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During ovarian ageing, a population of macrophages with senescent-like markers was 

identified and its accumulation is negatively correlated with the follicle pool and systemic 

health consequences. Given the growing evidence that cellular senescence is a contributor to 

oncogenesis, in a senescence-associated secretory phenotype-dependent manner, we aimed to 

unveil possible links between the observed unique population of macrophages and the presence 

of ovarian surface epithelium lesions.  

Ovaries from young and reproductively aged animals were used: 3- and 9-months old 

mice; 5- and 24-months old rats. Sudan black B and haematoxylin and eosin staining of sections 

were used to identify lipofuscin and assess morphological changes, respectively. 

Immunohistochemistry and western blotting were carried out to analyse IgG accumulation and 

extracellular matrix remodelling. Additionally, the effect of apocynin (5 mM in the drinking 

water for 7 weeks) on IgG accumulation and extracellular matrix remodelling was also tested. 

In the medulla of ovaries of mice and rats, there was a significant age-related increase in 

macrophages. In addition, sections exhibited age-related enhancement in IgG labelling. These 

changes were accompanied by an increase in atypical epithelial cells and alterations in the 

expression pattern of -smooth muscle actin, namely the appearance of extra western blotting 

bands with higher molecular weights. Reproductively aged mice treated with apocynin had 

ovarian IgG labelling similar to juveniles.  

During reproductive ageing accumulation of macrophages with a senescent-like 

phenotype is accompanied by epithelial cell structural changes, which may reflect the onset of 

pre-neoplastic lesions. The enhanced IgG labelling is likely to be part of the mechanism for 

macrophage recruitment and activation. In this context, the use of an antioxidant drug may 

contribute to delay cell changes and ovarian ageing. Additional work is needed to further 

understand the relationship between senescence and epithelial lesions. 

 

Keywords: Ovarian ageing; macrophage senescence; IgG accumulation; abnormal epithelium; 

apocynin 
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O envelhecimento dos ovários é pautado pela presença de uma população de macrófagos 

com marcadores semelhantes aos de senescência e a sua acumulação está negativamente 

correlacionada com o número de folículos e com consequências sistémicas para a saúde. Dada 

a evidência crescente de que a senescência celular contribui para a oncogénese, de uma forma 

dependente do fenótipo secretor associado à senescência, o nosso objetivo consistiu em 

desvendar possíveis ligações entre uma população singular de macrófagos observada e a 

presença de lesões no epitélio da superfície do ovário.  

Foram utilizados ovários de animais jovens e reprodutivamente envelhecidos: ratinhos 

de 3 e 9 meses de idade; ratazanas de 5 e 24 meses de idade. As colorações com negro de sudão 

B e hematoxilina-eosina foram utilizadas para identificar depósitos de lipofuscina e avaliar as 

alterações morfológicas, respetivamente. Imunohistoquímica e western blotting foram 

efetuados para analisar a acumulação de IgG e a remodelação da matriz extracelular. Além 

disso, foi também testado o efeito da apocinina (5 mM na água de consumo, durante 7 semanas) 

na acumulação de IgG e na remodelação da matriz extracelular. Na medula dos ovários de 

ratinhos e ratazanas, verificou-se um aumento significativo de macrófagos associado à idade. 

Além disso, os cortes histológicos apresentaram um aumento da acumulação de IgG 

relacionado com a idade. Estas alterações foram acompanhadas por um aumento de células 

epiteliais atípicas e por alterações no padrão de expressão da -actina, nomeadamente com o 

aparecimento de bandas extra no western blotting com pesos moleculares mais elevados. Os 

ratinhos reprodutivamente envelhecidos tratados com apocinina apresentaram uma marcação 

de IgG nos ovários semelhante à dos jovens.  

Durante o envelhecimento reprodutivo, a acumulação de macrófagos com um fenótipo 

senescente é acompanhada por alterações estruturais das células epiteliais, que podem refletir 

o início de lesões no epitélio do ovário. É provável que o aumento da acumulação de IgG reflita 

um mecanismo de recrutamento e ativação de macrófagos. Neste contexto, a utilização de um 

fármaco antioxidante pode contribuir para retardar as alterações celulares e o envelhecimento 

dos ovários. São necessários trabalhos adicionais para compreender com mais profundidade a 

relação entre a senescência e o desenvolvimento ou a progressão de neoplasias. 

 

Palavras-chave: Envelhecimento dos ovários; macrófagos; acumulação de IgG; epitélio 

anormal; apocinina 



        

 



        

 

 

 

 

 

 

 

Graphical Abstract 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



        

 

 



        

  



        

 

 

 

 



        

 

 

 

 

 

 

 

 

 

 

 

 
 

Chapter I: 

State of Art 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



        

 

 

 

 

 

 

 

 

 

  



 

         3  

I.1 The Ovary 

I.1.1 Histomorphology  

The ovaries constitute part of the female reproductive system. Their primary function is 

to mature oocytes, female gametes, and secrete steroidal sex hormones that act as regulators of 

the reproductive system function and, additionally, affect other systemic organs [1]. Ovaries 

are shaped as 3 cm long and 1.5 cm wide almonds, coated with a monolayer of squamous-to-

cuboidal epithelium, the ovarian surface epithelium. Several adhesion molecules, such as 

desmosomes, tight junctions, cadherins, and integrins, maintain epithelial integrity and 

intercellular contact [1]. The innermost part of the ovaries, the medulla, comprises loose 

connective tissue and blood vessels (figure 1) [1]. The cortex makes up most of the ovarian 

area and is characterized by a stroma of connective tissue and numerous ovarian follicles in 

many stages of development: primordial, primary, secondary, secondary antral, and Graafian. 

