infliximab have not demonstrated efficacy neither in clinical trials nor in 

animal models (Chen et al., 2019; Soares et al., 2012). 

Cannabinoids, the active compounds found in Cannabis sativa, have garnered 

attention for their potential therapeutic applications in endometriosis management, 

primarily due to their anti-inflammatory, analgesic, and antiproliferative properties (Anvari 

Aliabad et al., 2024; Whitaker et al., 2024). This group of compounds interact with 

endogenous cannabinoid receptors CB1 and CB2 that play a pivotal role in modulating 

pain and inflammation, both central to endometriosis pathology (Bouaziz et al., 2017; 

Lingegowda et al., 2024; Woodhams et al., 2015). In addition, preclinical studies have 

demonstrated that cannabinoid receptor agonists can inhibit the proliferation of 

endometriotic stromal cells while reducing oxidative stress, suggesting a potential 

therapeutic avenue for managing the disease (Fonseca et al., 2018; Leconte et al., 2010; 

Lingegowda et al., 2024; Sanchez et al., 2012). Notably, in January 2025, the state of Illinois 

in USA approved medical cannabis for endometriosis and related conditions, 

acknowledging studies that suggest cannabis can effectively alleviate pelvic pain and 

associated symptoms (Illinois.gov, 2025). However, while these findings are promising, 

caution is needed relatively to cannabinoid-based therapies, particularly because they are 

not advised to women who desire to conceive, nor before and mostly not during 

pregnancy, once deleterious effects to the embryo are known (Ezechukwu et al., 2020; Lo 

et al., 2022).  
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Interestingly, polyphenols naturally found in foods and plants have been 

investigated for their potential benefits in managing endometriosis. These bioactive 

compounds exhibit anti-inflammatory, antioxidant, anti-angiogenic, and 

immunomodulatory properties, which may contribute to reduce disease progression and 

alleviate symptoms. Emerging research suggests that polyphenols could play a role in 

modulating key pathways involved in endometriosis, offering a promising natural and safe 

non-hormonal therapeutic approach (Dull et al., 2019; Hipólito-Reis et al., 2022; Meresman 

et al., 2020; Tassinari et al., 2023). 
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Table 1 – Non-hormonal pharmacologic treatments for endometriosis 

 

Compound Model and dose Main effects Pregnancy security 
woman) Reference 

Niclosamide 

Mouse model; 100-200 mg/kg/day 
 

In vitro; 1-10µm 

↓growth of end implants; 
 

↓ cell proliferation; ↓ local inflammation; 
↓inflammatory mechanisms 

Secure for short periods 

(Prather et al., 2016; 
Sekulovski et al., 2018; 

Sekulovski et al., 2020; Shi et 
al., 2021; Zhao et al., 2022) 

Simvastatin 

Mouse model; 
 

Baboon 5 – 25 mg/kg/day; 20mg/day 
 
 
 

In vitro; 0,05-50µm; 

↓size of endometrial implants; 
 

↓ lesions volume; ↓ proliferation and 
estrogen receptor b and ↑ estrogen receptor 
a in ectopic endometrium and adhesions 

 
↓ proliferation endometriotic stromal cells; 

Not established 
Bruner-Tran et al., 2009; 

Cosar et al., 2019; Nasu et al., 
2009; Taylor et al., 2017) 

Interferon alpha2b 

Rat model; injection of 100000u ip or 
100000u sc every 48h 

 
In vitro; 1-2000 iu/ml 

 
 

Human; 5x106 iu in douglas cul-de-sac 

↓ implant size 
 
 

↓cell migration and endometrioma cell 
growth 

 
↑ recurrence rate, ↓ t cells populations 

Secure 

(Acién et al., 2002; Badawy et 
al., 2001; Dicitore et al., 2018; 
Ingelmo et al., 2013; Ingelmo 

et al., 1999) 

Interferon beta 1a In vitro; 1-1000 iu/ml ↓ cell proliferation and migration, ↑ apoptosis Secure (Dicitore et al., 2018) 

Interferon gama In vitro; 0,1-100ng/ml ↑	apoptosis and ↓ cell proliferation Not established (Nishida et al., 2005) 

Amifostin Rat model; 200mg/day followed by 
20mg/kg/day 

↓ the size of endometrial implants and 
inflammatory markers Not established (Onalan et al., 2014) 
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Everolimus Rat model; 1,5mg/kg/day ↓ endometriosis progression and ↑ ovarian 
follicles number Secure (Kacan et al., 2017) 

Bentamapimod 

Rat model; 10, 30 and 60 mg/kg twice a day 
 

Mouse model; 10mg/kg/day and 30 
mg/kg/day 

 
Baboon; 20mg/kg/day 

 
In vitro; 5 or 15µm 

↓ growth of lesions; ↓ inflammation in lesions; 
 

↓ growth of lesions 
 

↓ growth of lesions 
 

↓ MMP-3 secretion 

Not established (Hussein et al., 2016; Palmer et 
al., 2016) 

Amigdalin 

Rat model; 5mg/kg once a week; 
 

Mouse model; 5-20mg/kg/day 
 

In vitro; 50-200 µg/ml 

↓ implant volumes and endometriosis recurrence; 
 

Restrain growth of lesions; 
 

↓	proliferation, migration and invasion of human 
endometrial stromal cells 

Not established (Dogru et al., 2017; Yu et al., 
2024) 

Metformin 

Rat model; 100-200 mg/kg/day – 6 weeks; 200 
mg/kg/day – 30 days 

 
 

Mouse model; 50mg/kg/day – 3 months 
 
 
 

In vitro; 1-20 mm – 24 – 72h; 100µm – 24h 
 
 

Human; 1g/day 2 months 

↓ lesions growth, VEGF and MMP-9 in lesions; ↓  
17b- estradiol, TNF-a in serum; ↑ LIF and 

HOXA10 in endometrium; 
 

↓ lesions growth, fibrosis in lesions, endothelial 
dysfunction; ↑ fertility, antioxidant defenses, 

autophagy markers 
 

↓ cell proliferation, migration, VEGF, HIF, MIF, 
MMP-2, MMP-9 and aromatase; ↑ TIMP 

 
↑ endometrial receptivity proteins 

Secure 

(Cheng et al., 2022; Felgueiras et 
al., 2022; Jamali et al., 2021; 

Martins et al., 2022; A. Catarina 
Neto et al., 2025; Yari et al., 

2021; Zhou et al., 2015) 

Cannabinoids 

Rat model; 5mg/kg/day – 7 days 
 
 
 

Mouse model; 2mg/kg/day – 32 days; 
3mg/kg/day 2 weeks; 5mg/kg/day – 2 weeks 

 
 

In vitro; 0,3-40µm 
 

↓ lesion size and oxidative stress, IL-6 and TNF-
a in serum and peritoneal fluid; ↑ total 

antioxidant status in serum and peritoneal fluid; 
 

↓pain and lesion growth, ↑cognitive function; ↓
	lesions size; ↑lesion volume and N-cadherin, 

integrin β1 and IL-6 genes 
 

↓ cell proliferation and ROS production; 

Not secure 

(Cobellis et al., 2011; Escudero-
Lara et al., 2020; Leconte et al., 

2010; Okten et al., 2023; 
Sanchez, Quattrone, et al., 2017) 
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Human; 400mg twice a day – 3 months 

 
↓  dysmenorrhoea, dyspareunia and pelvic pain 

Rapamycin 

Rat model; 0,5mg/kg/week 
 

Mouse model; 250 µg/mouse lesion injection 
once a week 

 
Hamster model; 1,5mg/kg/day 

↑	apoptosis and ↓ angiogenesis in the lesions; 
 

↓ lesions volume, microvessel density and vegf 
levels; 

 
↓	of lesions, microvessel density and angiogenesis 

Not established (Laschke et al., 2006; Ren et al., 
2016; Siracusa et al., 2021) 

Quercetin 

Rat model; 15mg/kg/day 
 

Mouse model; 35-100mg/kg/day 
 
 

In vitro; 0-100µm 
 

↓ size of implants; 
 

Suppressed the growth of endometriotic lesions; 
 

↑ decidualization and apoptosis of endometrial 
stromal cells; ↓	growth of human endometriotic 

cells and its fibrosis; ↓	cell proliferation; 

Not established 
(Delenko et al., 2024; Jamali et 
al., 2021; S. Park et al., 2019; L. 

Zhang et al., 2023) 

Resveratrol 

 
 

Rat model; 10-45 mg/kg/day 28 days; 30 
mg/kg/day – 14 days; 10 mg/kg/day - 14 days 

 
 
 

Mouse model; 25mg/kg/day – 14 days; 
40mg/kg/day – 28 days; 6mg/mouse/day 10 – 

20 days 
 
 
 

In vitro; 10-200 µm; 
 
 
 

 
 

Human; 400mg/twice a day – 12-14 weeks; 

↓ lesions size and vascularization, ↓ adhesions, 
GLUT-1, GLUT-3, MCT-1 and MCT-4; ↓ IL-6, 

IL-8, TNF-a, VEGF and MCP-1 in plasma 
and/or peritoneal fluid; ↓ VEGF in 

endometriotic tissue 
 

↓ lesions size and its cell density; ↑ ROS in 
lesions; ↓ cell proliferation and angiogenesis in 

lesions; ↑ apoptosis in lesions 
 

↓ proliferation, migration and invasiveness of 
stromal cells; ↓ cell viability and migration and ↑ 

apoptosis in normal endometrial and 
endometriotic cells; ↓ endometrial growth and 
angiogenesis; ↓VEGF, TGF-b and MMP-9, 

MCP-1, IL-6 and  IL-8 in eutopic and ectopic 
cells; 

 
↓VEGF and TNF-a in endometrial tissue; ↓ 
MMP-2, MMP-9 in endometrium and serum 

Not established 

(Arablou et al., 2021; Bahrami et 
al., 2021; Bayoglu Tekin et al., 
2015; Bruner-Tran et al., 2011; 

ErgenoÄŸlu et al., 2013; 
Khazaei et al., 2020; 

Khodarahmian et al., 2021; 
Kodarahmian et al., 2019; 

Kolahdouz-Mohammadi et al., 
2021; Madanes et al., 2022; 

Rudzitis-Auth et al., 2013; Wang 
et al., 2021; Zou et al., 2024) 
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Curcumin 

Rat model; 48mg/kg/day - 28 days 
 
 
 

Mouse model; 12-48 mg/kg/day; 
300mg/kg/day -21 days 

 
 
 
 
 

In vitro; 1-40 µg/ml 24-72h; 1-50 µm – 24h; 
7,5 µm 

 
 

Human; 500mg/twice a day – 8 weeks 

↑ leptin and ↓ TAC in serum; 
 

↓ glandular tissue and ↑ mitochondrial size in 
lesions; ↓ MMP-3; ↑ apoptosis in stroma and 
glandular regions; ↓ number of lesions and 

volume and degree of adhesions; ↓ HIF-1a and 
VEGFA in lesions; ↓ IL-6, IL-1b and VEGFA in 

peritoneal fluid 
 

↓ pro-inflammatory and pro-angiogenic 
molecules; ↓ cell proliferation and mitochondrial 
function, ↑ apoptosis and oxidative damage in 

endometriotic cells 
 
 

No effect on pain 
 

Not established 

(Chowdhury et al., 2019; Ding et 
al., 2022; Gudarzi et al., 2024; 

Jana et al., 2012; Jelodar & 
Azimifar, 2019; Kapur et al., 

2023; Kim et al., 2012) 

 

List of Abbreviations: GLUT-1 / GLUT-3 – Glucose Transporter 1 / 3; HIF/ HIF-1α – Hypoxia-Inducible Factor / 1 alpha; HOXA10 – Homeobox A10; IL-6 / IL-8 / IL-

1β – Interleukin-6 / -8 / -1 beta; IP – Intraperitoneal; LIF – Leukemia Inhibitory Factor; MCP-1 – Monocyte Chemoattractant Protein-1; MCT-1 / MCT-4 – Monocarboxylate 

Transporter 1 / 4; MIF – Macrophage Migration Inhibitory Factor; MMP-3 / MMP-2 / MMP-9 – Matrix Metalloproteinase-3 / -2 / -9; ROS – Reactive Oxygen Species; SC – 

Subcutaneous; TAC – Total Antioxidant Capacity; TGF-β – Transforming Growth Factor beta; TIMP – Tissue Inhibitor of Metalloproteinases; TNF-α – Tumor Necrosis 

Factor alpha; VEGF/ VEGFA – Vascular Endothelial Growth Factor /A
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7. Animal Models of Endometriosis 

Managing endometriosis requires a multidisciplinary strategy that balances medical 

and surgical interventions. Given the complexity of the disease, research into new 

treatment options is crucial, and although endometriosis only spontaneously develops in 

woman and other menstruating primates, rodent models play a fundamental role in 

advancing understanding of endometriosis pathophysiology, in evaluating novel medical 

therapies and even refining of surgical techniques in a controlled setting. By using animal 

models, researchers can explore effects of hormonal or non-hormonal treatments, assess 

impacts of dietary and environmental factors, and can test innovative pharmacological 

agents before they are approved for clinical use, ultimately leading to more effective and 

personalized treatment strategies for women with endometriosis (Grümmer, 2006; Neto et 

al., 2023; Simitsidellis et al., 2018).  

Several rodent models of endometriosis have been developed to mimic key aspects 

of the human disease (Burns et al., 2022; Zeng et al., 2024; Zhou et al., 2025). These are 

instrumental in studying features such as pain (publication VI) (Neto et al., 2023), fertility 

(Cohen et al., 2015; A. Catarina Neto et al., 2025), the progression of the disease (Greaves 

et al., 2014; Wilson et al., 2020), and also in evaluating the efficacy of new therapeutic 

agents (Zeng et al., 2024). Different approaches have been used to develop endometriosis 

models, tailored to the specific features under investigation, as summarized in Table 2. 

The murine model of endometriosis I have developed (publication I) was 

adapted from a previously established model that had already demonstrated reduced 

fertility comparatively with controls (Cohen et al., 2015). Briefly, endometriosis was 

surgically induced in recipient mice by transplanting endometrial tissue fragments 
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(∼3 mm³) from B6CBAF1 donor mice into their peritoneal wall. Fragments were sutured 

to the right and left peritoneal walls of anaesthetised recipient mice. Sham-operated mice, 

undergoing the same procedure without tissue implantation, served as controls. The study 

design is depicted in figure 2.  

Our study further confirmed that these animals exhibited enhanced localized 

inflammation in both eutopic and ectopic endometrium, concomitantly with increased 

expression of proliferating cell nuclear antigen (PCNA) in the lesions. The inflammatory 

and proliferative environment in those animals was associated with a significant decline in 

fertility rates, as indicated by a lower mean number of pups per pregnant mouse 

(publication I). Additionally, our murine model addressed the systemic nature of 

endometriosis, including its association with cardiovascular disease (publications II and 

III).  

In the search of treatments that preserve fertility, we explored the potential 

therapeutic effects of metformin, an energy restriction mimetic, in managing endometriosis 

features, including its impact in fertility. Supporting the choice of metformin, several 

studies had demonstrated that energy restriction itself or agents mimicking its effects, can 

positively impact disease control (Jamali et al., 2021; Yin et al., 2018), but none had 

evidenced beneficial effect in endometriosis-associated infertility. 