The stratified squamous epithelium that surrounds follicles is named granulosa, an important 

source of steroids, such as oestrogen [1]. With the development of primary follicles, granulosa 

cells secrete follicular fluid, which accumulates and causes small spaces to arise between 

granulosa cell layers. As the spaces enlarge and cells are rearranged, a large cavity originates, 

the "antrum", giving rise to the secondary antral follicles, that will develop into the pre-

ovulatory follicle – Graafian (figure 1). 

 

Figure 1: Ovarian histology and different stages of follicle maturation. Diagram of a sectioned ovary, 

picturing different stages of follicle maturation, ovulation and luteal phase. 
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I.1.2 Ovarian Cycle 

Ovulation is an essential biological process in which a mature oocyte is released from 

the follicle into the oviduct, and it is essentially stimulated by the endocrine system [1,2]. At 

birth, women present a non-renewable ovarian reserve of approximately 1–2 million immature 

oocytes. At the beginning of puberty, this number has declined abruptly, to around 400.000 

oocytes, continuing to fall throughout the reproductive lifespan [3,4]. When menopause is 

reached, at approximately 50 years of age, follicle reserve has dropped below a thousand 

follicles; this number is insufficient to sustain ovarian cycle and consequently, the remaining 

follicles tend to degenerate [3,4]. 

The ovarian cycle is divided into follicular phase, ovulation, and luteal phase (figure 

2). The regulation of such stages is dependent on hormonal interactions secreted by the 

hypothalamus, the anterior pituitary, and the ovary [2,5-7]. In the follicular phase, a cohort of 

primordial (inactive) ovarian follicles is recruited and starts developing [3,4,8,9]. Follicles 

develop at different rates and, in humans, usually only one antral follicle, the dominant follicle, 

will reach the late follicular phase, the Graffian follicle. The remaining follicles undergo atresia. 

After ovulation, the granulosa cells undergo luteinization and form the corpus luteum (CL), a 

transient endocrine structure that secretes oestrogens and progesterone [10,11]. If pregnancy does 

not occur, CL degenerates, a scar of dense connective tissue–corpus albicans–is formed, and 

the menstrual cycle is renewed [3,4,8,9].  

 

Figure 2: Diagrammatic representation of the different phases of the ovarian cycle and main regulatory 

hormones, ovarian and pituitary. Image adapted from Mendes, S. et al, “New Insights into the Process of 

Placentation and the Role of Oxidative Uterine Microenvironment” and Timoteo-Ferreira, F et al, “Redox 

imbalance in age-related ovarian dysfunction and perspectives for its prevention”. 
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I.2 Tissue Remodelling and Wound Healing in Ovulation 

I.2.1 Wound Healing 

Women undergo circa 400-450 ovulations throughout their reproductive lifespan, 

averaging 40 fertile years with, approximately, 12 ovulations per year [3,12]. Thus, ovulation is 

a great example of one of the most active physiological wound repair processes in the organism.   

During follicular rupture, proteases are released from follicular cells to degrade the 

extracellular matrix (ECM), allowing the creation of an opening for oocyte expelling. Ovary-

resident macrophages produce, as well, matrix metalloproteinases (MMPs) that participate in 

ECM breakdown  [13]. This process damages the stroma and the ovarian surface epithelium 

overlying the ovulatory follicle [2,5-7]. In its healthy performance, the ovary repairs itself hastily; 

in mice, it can be repaired in as little as 12 hours [2,14].  

Wound healing in the ovary follows three classic stages common to the majority of 

tissues: inflammation, proliferation, and remodelling [15,16]. After ovarian surface epithelium 

rupture, platelets are activated and release factors that attract activated immune cells into the 

wound, namely macrophages to phagocytose debris from atretic follicles and the released 

oocyte – inflammatory phase [15]. Next, the proliferative phase initiates, in which cells 

(endothelial cells, fibroblasts, among others) proliferate and migrate in order to repair the tissue 

[15]. Meanwhile, macrophages promote angiogenesis and release anti-inflammatory cytokines, 

resolving the inflammation [17]. This generates a preliminary, vascularized ECM that matures 

during the remodelling phase, after stimulation by growth factors, resulting in a collagen-rich 

scar (figure 3).  