 



INTRODUCTION 

 62 

 
Figure 2 - Study design of mouse model of endometriosis 
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Table 2 – Rodent models of endometriosis 

 

Model Animal Pain Proliferation, 
migration, invasion Inflammation Angiogenesis Fertility 

features Reference 

Retrograde 
Menstruation 

Rat 
 

Mouse 

+  
 

+ 

 
 

+ 

 
 

+ 

 (Persoons et al., 2020; Tal 
et al., 2019) 

Autologous 
transplantation 

 
Rat 

 
Mouse 

 
+ 

 
+ 
 

+ 

 
+ 
 

+ 

  
+ 

(Berkley et al., 2004; 
McAllister et al., 2012; 
McAllister et al., 2016; 

Pelch et al., 2012; Uchiide 
et al., 2002; Vernon & 

Wilson, 1985) 

Allogeneic 
transplantation 

Rat 
 

Mouse 

+   
 

+ 

  (van Aken et al., 2020; Yuan 
et al., 2017) 

Syngeneic 
transplantation 

 
Mouse 

  
+ 

 
+ 

 
+ 

 
+ 

(Bilotas et al., 2015; 
Greaves et al., 2014; Henze 

et al., 2017; Körbel et al., 
2010; Richards et al., 2020) 

Xenograft 
transplantation 

 
Mouse 

 
 

 
+ 

 
+ 

 
+ 

 (Abdolmaleki et al., 2021; 
Abudula et al., 2022; Arosh 

et al., 2022; Zhang et al., 
2022) 

Intraperitoneal 
injection of 
endometrial 

dissociated cells 

 
Mouse 

 

 
+ 

 
+ 

 
+ 

  
(Fattori et al., 2020; Yan et 

al., 2018) 

Heterologous 
transplantation 

 
Rat 

 
Mouse 

 
 
 

+ 

 
+ 
 

+ 

 
+ 
 

+ 

 
+ 

 
 
 

+ 

(Burns et al., 2012; 
Chauhan et al., 2024; 
Cohen et al., 2015; A. 

Catarina Neto et al., 2025; 
Siracusa et al., 2021; Tejada 

et al., 2022) 
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Transgenic model (K-
Ras, ARID1A & 

PIK3CA) 

 
Mouse 

 
 
 

 
+ 

   
(Dinulescu et al., 2005; 

Wilson et al., 2020) 

Fluorescence labelling 
of endometrial cells Mouse   + + + (Li et al., 2024; Marquardt 

et al., 2022) 
Iron overload Mouse     + (Ni et al., 2022) 

Endometrioma 
(uterine fragments 

transplant into 
ovarian bursa)  

Mouse  + +  + (Hayashi et al., 2020; Tan et 
al., 2024) 

 

List of Abbreviations: ARID1A - AT-rich interactive domain-containing protein 1A; PIK3CA - phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alfa.
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8. Metformin as a Potential Non-Hormonal Therapy for 

Preserving Reproductive Function in Endometriosis 

Metformin, a well-established insulin-sensitizing agent, has been recently 

proposed as a potential non-hormonal therapy for women with endometriosis (Kimber-

Trojnar et al., 2022; Triggle & Ding, 2017). 

While traditionally used for managing type 2 diabetes, its pleiotropic effects extend 

far beyond glucose metabolism (Dutta et al., 2023; LaMoia & Shulman, 2020).  

Its broad metabolic benefits make it a valuable treatment option for individuals 

with metabolic syndrome, a cluster of conditions that increases the risk of cardiovascular 

disease, type 2 diabetes and obesity (Adeshirlarijaney et al., 2019; Després, 2003; Jahn et 

al., 2022; Lv & Guo, 2020). In fact, a variety of reports indicate that metformin reduces the 

risk of atherosclerosis, hypertension and other cardiovascular complications (Bu et al., 

2022; Nesti & Natali, 2017; Zilov et al., 2019). By improving insulin sensitivity and 

diminishing systemic inflammation, metformin helps regulate hormonal imbalances and 

supports normal ovarian function (Genazzani et al., 2004; Shpakov, 2021; Velazquez et al., 

2024).  

Additionally, emerging research suggests that metformin possesses anti-cancer 

properties, particularly in hormone-sensitive malignancies such as breast and gynecological 

cancers, where it is thought to inhibit tumor growth by modulating insulin and AMPK-

related pathways (Gadducci et al., 2016; Lengyel et al., 2015; Ma et al., 2020; Sorokin et al., 

2020; Thakur et al., 2019). In fact, activation of AMPK signaling is a key mechanism by 

which metformin intervenes, this pathway not only regulates energy balance but also 

reduces aberrant cell proliferation (Chen et al., 2022; Hasanvand, 2022; Park et al., 2019). 
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These protective effects are of high relevance given the recognition of endometriosis as a 

systemic disease with cardiovascular implications that also increase the risk of hormone-

dependent cancers (Alderman et al., 2017; Kvaskoff et al., 2021; Poeta do Couto et al., 

2023; Taylor et al., 2021; Wilbur et al., 2017).  

As well, metformin anti-inflammatory, anti-proliferative, and anti-fibrotic 

properties are beneficial in mitigating endometriotic lesion progression and the infertility 

associated with the disease. Metformin lowers local estrogen production by inhibiting 

aromatase activity, thereby decreasing estrogen-driven endometrial proliferation (J. Cheng 

et al., 2022; Kimber-Trojnar et al., 2022; J. Zhang et al., 2017; Zhou et al., 2015). By 

modulating inflammatory cytokines and oxidative stress, metformin creates a more 

favorable environment for implantation and pregnancy, ultimately improving reproductive 

outcomes in women with endometriosis through improvement of ovarian function, 

endometrial receptivity and consequent reduction of miscarriage rates (Ainuddin et al., 

2015; Piomboni et al., 2014; Zhai et al., 2019). Also, in the field of reproductive 

endocrinology, metformin is extensively used to restore ovulatory function in women with 

polycystic ovary syndrome (PCOS), a condition characterized by insulin resistance, 

hyperandrogenism, and anovulation (Attia et al., 2023; Johnson, 2014; Sharpe et al., 2019).  

A crucial advantage of metformin over traditional hormonal therapies is its well-

documented safety profile during pregnancy (Table 1). Many hormonal treatments for 

endometriosis, such as gonadotropin-releasing hormone (GnRH) agonists, progestins, and 

combined oral contraceptives, need to be discontinued when a patient is trying to conceive 

due to their contraceptive and potential teratogenic effects (Bedaiwy et al., 2017; Lee et al., 

2020). In contrast, metformin is widely used in pregnant women with PCOS and 

gestational diabetes mellitus (GDM), with numerous studies demonstrating its safety for 
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both mother and fetus. Those studies showed that no increase in congenital anomalies or 

adverse fetal outcomes associated with metformin usage were found (Paschou et al., 2024; 

Tosti et al., 2023), reinforcing its suitability for women with endometriosis who are 

planning pregnancy. Supporting that, unpublished results from the murine model I have 

developed evidenced metformin positive effect in the mitigation of placental fibrosis. After 

treatment, fibrosis levels in mice with endometriosis were comparable to those in healthy 

controls. In the absence of treatment, levels of fibrosis were higher in placentas of mice 

with surgically-induced endometriosis, relatively to controls.  

In the experimental model, we demonstrated for the first time that metformin 

improved fertility outcomes in endometriosis-induced mice, besides confirming its known 

beneficial effects on inflammation and oxidative stress associated with the disease. In 

addition, metformin demonstrated a positive impact on cardiovascular health, further 

supporting its role as a potential systemic therapy for the disease (publications II and 

III). Taken together, these findings evidence broader therapeutic implications of 

metformin in endometriosis, beyond fertility preservation.  

Overall, metformin’s multifaceted mechanisms of action, favourable safety profile, 

and potential benefits in improving reproductive function, reducing inflammation, and 

mitigating cardiovascular risks make it a promising non-hormonal treatment for 

endometriosis. Its established role in enhancing fertility in women with metabolic 

disorders, combined with its anti-inflammatory and estrogen-lowering effects, positions 

metformin as a viable option for women seeking to conceive while managing 

endometriosis-related symptoms. However, to date, the use of metformin in women has 

not been reported for the treatment of endometriosis or for improving fertility. Future 
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clinical trials are needed to further elucidate its efficacy in this context and establish 

standardized treatment protocols that optimize its benefits in endometriosis care. 
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9. Objectives and Study Outline 

Endometriosis is increasingly recognised as a complex systemic disease that 

transcends the pelvic cavity, affecting multiple physiological functions including metabolic, 

cardiovascular, immune, and neurological (Taylor et al., 2021; Tulandi & Vercellini, 2024). 

This broader perspective highlights the need to investigate endometriosis not only as a 

localised gynaecological disorder, but as a chronic multisystem condition with far-reaching 

consequences for women’s health, particularly reproductive function and fertility. 

To better understand these systemic aspects, animal models provide an essential 

experimental platform to elucidate the pathophysiology of the disease and explore potential 

therapeutic interventions (Zhou et al., 2025). In this context, metformin has emerged as a 

particularly promising non-hormonal agent due to its anti-inflammatory, metabolic, and 

anti-oxidant properties (Kimber-Trojnar et al., 2022). Therefore, one objective of this work 

was to investigate, in an experimental mouse model, whether metformin could modulate 

endometriosis lesion progression and key fertility-related features, while also assessing its 

impact on cardiovascular alterations as a systemic manifestation of the disease. 

Complementing investigation on the experimental model, the clinical impact of 

endometriosis on fertility was further explored through analysis of human FF samples from 

women with and without endometriosis undergoing ART. Here, the objectives were to 

characterise alterations in the follicular microenvironment, identify molecular biomarkers 

that could improve disease diagnosis, and explore their potential as prognostic indicators 

of pregnancy outcomes. 

Together, these experimental and translational approaches aimed to advance the 

understanding of endometriosis as a systemic disease, clarify its impact on reproductive 
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competence, and contribute to the development of more targeted, personalised diagnostic 

and therapeutic strategies for affected women. 

The results obtained within the scope of this work were published in the four 

original and two review papers that integrate this thesis: 

In the first publication, we developed and established a murine model of 

endometriosis, and we demonstrated that three months of oral metformin treatment 

boosted fertility, as evidenced by an increased number of fetuses per pregnant mouse, 

alongside a marked reduction in ectopic implant growth and vascularisation. Metformin 

normalised PCNA levels and reduced fibrosis in eutopic and ectopic endometrial tissues. 

While promoting macrophage presence (F4/80) in eutopic tissue, it also downregulated 

cytochrome P450 (CYP)17A1 in ectopic implants, when compared with non-treated 

eutopic tissue. Importantly, metformin raised the expression of galectin-3, NF-kB and the 

antioxidant enzymes heme-oxygenase 1 (HO-1) and GPX-1 in ectopic tissue, suggesting 

that its therapeutic effects derive from a combination of anti-inflammatory, anti-fibrotic 

and redox-modulating actions (Publication I). 

In the second and third publications, we further characterised systemic actions of 

metformin, particularly in the cardiovascular system, in the same murine model of 

endometriosis. Metformin prevented endometriosis-associated endothelial dysfunction as 

demonstrated in the second publication (Publication II). In the third publication, we 

observed that metformin enhanced cardiac GPX-1 expression, independently of the 

classical AMPK–SIRT1–PGC-1α–SIRT3 antioxidant axis (Publication III). Together, 

these studies support metformin’s dual protective role, preserving vascular function and 

antioxidant defences in endometriosis, positioning it as a promising non-hormonal therapy. 
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In the fourth publication, we analysed FF samples from women with 

endometriosis undergoing ART. A significant increase in GDF-9 and BMP-15 protein 

levels was demonstrated, together with a decrease in mature AMH in the FF of women 

with endometriosis compared to controls. Moreover, miRNAs including miR-20a_1, miR-

145_1 and miR-320a_1 were upregulated, while miR-125b-5p and miR-212-3p were 

downregulated in endometriosis. Our analysis indicated that miR-125b-5p, miR-212-3p 

and miR-145_1 may act as predictors of disease presence, whereas miR-145_1 and miR-

320a_1 correlate with biochemical pregnancy, in control samples. These results suggest the 

FF milieu in endometriosis harbours molecular biomarkers with potential diagnostic value 

and this type of analysis may also hold prognostic relevance in ART (Publication IV). 

In the fifth publication, we reviewed the redox dynamics of human FF and their 

implications for ovarian follicle development. The article summarises how ROS generated 

during metabolism are buffered by enzymatic antioxidants, maintaining a tightly regulated 

redox balance. We emphasised that disruption of this equilibrium could impair oocyte 

maturation and compromise reproductive competence (Publication V).   

In the sixth publication, we reviewed and highlighted the limitations of organ-

focused animal models in studying chronic pelvic pain, namely in endometriosis. We 

underscored that pain in the context of such diseases is not solely peripheral but involves 

systemic and neurobiological mechanisms, including central sensitisation, stress axis 

dysregulation, and behavioural comorbidities. The article advocates for more 

comprehensive and translational models that integrate these multisystem interactions, 

using refined behavioural assessments and advanced tools such as neuroimaging and 

electrophysiology, to better reflect the human condition (Publication VI). 
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Supplementary Materials:  
Supplementary tables: All pair-wise p-values by Tukey’s post-hoc testing unless otherwise 
specified 
 
Supplementary table 1: Figure 1 D All p-values 

Comparison 
groups 

Estradiol Total cholesterol HDL LDL Glucose 

ANOVA p-value ANOVA p-value 
Non-mated: 

Sham vs 
ShamMet vs 

End vs EndMet   

F (3, 56) = 0,1938 
p=0,9002 

 

F (3, 61) = 0,6904 
p=0,5614 

 

F (3, 59) = 2,151 
p=0,1034 

 

F (3, 59) = 0,1757 
p=0,9125 

 

F (3, 59) = 1,387 
p=0,2557 

 

Pregnant: Sham 
vs ShamMet vs 
End vs EndMet  

F (1, 56) = 36,09 
p<0,0001  

F (1, 61) = 27,92 
p<0,0001 

 

F (1, 59) = 10,64 
p=0,0018 

 

F (1, 59) = 0,1553 
p=0,6949 

 

F (1, 59) = 20,41 
p<0,0001 

 
 Pairwise (Tukey’s multiple comparison) 

Sham: non-
mated vs 
pregnant 

 
<0.0001 

 
<0.0001 

 
0,2350 >0.9999 

 
0.0409 

Sham Met: non-
mated vs 
pregnant 

 
<0.0001 

 
<0.0001 

 
0,8766 >0,9999 

 
0,5884 

End: non-mated 
vs pregnant 

 
<0.0001 

 
<0.0001 

 
0,6844 >0,9999  

0,1281 
EndMet: non-

mated vs 
pregnant 

 
<0.0001 

 
<0.0001 

 
0,9912 >0,9999 

 
0,9656 

 
Supplementary table 2: Figure 2ii 

Pairwise p-value EuShamMet EuEnd EuEndMet EcEnd EcEndMet 
EuSham 0,8366 0.0186 0,6618 0.0221 0,9956 

EuShamMet - 0.0008 0,1182 0.0010 0,5442 
EuEnd - - 0,4812 >0,9999 0,0602 

EuEndMet - - - 0,5236 0,9049 
EcEnd - - - - 0.0705 

 
  Supplementary table 3: Figure 2iii 

Pairwise p-value EcEndMet EcEndP EcEndMetP 
EcEnd 0,0734 0,2933 0,0187 

EcEndMet - 0,8121 0,8641 
EcEndP - - 0,3776 

 
Supplementary table 4: Figure 3A v 

Pairwise p-value EuShamMet EuEnd EuEndMet EcEnd EcEndMet 
EuSham 0,09998 0,9670 >0,9999 0,0236 0,0952 