 

 

Figure 3: Post-ovulatory wound healing. Acute wounds progress through the phases of inflammation, 

proliferation, and remodelling, depicted, respectively, in A-C images. (A) Pro-inflammatory macrophages are 

recruited to phagocytise dead cells and debris, and secrete inflammatory cytokines (tumour necrosis factor-α, IL-

6 and IL-1β), vascular permeability factors, and proteases that enhance the recruitment of immune cells into the 

wound. (B) Cells from the vicinity of the wound and epithelium migrate into the wound, and new blood vessels 

now populate the area. The dividing fibroblasts deposit collagen and shift the wound microenvironment from the 

inflammatory to the growth state. Pro-wound healing macrophages are present, secreting factors that aid in 
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angiogenesis, collagen deposition, and re-epithelialization. (C) Macrophages secrete metalloproteinases to aid 

cellular migration and maturation of collagen, and engulf excessive extracellular matrix (ECM), to return tissue 

homeostasis. Unregulated deposition of ECM can lead to fibrosis [12,15,18]. 

Epithelial-to-mesenchymal transition (EMT) also plays a crucial role in wound repair, 

by allowing migration of cells into the wound to aid the re-epithelialization process [19]. EMT 

is a transient, essential process for wound healing and tissue regeneration in adulthood, in which 

epithelial cells acquire a mesenchymal phenotype, namely increased motility and invasive 

capability, as well as resistance to hypoxia and oxidative stress (OS); expression of markers of 

EMT, as α-smooth muscle actin (α-SMA), vimentin, fibronectin and N-cadherin, are also 

increased [14,19-25]. Cytokines abundant in preovulatory follicular fluid, such as transforming 

growth factor beta 1 (TGF-β1), produced by granulosa cells and macrophages, are capable of 

inducing an EMT response [19]. 

 

I.2.2 Fibrosis 

During ovarian wound healing and repair stages, the mechanism of fibrogenesis is 

activated, and quiescent fibroblasts are exposed to growth factors and cytokines [including 

MMPs, tissue inhibitors of matrix metalloproteinases (TIMPs), TGF-β1, connective tissue 

growth factor (CTGF), peroxisome proliferator-activated receptor gamma (PPAR-γ), vascular 

endothelial growth factor (VEGF)] produced by macrophages (figure 4) [26]. This results in 

fibroblast activation, further transformation into myofibroblasts, and stimulation of collagen 

deposition in the wound, with simultaneous secretion of collagenases [27]. Macrophages can 

also deposit ECM components themselves. Expression of α-SMA is indicative of increased 

collagen accumulation [28]. Evidence points out that age-associated changes in ovarian ECM 

occur as oestrogen levels fall, resulting in fibrosis [29,30]. Fibrosis is characterized by excessive 

deposition of fibroblasts and ECM proteins, namely collagen I and III, due to its deficient 

degradation, and was previously observed in the ovaries of aged mice [28,30]. Ovarian fibrosis 

can be triggered by ovarian injury– inflammation, surgery, immune abnormalities –, in which 

the mutually interacting growth factors and cytokines disrupt the balance between ECM 

synthesis and degradation (figure 4) [26]. A previous study found an association between aged 

fibrotic ovaries and chronic inflammation [28]. 
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Figure 4: Process and pathogenesis of organ fibrosis. Damage caused by various stimuli, such as ageing, trauma 

or inflammation, lead to the release of cytokines and growth factors to induce fibroblast activation and generation 

of temporary extracellular matrix (ECM) for the regeneration of injured tissues. Persistent damage and 

inflammation cause excessive accumulation of ECM, ultimately leading to tissue fibrosis. Image adapted from 

Yang et al, “Aryl hydrocarbon receptor: From pathogenesis to therapeutic targets in aging-related tissue fibrosis”. 
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I.3 Inflammatory Processes in Ovulation 

I.3.1 Innate and Adaptive Immunity and Inflammageing 

The immune system is not only responsible for maintaining organism homeostasis but 

also plays a crucial role in many fertility-related events and in the regulation of the ovarian 

cycle [31]. Populations of leukocytes, such as macrophages, dendritic cells, and T and B 

lymphocytes typically comprise the physiological milieu of the female reproductive tract, 

particularly the ovaries [32-35]. Cytokines produced by ovarian or immune cells modulate 

ovarian development, by regulating the secretion of steroid hormones, stimulating follicle 

maturation, ovulation, formation of the CL [31,36-39].  

The immune system is divided into two main branches: the innate and the adaptive 

immunity [40]. The innate immunity is the body's first line of defence, including physical 

barriers (skin), cellular components (macrophages, neutrophils, which recognize general 

molecular pattern–pathogen-associated molecular patterns and damage-associated molecular 

patterns–and phagocyte target cells), and soluble factors [complement proteins, pro- 

inflammatory cytokines, such as, interleukin-1 (IL-1), tumour necrosis factor-α (TNF-α), and 

interleukin-1 (IL-6), that play crucial roles in inducing inflammation] (figure 5) [40]. Overall, 

the innate response lacks specificity and immunological memory, in contrast to the adaptive 

immunity, which targets specific antigens through highly specific receptors on B and T 

lymphocytes [40]. B cells produce antibodies that neutralize pathogens and mark them for 

destruction by other immune cells, while T cells help activate (CD4+ T cells) or directly kill 

infected cells (CD8+ T cells) [40].  