EuShamMet - 0,9067 >0,9999 0,0175 0,0704 
EuEnd - - 0,9473 0,0893 0,2919 

EuEndMet - - - 0,0231 0,0901 
EcEnd - - - - 0,9935 

 
Supplementary table 5: Figure 3A vi 

Pairwise p-value EuShamMet EuEnd EuEndMet EcEnd EcEndMet 
EuSham 0,4022 0,0228 0,4963 0,8937 >0,9999 

EuShamMet - 0,8229 >0,9999 0,8781 0,4349 
EuEnd - - 0,7945 0,1076 0,0170 

EuEndMet - - - 0,9311 0,5419 
EcEnd - - - - 0,9381 
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 Supplementary table 6: Figure 3A viii 
Pairwise p-value EcEndMet EcEndP EcEndMetP 

EcEnd 0,1351 0,0168 0,0178 
EcEndMet - 0,5965 0,7641 

EcEndP - - 0,9794 
 
 Supplementary table 7: Figure 3A ix 

Pairwise p-value EcEndMet EcEndP EcEndMetP 
EcEnd 0,8746 0,2639 0,0017 

EcEndMet - 0,6965 0,0203 
EcEndP - - 0,2740 

 
Supplementary table 8: Figure 3B iii 

Pairwise p-value EuShamMet EuEnd EuEndMet EcEnd EcEndMet 
EuSham 0,9944 0,9090 0,0146 0,4561 0,9719 

EuShamMet - 0,5797 0,0502 0,1559 >0,9999 
EuEnd - - 0,0002 0,9446 0,3854 

EuEndMet - - - <0,0001 0,0589 
EcEnd - - - - 0,0725 

 
Supplementary table 9: Figure 3B iv 

Pairwise p-value EuShamMet EuEnd EuEndMet EcEnd EcEndMet 
EuSham 0,9991 0,9425 0,5082 0,5433 <0,0001 

EuShamMet - 0,9937 0,7133 0,7435 <0,0001 
EuEnd - - 0,9376 0,9486 0,0002 

EuEndMet - - - >0,9999 0,0031 
EcEnd - - - - 0,0039 

 
Supplementary table 10: Figure 3B v 

Pairwise p-value EuShamMet EuEnd EuEndMet EcEnd EcEndMet 
EuSham 0,8514 0,9961 0,7068 0,9396 0,0062 

EuShamMet - 0,9658 0,9998 0,9993 0,1098 
EuEnd - - 0,8775 0,9960 0,0070 

EuEndMet - - - 0,9875 0,1908 
EcEnd - - - - 0,0293 

 
Supplementary table 11: Figure 3B vii 

Pairwise p-value EcEndMet EcEndP EcEndMetP 
EcEnd 0,0037 0,8205 0,4770 

EcEndMet - 0,0011 0,1372 
EcEndP - - 0,1611 

 
Supplementary table 12: Figure 3B viii 

Pairwise p-value EcEndMet EcEndP EcEndMetP 
EcEnd 0,0291 0,9063 0,8746 

EcEndMet - 0,0099 0,0099 
EcEndP - - 0,9997 

 
Supplementary table 13: Figure 3B ix 

Pairwise p-value EcEndMet EcEndP EcEndMetP 
EcEnd 0,0038 0,9460 0,9849 

EcEndMet - 0,0025 0,0177 
EcEndP - - 0,8444 

 
Supplementary table 14: Figure 3C ii 

Pairwise p-value EuShamMet EuEnd EuEndMet EcEnd EcEndMet 
EuSham 0,9117 >0,9999 0,9962 0,9988 0,0157 

EuShamMet - 0,8317 0,9947 0,7344 0,2256 



PUBLICATION I 

 117 

EuEnd - - 0,9851 0,9998 0,0059 
EuEndMet - - - 0,9502 0,0625 

EcEnd - - - - 0,0048 
 
Supplementary table 15: Figure 3C iii 

Pairwise p-value EuShamMet EuEnd EuEndMet EcEnd EcEndMet 
EuSham 0,9999 >0,9999 0,8422 >0,9999 0,0003 

EuShamMet - >0,9999 0,6740 0,9996 <0,0001 
EuEnd - - 0,7296 >0,9999 <0,0001 

EuEndMet - - - 0,8254 0,0042 
EcEnd - - - - 0,0001 

 
Supplementary table 16: Figure 3C v 

Pairwise p-value EcEndMet EcEndP EcEndMetP 
EcEnd 0,0412 0,9771 0,3541 

EcEndMet - 0,0320 0,7585 
EcEndP - - 0,2522 

 
Supplementary table 17: Figure 3C vi 

Pairwise p-value EcEndMet EcEndP EcEndMetP 
EcEnd 0,0425 0,2119 0,0425 

EcEndMet - 0,0002 <0,0001 
EcEndP - - 0,9279 

 
Supplementary table 18: Figure 4 v 

Pairwise p-value ShamMet End EndMet 
Sham 0,4292 0,0034 0,3877 

ShamMet - 0,0550 >0,9999 
End - - 0,0295 

 
Supplementary table 19: Figure 4 vi 

Pairwise p-value ShamMet End EndMet 
Sham >0,9999 0,9814 0,9998 

ShamMet - 0,9553 0,9986 
End - - 0,9789 

 
 
Sham – Sham-operated mice; ShamMet – Sham-operated mice treated with metformin; End – Endometriosis mice; EndMet – Endometriosis 
mice treated with metformin.EuSham – Eutopic tissue from Sham mice; EuShamMet – Eutopic tissue from Sham mice treated with 
metformin; EuEnd – Eutopic tissue from endometriosis mice; EuEndMet – Eutopic tissue from endometriosis mice treated with metformin; 
EcEnd – Ectopic tissue from endometriosis mice; EcEndMet – Ectopic tissue from endometriosis mice treated with metformin; EcEndP – 
Ectopic tissue from pregnant endometriosis mice; EcEndMetP - Ectopic tissue from pregnant endometriosis mice treated with metformin. 
HDL- high-density lipoproteins; LDL - low-density lipoproteins  
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Endometriosis-related infertility constitutes a serious clinical challenge, affecting 

30% to 50% of women with endometriosis (Bonavina & Taylor, 2022; Leone Roberti 

Maggiore et al., 2024). The pathophysiological mechanisms underlying this association are 

multifactorial, involving inflammatory, hormonal and immunological dysfunction, and 

ultimately anatomical distortions. Importantly, therapeutic strategies currently available for 

alliviation of endometriosis symptoms are largely based on hormonal suppression, which 

is contraindicated and need to be interrupted in patients actively attempting to conceive 

(Rafique & Decherney, 2017; Taylor et al., 2021). Not rarely, those patients suffer an 

intensification of endometriosis-associated symptoms while the disease progresses during 

the treatment suspension. The therapeutic gap for women that pretend to conceive, 

highlights a pressing need for effective non-hormonal interventions capable of managing 

endometriosis while preserving reproductive potential. 

 

1. Metformin Attenuates Lesion Growth in Endometriosis 

In light of these considerations, metformin, a well-established anti-diabetic 

medication and a pharmacological mimetic of energy restriction, was hypothesized to offer 

therapeutic benefits in the context of endometriosis. Its pleiotropic properties, including 

anti-inflammatory, antioxidant, anti-proliferative, and anti-fibrotic effects, made it a 

compelling candidate for addressing the multifaceted pathogenesis of the disease.  

Metformin’s properties were aproached in the experimental studies presented in 

Publications I, II, and III, which comprehensively evaluated the effects of a low-dose 

metformin regimen (70 mg/kg/day) in a murine model of surgically-induced 

endometriosis. This investigation spanned a broad spectrum of disease features, 
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encompassing not only implanted lesion growth and molecular characterization, but also 

reproductive function and cardiovascular parameters. 

Despite the inherent limitations of studies on rodent models—particularly the 

absence of spontaneous menstruation—they  have been widely validated and employed to 

study disease mechanisms, particularly in what regards systemic impact of the disease, and 

to assess therapeutic candidates for endometriosis (Bilotas et al., 2015; Cohen et al., 2015; 

Greaves et al., 2014). In my study, endometriosis was surgically induced through allogeneic 

peritoneal implantation of uterus fragments, and disease establishment confirmed via 

ultrasound and laparotomy. Notably, the employed metformin dosage, considering the 

equivalence between species, was lower than standard therapeutic doses in humans (Nair 

& Jacob, 2016) and demonstrated no significant effects in blood glucose or lipid levels, 

reaffirming its safety profile (Ainuddin et al., 2015; Beyuo et al., 2015). 

However, supporting our hypothesis, metformin treatment was found to 

significantly attenuate implanted lesion development, as evidenced by reduced growth 

along time and altered lesion morphology. While untreated animals exhibited implanted 

structures reminiscent of clinical endometriomas, typically characterized by thick-walled 

cysts filled with dark hemolyzed blood, metformin-treated animals showed less 

vascularized and less proliferative lesions. These morphological observations were 

corroborated by molecular analyses, which revealed reduced expression of PCNA, a well-

recognized marker of cellular proliferation, comparatively with implants from non-treated 

mice. 

A downregulation of CYP17a1 was also observed in both eutopic and ectopic 

endometrial tissues, aligning with previous findings indicating metformin’s capacity to 

suppress local estrogen biosynthesis (Burris-Hiday & Scott, 2021; Jing Cheng et al., 2022; 
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J. Zhang et al., 2017). Given the estrogen-dependence of endometriosis (Rizner, 2009), 

these results suggest that metformin may mitigate lesion growth by disrupting local 

hormonal support. 

 

2. Metformin is Involved in Immune and Anti-Oxidative 

Responses and Fibrosis in Endometriosis 

Also, the local immune environment of endometriotic lesions was modulated by 

metformin. While low expression of immune markers such as galectin-3, NFkB, and F4/80 

in untreated animals may reflect immune tolerance or a resolution-phase inflammatory 

response, which favors implant growth in the setting of endometriosis, metformin 

treatment led to increased expression of these markers. This finding indicates that 

metformin may help restore local immune surveillance by counteracting the defective 

inflammatory and immune responses typically observed in endometriosis (Capobianco & 

Rovere-Querini, 2013; Yamashita et al., 2022). On the other hand, endometrium fibrosis, 

that ensues chronic inflammatory processes and is a key feature of endometriotic lesions 

(Itoga et al., 2003), was increased in mice with endometriosis and alleviated by metformin 

administration. These anti-fibrotic effects, consistent with prior observations in 

reproductive tissues (Wu et al., 2021; Zhang et al., 2013), appeared to be tissue-specific, 

because while metformin mitigated fibrosis in proliferative ectopic endometrium, it did not 

affect cardiac fibrosis or alter the inflammatory markers analyzed in the heart (Publication 

II). In fact, metformin treatment did not attenuate NFkB or change its inhibitor Ikba 

expression on myocardium, which correlates with the absence of mitigation of fibrosis. 

Animals with endometriosis exhibited hallmark features of cardiac remodeling, including 

increased myocardial fibrosis, and evidenced endothelial dysfunction with reduced 
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expression of eNOS, and elevated expression of ET-1, modifications that align with the 

increased risk for cardiovascular disease that patients with endometriosis present along life 

(Poeta do Couto et al., 2023). Metformin administration that we could expect to confer 

cardiovascular protection (Schernthaner et al., 2022), effectively improved endothelial 

function and restored eNOS expression in mice with induced endometriosis; however, 

while it did not attenuate myocardial inflammation or fibrosis, unexpectedly it induced 

hypertrophy of cardiomyocytes. These findings indicate a peculiar effect of metformin on 

cardiovascular remodeling, whose impact in women is unknown.  

Besides inflammation, oxidative stress, also impacted by metformin treatment, is 

a well-recognized contributor to endometriosis pathogenesis (Donnez et al., 2016). 

Elevated oxidative markers and reduced antioxidant capacity have been consistently 

reported in affected women, reflecting a persistent redox imbalance (Clower et al., 2022; 

Santulli et al., 2014; Turkyilmaz et al., 2016). The peritoneal pro-oxidative 

microenvironment enhances inflammation and angiogenesis, supporting survival and 

implantation of ectopic endometrial cells (Scutiero et al., 2017), neovascularization and 

further lesion growth (Nanda et al., 2020). Additionally, oxidative stress contributes to 

chronic inflammation, fibrosis and peripheral nerve sensitization, causing pain and 

ultimately sustaining lesion persistence (Cacciottola et al., 2021; Clower et al., 2022; Samimi 

et al., 2019). These changes were impacted by metformin treatment. In fact, in the ectopic 

endometrium, metformin enhanced the expression of antioxidant enzymes, including HO-

1 and GPX-1, indicating activation of antioxidant pathways (Kapoor et al., 2019; Lubos et 

al., 2011). In addition, in the heart of endometriosis animals, metformin also increased 

GPX-1 expression (Publication III). When we analysed metformin-dependent molecular 

pathways, we verified that AMPK (pAMPK) was upregulated exclusively in metformin-



DISCUSSION 

 205 

treated endometriosis animals, suggesting a disease-dependent modulation of energy-

sensing pathways. On the other hand, the downstream pathway AMPK/sirtuin 1/PGC1-

a/sirtuin 3 did not evidence activation, which led us to conclude that an AMPK-

independent mechanism was involved in the activation of GPX-1 expression in the heart 

of those animals. Together, these findings support the hypothesis that metformin 

attenuates global oxidative damage, including in the endometriotic tissues. 

 

3. Metformin Restores Fertility in Endometriosis 

Given the significant impact of endometriosis on fertility, evaluating the effects of 

metformin during gestation in animal models of the disease is particularly relevant. 

Understanding how metformin modulates the inflammatory, oxidative, and endocrine 

environment throughout pregnancy may provide key mechanistic insights. This approach 

also carries strong translational value, as it mirrors clinical situations in which women with 

endometriosis may benefit from therapeutic support before and during pregnancy. 

Ultimately, the findings may help position metformin as a safe and effective strategy to 

improve reproductive and obstetric outcomes in this population.  

In my study, pregnancy itself exerted regulatory effects on several endometriosis 

markers. Compared with non-pregnant, pregnant animals demonstrated increased serum 

estradiol and decreased cholesterol levels, along with attenuation of lesion markers of cell 

proliferation, estrogen synthesis, inflammation, and immune activity. These findings are 

consistent with the well-described immunosuppressive and anti-inflammatory milieu of 

gestation, which promotes maternal tolerance toward the fetus and reduces excessive 

immune activation (Oală et al., 2024; Williams, 2012). When metformin treatment was 

administered in pregnancy, the regulatory effects on disease markers were mantained. In 
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fact, pregnant animals treated with metformin exhibited equivalent levels of expression of 

lesion markers associated with cell proliferation, estrogen synthesis, inflammation, and 

immune activity. Moreover, it is important to note that metformin has a well-established 

safety profile in the management of gestational diabetes and polycystic ovary syndrome. 

Furthermore, emerging evidence indicates that it may confer additional benefits in 

preventing pregnancy complications (D’Souza et al., 2025; Nassif et al., 2024; Nie et al., 

2025; Paschou et al., 2024; Saadati et al., 2025). 

A particularly compelling finding was the complete restoration of fertility in 

metformin-treated animals with endometriosis. These animals achieved pregnancy rates 

and fetuses numbers comparable to healthy controls, a result not previously demonstrated 

for any other pharmacological agent except oleuropein, whose safety for use in pregnant 

women has not yet been established (Cohen et al., 2015; Park et al., 2022).  