 

 

Figure 5: The basic components of the innate and adaptive immune responses. Image from Mehta, K. et al, 

Immunotherapy in genitourinary malignancies. 
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Whilst immune system pathways are key for the steady functioning of the ovary, their 

dysregulation leads to a handful of pathologies, such as premature ovarian failure, polycystic 

ovary syndrome or inhibited steroidogenesis in granulosa cells [6,41-45]. With the advancing of 

age, there is a systemic deterioration of the adaptive immune system, and an increase in innate 

immune activity [18]. This is manifested through enhanced levels of natural killer cells and pro-

inflammatory cytokines, likely released by macrophages [18].  

Balancing pro- and anti-inflammatory responses is essential for successful ageing [46]. 

Exposure to pathogen-associated molecular patterns and danger-associated molecular patterns 

disrupts the balance between pro-inflammatory networks, which combat recognised threats, and 

anti-inflammatory networks, which maintain homeostasis [46]. After a prolonged period of 

oxidative and inflammatory stress generated by these molecular patterns, the tissue 

microenvironment switches to a state of chronic inflammation [21,47-50]. 

This chronic activation of inflammatory responses, induces changes in the surrounding 

microenvironment, with production of enhanced levels of proinflammatory cytokines (IL-1β, 

interleukin-, IL-6, interleukin-8, TNF-α), likely released by macrophages, resulting a low-

grade chronic inflammatory response [18]. Its persistence, characteristic of the elderly, can 

become pathogenic, generating an inflammatory state entitled "Inflammageing" and is being 

explored in the context of age-dependent diseases, namely Type II diabetes, atherosclerosis, 

and cancer [18,33,46,51-53].   

 

I.3.2 Macrophage-induced Inflammatory and Oxidative Microenvironment  

It has been proposed that macrophages exacerbate age-associated inflammation within 

the ovary [54]. Macrophages are mononuclear, phagocytic cells that are central to innate 

immunity [18]. They are highly abundant in the mammalian ovary and display strong plasticity 

in their phenotypes and functions when exposed to various tissue microenvironments [29]. In 

the ovaries, they perform several secretory and phagocytic roles in processes such as 

folliculogenesis, ovulation, and tissue organization setting a pro- or anti-inflammatory 

environment according to each stage of wound healing: they are present in the thecal layer of 

growing follicles, contributing to follicular growth via the release of cytokines and growth 

factors; they promote granulosa cell proliferation, vascular growth, follicle development, and 

steroid hormone production; they also promote ovulation through cytokine secretion and ECM 

breakdown and facilitate luteolysis through TNF-α [13,18,27,29].  

Inflammatory cytokines/chemokines released during inflammageing promote 

macrophage polarization into two subpopulations based on the expressed surface markers and 

biological activities: classically activated M1 macrophages and alternatively activated M2 

macrophages [29]. M1 macrophages are induced by pro-inflammatory signals (interferon-γ, 

TNF-α, granulocyte-macrophage colony stimulation factor) and generate chemokines and pro-

inflammatory cytokines [TNF-α, IL-1α/β, IL-6, interleukin-12, interleukin-18 and interleukin-

23) [29]. In young ovaries, M1 macrophages are involved in primordial follicle activation [29]. 

M2 macrophages are induced by anti-inflammatory signals [interleukin-4, interleukin-13 and 

interleukin-10 (IL-10)] and generate anti-inflammatory cytokines (IL-10 and TGF-β), fibroblast 
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growth factor and platelet-derived growth factor, which facilitate inflammation resolution, 

tissue repair and fibrosis. In young ovaries, M2 macrophages maintain follicles in a dormant 

state [29]. These phenotypes also play distinct roles in ovarian ageing: in the early stages of 

ovarian ageing, the M1 phenotype is increased and promotes pro-inflammatory gene 

expression. However, in later stages, M2 macrophages are predominant and contribute to ECM 

deposition, ultimately leading to ovarian fibrosis [29]. 

In histological sections of reproductively old mice ovaries, a unique population of cells 

that resemble hyperactivated macrophages, has been identified, designated multinucleated 

macrophage giant cells (MNGCs) [18,29,30,55,56].  

While the role of MNGCs is not yet elucidated, it might indicate a failure of normal 

physiology, considering observations of similar giant cells in other tissues [18]. MNGCs are 

specialized phagocytic cells, frequently associated with a broad variety of chronic inflammatory 

conditions, namely pulmonary granulomas in tuberculosis, parasitic infections and sarcoidosis 

[57]. MNGC generation is thought to result from macrophage fusion in an attempt to 

phagocytise large particles, which macrophages are not able to efficiently phagocytose, and 

remove collagen-dense fibrotic foci and other cell debris deposits, such as lipofuscin 

[13,18,28,29][58-63]. Although the presence of some M2 macrophage-associated markers 

(arginase 1, resistin-like molecule alpha) positively correlates with the increased presence of 

MNGCs in aged ovaries, the relationship between these two cell populations in the ovary is not 

yet validated [18].  

Emerging evidence suggests that MNGCs may acquire senescent-like properties, 

including increased expression of senescence-associated markers such as: 1) enlarged nucleus 

and altered cell morphology, 2) enhanced expression of cyclin-dependent kinase inhibitors, p21 

and p16 (cell cycle inhibitors), 3) an increased activity of lysosomal senescence-associated β-

galactosidase (SA-β-gal), 4) loss of nuclear lamin B1 or 5) lipofuscin accumulation (figure 6) 

[35,62,64-71]. Cellular senescence can be defined as a state of permanent growth arrest in the G1 

phase of the cell cycle as a damage response to excessive cellular stress – deoxyribonucleic acid 

(DNA) damage, excessive reactive oxygen species (ROS), inflammation, organelle dysfunction 

(mitochondrial dysfunction), telomere shortening, oncogenic activation – aiming to limit the 

proliferation of damaged cells and impair potential malignant transformation (figure 6) 

[34,48,69-72]. 
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Figure 6: Potential causal factors and hallmarks of cellular senescence. Senescence is a damage response to 

cellular stressors such as DNA damage, mitochondrial dysfunction, oxidative stress, inflammation, or oncogene 

activation. The damage responses activated lead to enhanced expression of p21 and p16, aberrant cell morphology, 

loss of lamin B1, and increased SA-β-gal activity [69-71]. 

It has been reported that MNGCs accumulate in the ovaries of reproductively aged mice, 

mature sheep and goats and correlate negatively with age-associated follicle pool depletion 

[30,68,73]. Since senescent and senescent-like cells retain their viability and functionality, their 

active metabolism enables the secretion of specific factors that comprise MMPs, proteases, 

chemokines, proinflammatory cytokines (as IL-1α, TNF-α and TGF-β), and growth factors, 

among others [74], all together they comprise what is called a senescence-associated secretory 

phenotype (SASP) [30,67,74,75]. SASP is known to stimulate the immune system to clear 

damaged cells and repair the surrounding tissue after damage, in a wound healing mechanism 

[21,47-50]. However, SASP promotes a state of exacerbated inflammation [21,49,50]. In the 

ovaries, MNGCs with a senescent-like phenotype may further exacerbate the proinflammatory 

microenvironment by secreting SASP components [76]. 

 

I.4 Ovarian Ageing and Cancer 

Ageing represents the inevitable decline of organs’ function over time, accompanied by 

an increased vulnerability to develop age associated diseases, such as cardiovascular disease, 

diabetes, neurodegenerative diseases (Alzheimer and Parkinson diseases), hyperplasia and 

cancer development (circa 60% of individuals diagnosed with different types of cancers are, at 

least, 65 years), among other co-morbidities [77-81]. Ovaries are no exception to this process: 

they undergo ageing much earlier in life in comparison to most organs, starting approximately 

halfway through a woman's lifespan, which entails health and social problems [82,83].  
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Cells continuously face damaging agents and stressors throughout life, undergoing 

cellular senescence. Considering that senescent cells survive long periods and are more resistant 

to apoptotic signals than normal cells, there is an accumulation of senescence burden in tissues 

throughout the life of an individual [21]. It has been reported that a rare cancer of the ovaries, 

Sertoli-Leydig cell tumour, can exhibit lipofuscin in Leydig cells [84,85]. Moreover, SASP 

factors orchestrate a propitious inflammatory and oxidative microenvironment propitious for 

uncontrolled proliferation of damage-harbouring cells, as well as cellular hyperactivity, 

resistance to apoptosis, and migration capacity, culminating, ultimately, in the onset of 

neoplasms or even tumour progression [81,86-92].  

In 1971, Fathalla et al. proposed the "incessant ovulation hypothesis", which suggests 

that genomic disturbances arise in the ovarian surface epithelium during the repeated cycles of 

ovulation and derived wound healing repair. It is proposed that intense proliferation of epithelial 

cells during CL regression and ECM and ovarian surface epithelium remodelling may propagate 

mutations or promote carcinogenesis [14,93].  Epidemiological data indicates that factors known 

to suppress ovulation, such as the use of oral contraceptive pills and pregnancy, are associated 

with a decreased incidence in ovarian cancer. Regions where the use of oral contraceptives 

started earlier and is more widespread, such as Northern and Western Europe, present more 

favourable trends in ovarian cancer, in contrast to Central and Eastern Europe, where the use 

of oral contraceptives started later [94]. Studies have shown a direct correlation between the 

number of ovulatory cycles and the risk of epithelial ovarian carcinogenesis [27,93,95,96].  