These findings provide robust evidence that metformin not only reduces lesion 

growth and modifies molecular hallmarks of endometriosis, but also effectively restores 

reproductive competence in a preclinical model. Its ability to simultaneously modulate 

inflammation, oxidative stress, steroidogenesis, and endometrium fibrosis supports its 

potential as a multitarget therapeutic agent. The favorable safety profile of metformin 

during pregnancy and its positive systemic metabolic impact further strengthen its 

repurpose as a fertility-friendly treatment. These findings position metformin as a unique 

non-hormonal therapeutic option, approved and safe to use during pregnancy, capable of 

reversing endometriosis-associated infertility even in a sub-clinical dose. Our findings are 

summarized in table 1 and figure 3. While translational and clinical studies are needed to 

confirm these results in humans, this work represents a significant advancement toward 
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non-hormonal, personalized therapies for endometriosis-associated infertility and systemic 

comorbidities. 

4. Biomarkers of Follicular Fluid are Predictors of 

Endometriosis and ART Outcomes 

The reliance on ART in women with endometriosis underscores the persistent 

challenges of infertility in this population (Prefumo & Rossi, 2018). This reinforces the 

importance of identifying reliable biomarkers that can accurately predict outcomes in ART. 

Such biomarkers would not only provide insights into oocyte and embryo quality but could 

also guide individualized treatment strategies, enabling clinicians to optimize protocols and 

improve the likelihood of successful conception. Ultimately, the discovery of predictive 

biomarkers has the potential to enhance reproductive success and offer a more 

personalized approach to managing infertility in women with endometriosis. Follicular 

Fluid provides a valuable resource to analyse ovarian microenvironment, encompassing 

biochemical and molecular factors that directly influence oocyte quality and embryo 

development (Nagy et al., 2019; Templeton, 2000). In this context, Publication IV offers 

novel insights by simultaneously analysing AMH, BMP-15, GDF-9, and key miRNAs in 

FF, highlighting potential biomarkers and therapeutic targets for ART. 

Among the analysed molecules and according to Falconer et. al (serum and FF) 

and Yin et al. (serum) (Falconer et al., 2009; Yin et al., 2024), we observed a significant 

decrease in AMH levels in FF from women with endometriosis compared to controls, 

indicating a reduction in ovarian reserve in those patients that may contribute to impaired 

fertility (La Marca et al., 2010; Lemos et al., 2008; Yoo et al., 2011). Interestingly, AMH 

levels in FF did not correlate with age in the cohort of controls, suggesting that disease-

specific mechanisms, rather than chronological aging, led to the marked reduction of AMH 
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levels in FF. The decrease in AMH in endometriosis patients aligns with the upregulation 

of miR20a_1 and miR145_1, known regulators of AMH via TGF-β signalling (Fu et al., 

2020; Lutful Kabir et al., 2018; Melling et al., 2018; Zhao et al., 2015), suggesting a 

molecular mechanism linking miRNA dysregulation to diminished follicular reserve. Local 

inflammation, oxidative stress, and altered granulosa cell signalling in endometriosis may 

further contribute to this reduction. Concomitantly with AMH decrement, both GDF-9 

and BMP-15 were significantly increased in FF from endometriosis patients, in both pro-

protein and mature dimeric forms. These oocyte-secreted factors are essential for follicular 

development, cumulus expansion, and embryo competence (Da Broi et al., 2018; Gode et 

al., 2011; McNatty et al., 2004; Mottershead et al., 2015; Xie et al., 2023). Their increase 

may reflect an adaptive or compensatory mechanism aimed at preserving oocyte quality in 

the context of endometriosis-induced alterations in the follicular microenvironment. 

Notably, BMP-15 proprotein levels decreased with age in controls, which is in line with 

the age-dependent decay of mechanisms that intervene in follicle maturation and oocyte 

competence (Di Pasquale et al., 2004; Ribeiro et al., 2017). These findings highlight the 

potential of BMP-15 and GDF-9 as indicators of oocyte competence, reflecting the ovarian 

microenvironment in endometriosis, but further investigation into their functional roles 

could inform strategies to support follicular development and improve ART outcomes.  

Aiming to identify novel biomarkers of disease with potential prognostic value for 

ART success, we proceeded to the analysis of specific miRNAs in FF (publication IV). 

Data revealed a decrease in miR125b-5p and miR212-3p, concomitantly with an increase 

in miR20a_1, miR145_1, and miR320a_1 in women with endometriosis. The alterations in 

FF miRNAs observed in women with endometriosis suggest a complex regulatory network 

that may simultaneously reflect disease progression and influence oocyte competence. The 
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decrease in both miR-125b-5p and miR-212-3p, which act as tumour suppressors and 

modulators of apoptosis and immune responses, indicate locally promotion of 

inflammation and pro-proliferative ovarian environment, despite others demonstrated 

upregulation in those miRNAs in serum of patients with endometriosis (Chen et al., 2017; 

Feng et al., 2015; Hua et al., 2019). Conversely, the upregulation of miR-320a_1 in FF may 

represent adaptive or protective mechanisms aimed at supporting oocyte maturation and 

embryo quality, potentially counteracting the endometriosis-induced disturbances in the 

follicular microenvironment (Andreas et al., 2021; Feng et al., 2015; Lutful Kabir et al., 

2018; Melling et al., 2018). Also, the upregulation of miR-20a_1 and miR-145_1 may play 

equivalent function, despite its probable effect on AMH expression mitigation. It is known 

that each miRNA may target multiple genes and pathways, and in the case of miR-20a_1, 

miR-145_1, and miR-320a_1, TGF-β signalling, PTEN, and BMPR2 are common targets 

(Bartel, 2009; Fu et al., 2020; Mendell & Olson, 2012). In fact, the combinatorial regulation 

of miRNAs may account for some of the variability we have observed in FF, reflecting a 

dynamic balance between disease-promoting and protective mechanisms. In our study it 

was verified that miR-320a_1, previously associated with high-quality embryos (Feng et al., 

2015), was elevated in FF from women with endometriosis compared to controls. In 

addition, in control women, FF miR-320a_1 levels correlated with successful biochemical 

pregnancy, further supporting its role in promoting oocyte and embryo quality. This 

finding indicates that miR-320a_1 increase in endometriosis is one example of a 

compensatory response aimed at preserving oocyte competence.  

Importantly, the concomitant increase in BMP-15 and GDF-9, together with the 

observed miRNA changes, supports the presence of coordinated adaptive mechanisms that 

preserve oocyte quality while mitigating the deleterious ovarian environment in 
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endometriosis. Nevertheless, the predictive value of these miRNAs for biochemical 

pregnancy in women with endometriosis remains to be fully determined, highlighting the 

limitations of the current study. In fact, the small sample size, particularly for women with 

diagnosed endometriosis, is a limitation of our pilot study that reduces statistical power in 

data analysis. In particular, biochemical pregnancy outcomes in the endometriosis group 

were limited, preventing full evaluation of the predictive value of miRNAs quantified in 

FF in this group of women. Our data, however, underscores the need for further 

investigation. Future studies should investigate FF markers in larger cohorts of women to 

explore their functional and prognostic significance. This approach will be of paramount 

importance for the development of targeted interventions, such as individualized molecular 

assessment to identify optimal oocytes or guide embryo selection or even miRNA-based 

therapies to optimize ART success in the population of women with endometriosis-

associated infertility. 

Together, the findings obtained in our pilot study brought new insights in what 

concerns ART outcomes prediction, considering that it was demonstrated that miRNAs in 

FF may serve as predictive markers for both endometriosis diagnosis and ART success. 

Our study provides a comprehensive molecular characterization of FF in women with 

endometriosis, integrating protein and miRNA analyses to identify markers with both 

diagnostic and prognostic potential. However, analysis of relevant markers in blood in a 

higher number of patients will be valuable to strengthen the appliance of those 

quantifications in the clinical practice.  