Increased number of inclusion cysts, resulting from invaginations of the ovarian surface 

epithelium, are also associated with ovulation rates [97]. Metaplasia of ovarian surface epithelial 

cells within these cortical inclusion cysts has been suggested as a putative pathological change 

leading to ovarian cancer, and occasional cases of ovarian intraepithelial neoplasia have been 

identified in inclusion cysts or on the ovarian surface epithelia [98-100]. Furthermore, after 

ovulation, EMT is activated in wound repair, allowing migration of cells into the wound to aid 

the re-epithelialization process [19]. Upon EMT, epithelial cells acquire mesenchymal traits, 

granting them enhanced migratory and invasive capability, and a less differentiated phenotype, 

as well as resistance to hypoxia and OS [14,19-25]. Dysregulation of this tight mechanism can 

be crucial for metastatic evolution and tumour development [21,89,101]. Yet in the sphere of 

tissue repair, age-related induction of fibrosis in the ECM has been linked to tissue dysfunction 

in the ovary and may favour neoplasm development [2,28,35,102-104]. It is known that 

progression of tumour cells is followed by alterations in cell composition and ECM [105,106].  

Although cancer and ageing seem distinct processes, both can be seen as distinct 

outcomes stemming from a common origin [79]. It is believed that SASP and senescent response 

have pleiotropic effects. On the one hand, irreversible replicative arrest protects against 

tumourigenesis by preventing the proliferation of cells at risk for malignant transformation 

[107], but on the other hand, increase of senescent cell burden in later stages of life, chronic 

exposure to SASP factors, particularly inflammatory events, and to lipofuscin-induced OS, may 

affect tissue homeostasis and induce neoplasms [86-88].  
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Regardless of the growing evidence linking repeated ovulatory cycles with ovarian 

cancer onset and progression, the underlying mechanisms of its oncogenesis remain, yet, 

unclear, akin to the intricate crosslinks between cellular senescence, ovulation and alteration in 

ovarian surface epithelium. 
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Providing the accumulation of senescent cells in mammalian tissues during ageing, and 

the growing evidence linking cellular senescence to oncogenesis, we aimed to investigate the 

relationship between the observed accumulation of macrophages with a senescent-like 

phenotype, thought to be ovulation-related, and the presence of ovarian surface epithelium 

abnormalities (that are known to give rise to neoplastic lesions, such as ovarian epithelial 

tumours) [108]. 

To substantiate the postulated hypotheses, three primary goals were established: 

→ To trace a more evident cause-effect correlation between presence of MNGCs and 

recruitment of inflammatory immunoglobulins; 

→ To evaluate the age-related presence of abnormalities in ovarian surface epithelium and 

extracellular matrix remodelling; 

→ To analyse the influence of parity in the context of ovarian ageing. 
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III.1 Animal Handling and Ovarian Tissue Collection 

We conducted this study with ovaries collected from female mice and rats. Female mice 

(C57BL/6J strain) obtained from Harlan and female rats (Wistar strain) from Sprague Dawley 

were housed at Instituto de Investigação e Inovação em Saúde (i3S) and Faculty of Medicine 

of Porto University facilities, respectively. All the experiments were performed according to 

the Portuguese law on animal welfare and according to the guidelines issued by the Federation 

of European Laboratory Animal Science Associations (FELASA). 

Animals were kept under controlled conditions of light and temperature (12-hour 

light/dark cycle and room temperature of 22 °C) and had free access to tap water and standard 

chow. A subgroup of reproductively aged mice was treated with apocynin: the administration 

of the antioxidant was done at a concentration of 5 mM, in drinking water 7 weeks prior to 

sacrifice. Water bottles were protected from light and changed twice a week. Moreover, the 

handled rats were nulliparous, and part of the mice group was composed of nulliparous 

specimens, while the other consisted on multiparous animals.  

Reaching the selected ages, the animals were anesthetized with isoflurane and ovaries 

were excised. One of the ovaries was immediately frozen in liquid nitrogen and kept at -80 °C 

for molecular studies, while the other was fixed overnight, in 4 % paraformaldehyde (PFA), for 

structural studies.  

The experimental animal set-up used in this study is depicted in figure 7. 

 

 

Figure 7: Simplified diagram of the experimental animal set-up used in this study, describing the number and age 

of the studies animals. “Rep. Aged” is the abbreviation for “Reproductively Aged”. (A) Depicts the set-up used in 

staining and immunohistochemistry techniques. (B) Depicts the set-up for western blotting, in which all 

reproductive aged mice were nulliparous. 
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III.2 Tissue Processing, Fixation and Sectioning 

Sample fixation prevents the deterioration of tissue, cells and antigens, as well as its 

autolysis and necrosis, hence the urge in quick fixation of the tissue right after its harvesting. 

Paraffin embedding offers support during sectioning, and it is the step that follows fixation.  

A solution of 4 % PFA was used as fixative for 24 hours, followed by tissue dehydration 

applying increasing concentrations of ethanol, withdrawing excess fixative and preparing the 

tissues for paraffin embedding. Tissues were dehydrated as follows: 70 % alcohol 

(E/0650DF/C17, Fisher Chemical) overnight, 70 % alcohol for 30 minutes, 90 % alcohol for 1 

hour (renovation of the ethanol after 30 minutes), proceeding to immersion in absolute alcohol, 

for 1 hour (renovation of the ethanol after 30 minutes). Then, tissues were diaphanized in xylol 

at 97 % (905-562-9, Valente e Ribeiro Lda.) for 40 minutes, embedded in pre-heated paraffin 

(at 60 ºC) for 1 hour and, lastly, placed in new paraffin for another hour. Paraffin blocks were 

microssectioned using a microtome (RM2145, Leica Biosystems®) and sequential sections of 

of 5 µm of width obtained. Sections were placed in coated glass slides and dried overnight at 

36 ºC. 

 

III.2.1 Slide Coating 

Slide coating consists in a histological adhesive that allows an eased anchorage of 

paraffin sections onto glass slides. Poly-L-lysine (P8920, Sigma), an electrostatic adhesive, is 

one of the most common coatings, and was used for slide coating, promoting nonspecific 

adhesion of tissue sections to the glass. The slides were rinsed with a cloth embedded in 

absolute alcohol, finally, and immersed in previously filtered poly-L-lysine for 5 minutes. The 

excess of coating was removed from the slides, carefully hitting them in a plane surface, and 

then, they were left to dry for 48 hours at 37 ºC. 

 

III.3 Staining Techniques 

When it comes to histologic procedures, whether it is histochemistry or techniques that 

involve sections kept in paraffin, the first step to take into account is paraffin removal from the 

tissue sections.  

Paraffin dissolution was done by placing the slides in xylene, first for 20 minutes and 

then with a renewed xylene 10 minutes. Afterwards, the sections were hydrated, going through 

decrescent concentrations of alcohol to remove the xylene (absolute, 90 % and 70 %, for 5 

minutes each). From this point on, the remaining protocol may differ depending on the 

procedure to be performed for the selected staining. 
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III.3.1 Haematoxylin and Eosin 

A greater part of cell and tissue components have no visible colour. Haematoxylin and 

Eosin (H&E) is the preferred stain technique used for observing a broad range of tissue and 

cellular architecture, namely nuclear, cytoplasmic, and ECM features, providing a 

comprehensive picture of tissues microanatomy.  

As implied by its name, this technique comprises two staining components: 

haematoxylin and eosin. The first has no staining properties itself until it has been oxidized to 

haematein and combined with a mordant, which is typically a metal cation, and allows 

visualization of the nuclear features, staining heterochromatin and nucleoli purple/blue. This 

occurs due to attraction of charges: the mordant (positively charged), will bind to negatively 

charged components, such as nucleic acids. On the other hand, eosin is anionic, binding to 

positively charged components and dyeing amino groups on proteins in the cytoplasm and red 

blood cells in shades of pink [109]. 

After paraffin removal from tissue sections, and hydration, tissues were rinsed in water, 

and kept in running water for approximately 20 minutes. Afterwards, Modified Harris 

Haematoxylin (72704, Richard Allan Scientific, Thermofisher) was applied to the sections for 

45 seconds, to avoid overstain, colouring the nuclei and some other elements purple/blue. The 

slides were rinsed, to remove excess dye, and checked to see if the nuclei were properly stained. 

Next, the sections were incubated with alcoholic solution of eosin (Eosin Y, 71211, Richard-

Allan Scientific, Thermo Scientific), in a proportion of 1:5 in 70 % alcohol, for 30 seconds to 

avoid pink overstaining. The slides were briefly passed through increasing concentrations of 

ethanol (70 %, 90 %, 100 %), for dehydration, and then, immerged in xylene, for 10 minutes 

plus 5 minutes in another rack. Mounting medium (Entellan®, 1.07961.0100, Sigma-Aldrich) 

was applied to the tissue slides and, after drying, preparations were ready to be visualized under 

the light microscope. 

 

III.3.2 Sudan Black B 

Sudan Black B (SBB) is a lipophilic dye considered to be sensitive and specific for lipid 

identification. It is used to stain lipid-containing structures, namely phospholipids and 

intracellular lipids: lipoproteins, neutral lipids and lipofuscins, which contain insoluble lipids 

derived of lysosomal digestion [110,111].  In paraffin-embedded tissues, organic solvents used 

in dewaxing and hydration lead to a great loss of lipids, but lipofuscin’s insoluble nature allows 

it to remain intact, and therefore, it may be visualized with this technique [110,112]. 

Ovarian sections were dewaxed and hydrated as previously mentioned, until reaching 

70 % ethanol, and then stained with 1 % SBB (Sigma-Aldrich, 199664) for 1 hour. Afterward, 

tissues were rinsed in 70 %, ethanol to differentiate the overstained background from the 

lipofuscin staining, rinsed in phosphate-buffered saline (PBS) –0.137 M sodium chloride, 

0.0027 M potassium chloride, 0.01 M disodium phosphate (Na2HPO4), 0.0018 M potassium 

dihydrogen phosphate (KH2PO4), and then mounted in Aquatex® aqueous mounting medium. 

https://en.wikipedia.org/wiki/Lysosome
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Lipofuscin presence was detected using a light microscope (Zeiss Axioskop 40) equipped with 

a digital camera (Zeiss AxioCam 208 Color).  