The combined evaluation of AMH, BMP-15, GDF-9, and miRNAs in FF offers 

a novel molecular panel that could enhance ART decision-making. Table 2 and figure 3 

underlie the main results obtained in publication IV.  
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In summary, our findings highlight disease-specific alterations in proteins and 

miRNAs secreted in the FF, that enhance understanding of endometriosis pathophysiology 

and offer novel biomarkers and mechanistic targets for ART optimization, bridging 

molecular insights with clinical application. 
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Figure 3 - Endometriosis and fertility: human evidence and experimental metformin 
insights from murine models.  
Endometriosis exerts systemic effects that extend beyond the pelvis, encompassing alterations in cellular 

proliferation, inflammation, immune regulation, oxidative balance, and oocyte competence.  

In the experimental mouse model of endometriosis, increased lesion growth, elevated PCNA expression, and 

enhanced fibrosis were associated with inflammatory processes, culminating in reduced fertility.  

Metformin treatment mitigated several pathological features by reducing lesion growth and fibrosis, 

increasing macrophage presence (↑ F4/80), and modulating inflammatory mediators such as Galectin-3 and 

NFkB. It also enhanced antioxidant defences (↑ HO-1 and GPX-1), collectively resulting in improved fertility 

outcomes in the mouse model. 

In women, alterations in follicular fluid markers (↓ AMH, ↑ BMP-15, ↑ GDF-9) and dysregulated microRNA 

profiles (↓ miR-125b-5p, ↓ miR-212-3p, ↑ miR-20a-1, ↑ miR-145-1, ↑ miR-320a-1) further indicate impaired 

oocyte competence and reproductive potential. Importantly, microRNAs do not act as discrete ayers but, 

rather as part of interconnected regulatory networks. Notably, our results showed that miR-125b-5p, miR-

212-3p, and miR-145-1 displayed predictive value for endometriosis. A specific panel of differentially 

expressed miRNAs may serve as predictive biomarkers for endometriosis and oocyte competence, ultimately 

influencing pregnancy potential and improving ART outcomes. 

Although the direct effects of metformin on female fertility in endometriosis remain to be fully elucidated, 

this integrative model supports the hypothesis that metformin confers beneficial reproductive effects by 

attenuating inflammation, oxidative stress, and immune dysregulation, thereby promoting improved oocyte 

quality and fertility potential. 
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5. Take-Home Message 

My work reinforces that endometriosis is a systemic and multifactorial disease, 

extending beyond localized lesions to a profoundly affection of the ovarian 

microenvironment and reproductive function. Within this framework, low-dose 

metformin emerges as a novel and safe non-hormonal therapeutic approach, capable of 

attenuating lesion activity, restoring immune and oxidative balance, and fully rescuing 

fertility in a preclinical model. These findings expand the therapeutic potential of 

metformin beyond its traditional metabolic context, positioning it as a fertility-preserving 

agent in endometriosis. 

In parallel, the comprehensive characterization of FF revealed a distinctive 

molecular landscape, identifying proteins and miRNA signatures with both endometriosis-

diagnostic and prognostic relevance for ART outcomes. The integration of these 

biomarkers into clinical practice could provide valuable insights into oocyte competence 

assessment, enabling molecule-guided embryo selection and personalized reproductive 

strategies. 

Altogether, this study contributes to a paradigm shift in the understanding and 

management of endometriosis, highlighting the potential of combining systemic 

therapeutic interventions such as metformin with molecular profiling of FF to promote 

fertility preservation and personalized reproductive care in women affected by this 

complex disease. 
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Table 3 - Effects of Metformin on Endometriosis in a Murine Model and Implications for 
Fertility and Systemic Features 

 Demonstrated 
Metformin Effect 

Proposed Mechanism 
For Metformin 

Implication For 
Fertility / Systemic 

Features 

Lesion Growth 
& Morphology 

↓ proliferation; ↓ 
vascularization; halting 

of lesion growth; ↓ 
PCNA expression 

Anti-proliferative, anti-
angiogenic effects 

Attenuates 
endometriosis 

severity; potential 
improvement in 

oocyte environment 

Local Estrogen 
Synthesis 

↓ CYP17a1 expression 
in ectopic and eutopic 

endometrium 

Inhibition of local estrogen 
biosynthesis 

Limits estrogen-
dependent lesion 

growth 

Immune 
Markers 

↑ expression 
GALECTIN-3, NFkB, 

F4/80 

Restoration of immune 
surveillance; modulation of 

defective inflammatory 
response 

Supports immune-
mediated control of 
lesion progression 

Endometrium 
Fibrosis ↓ fibrosis in lesions Anti-fibrotic effect; tissue-

specific action 

Improves 
endometrial 

receptivity and 
fertility potential 

Oxidative 
Stress Markers 

in 
Endometrium 

 
↑ expression 
HO-1, GPX-1 

Activation of 
antioxidant/cytoprotective 

pathways 

Reduces local 
oxidative damage; 

contributes to 
systemic 

antioxidant effects 

Cardiac 
Remodelling 

Mixed effects: 
improved endothelial 

function - ↑ eNOS 
expression; ↑ AMPK-
independent GPX-1 

expression; 
hypertrophy of 
cardiomyocytes 

Disease-dependent modulation 
of AMPK activation and GPX-1 

expression 

Partial 
cardiovascular 

protection; 
uncertain impact on 
myocardial fibrosis 
and hypertrophy 

Fertility 
Outcomes 

Complete restoration 
of pregnancy rates and 

fetus numbers 

Multitarget modulation of 
proliferation, inflammation, 

angiogenesis, oxidative stress, 
and steroidogenesis 

Positions metformin 
as a non-hormonal 
therapy capable of 

reversing 
endometriosis-

associated infertility 

Safety Profile 

No significant effects 
on blood glucose or 

lipids at studied dose; 
generally safe in 

pregnancy (caution 
advised) 

Physiological effects for low-
dose regimen 

Feasible non-
hormonal therapy 
for reproductive-

age women, 
including potential 
use in pregnancy 

 

List of Abbreviations: AMPK – AMP-activated protein kinase; CYP17A1 – Cytochrome P450 17a1; 
eNOS – Endothelial nitric oxide synthase; GPX-1 – Glutathione peroxidase 1; HO-1 – Heme oxygenase 1; 
NFkB – Nuclear factor kappa B; PCNA – Proliferating cell nuclear antigen 
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Table 4 - Molecular Alterations in Follicular Fluid of Women with Endometriosis and ART 
Implications  

Marker Observed 
Change in FF Proposed Mechanism Potential Implication in 

ART 

AMH ↓ Decreased 

Local ovarian stress, 
inflammation, oxidative stress; 

miR20a_1 and miR145_1 
upregulation suppresses AMH 

via TGF-β signalling 

Indicator of diminished 
ovarian reserve; may guide 

ovarian stimulation protocols 

BMP-15 
↑ Increased 

(pro- and 
mature forms) 

Compensatory upregulation to 
maintain follicular 

development and oocyte 
competence under 

endometriosis-associated 
dysregulation 

Potential target for 
supplementation or 

modulation to improve 
oocyte quality 

GDF-9 
↑ Increased 

(pro- and 
mature forms) 

Similar compensatory 
mechanism as BMP-15; 
supports cumulus cells 
expansion and follicular 

maturation 

Biomarker for oocyte 
competence; potential target 

for follicle optimization 

miR125b-5P 
/ miR212-3P 

↓ Decreased 

Dysregulation of apoptosis and 
immune signalling; contributes 

to inflammatory ovarian 
environment 

Potential predictive marker 
for ovarian microenvironment 
health; may guide therapeutic 

interventions 

miR20A_1 / 
miR145_1 ↑ Increased 

Modulation of TGF-β signalling, 
suppression of cell migration; 

compensatory support for 
oocyte maturation 

Could inform embryo 
selection; potential target for 

molecular therapy 

miR320A_1 ↑ Increased Associated with high-quality 
embryos 

Predictive marker for embryo 
competence and biochemical 

pregnancy success 
 
List of Abbreviations: AMH – Anti-Müllerian hormone; BMP-15 – Bone morphogenetic protein 15; 
GDF-9 – Growth differentiation factor 9; TGF-β – Transforming growth factor beta 
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