 

III.4 Immunohistochemistry 

Immunohistochemistry (IHC) is a technique that combines histological, immunological 

and biochemical techniques. Antigens, such as cellular or tissue components, can be identified 

through reaction with specific antibodies, which allows for their visualization by optical 

microscopy [113].  

The IHC conducted in the present study deviated slightly from the standard protocol, 

since our aim was to detect immunoglobulins G (IgGs) in ovarian tissues (figure 8). Table 1 

summarises the antibodies used to conduct the experiments, anti-mouse (in mouse tissues) or 

anti-rat (in rat tissues). 

Ovarian tissue sections were dewaxed and hydrated as previously mentioned. 

Afterwards, heat-induced antigen retrieval was performed. Citrate buffer (2.3 g sodium 

citrate/L of water (MB01501, Nzytech), pH= 5.75) was heated until boiling and tissue sections 

were submersed in it right away and kept at 65 ºC for 30 minutes. After successive rinses with 

PBS (three times 10 minutes), we used H2O2, a common peroxidase blocking agent, to quench 

endogenous peroxidase activity. It allows us to avoid non-specific staining, since ovarian 

tissues are not devoid of endogenous enzymes, namely peroxidase activity. The blocking 

solution was done by adding 30 % (v/v) hydrogen peroxide (H2O2) to methanol, in a dilution 

1:10, and the sections were incubated in this solution for 30 minutes, at room temperature. 

Then, they were rinsed three times with PBS. To reduce background staining, slides were 

treated with 5 % bovine serum albumin (BSA) in PBS for 1 hour, at room temperature. 

Afterward, the slides were incubated with the antibody with horseradish peroxidase (HRP) 

enzyme (see table 1), overnight at 4ºC in a humid chamber. The antibody was diluted in the 

blocking solution to ensure optimal conditions for specific binding. The following day, tissues 

were washed three times in PBS, for 10 minutes each. For the detection step, a chromogen 

system was used, in which the HRP-conjugated antibody catalysed the oxidation of 3,3'-

diaminobenzidine (DAB) by H2O2. A 0.06% DAB solution in PBS was mixed with H2O2 at a 

1:1000 ratio. The tissues were incubated with this solution at room temperature until it was 

observed a specific brown staining. This staining corresponds to the formation of an extremely 

stable precipitate at the antigen location, allowing for long-term observation using light 

microscopy. Finally, the tissues were rinsed with PBS, for 5 minutes, followed by distilled 

water, counterstained with haematoxylin, rinsed again in water, dehydrated through a series of 

increasing ethanol concentrations (70 %, 90 % and absolute), cleared in xylene, and mounted 

in Entelllan®. 
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Figure 8: Schematic image of IHC procedure. Antibodies raised in the same species as the target tissue were 

chosen, allowing cross-reactivity and detection of IgG in the tissue. 

 

Table 1: List of antibodies used for IHC technique. 

 

Primary Antibodies Dilution Conjugation Provider 

AffiniPure Donkey Anti-Mouse 1:200 Peroxidase-conjugated 
715-035-150 

Jackson ImmunoResearch 

AffiniPure Goat Anti-Rat 1:200 Peroxidase-conjugated 
AB_2338128 

Jackson ImmunoResearch 

 

III.5 Stained Sections Analysis and Quantification  

Lipofuscin was identified using SBB staining. Images of complete mid-ovarian sections 

were captured. The total mid-section and stained areas were quantified using the Image J 

software, version 2.0, by identification of the colour threshold cut point, according to figure 

9A, with the blind intervention of two operators. A minimum of five animals per group was 

analysed, and two mid-ovarian sections of each ovary were evaluated. The quantification of 

each stained area was conducted by calculating the ratio of the obtained stained area over the 

overall area of the respective ovary mid-section.  

The brownish IgG staining was also quantified using Image J software, through 

identification of the threshold cut point (figure 9B), in a similar manner to which of figure 9A, 

but following a different colour recognition pattern. A minimum of five animals per group was 

analysed, and two ovarian mid-sections of each ovary were evaluated. The quantification of the 

IgG-stained area followed a similar procedure to that of SBB, by calculation of the stained area 

ratios. 

      Mouse IgG           Rat IgG 
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Lastly, evaluation of abnormal epithelia was conducted and, once again, two ovarian 

mid-sections of a minimum of five animals per group was analysed. The total perimeter of the 

mid-sections was calculated using Image J, by manual demarcation of the section’s limits, as 

can be observed in figure 9C. The measurement of the abnormal perimeter was done manually 

via a qualitative appreciation: abnormalities in the epithelium were considered when it 

exhibited: 

- a sequence of cells with an elongated morphology that contrast with the squamous-to-

cuboid cells of the normal epithelium; 

- papillary growths; 

- loci where epithelial cells were arranged in multilayers; 

- epithelial shedding, or an evident range of cells that seemed to be detaching from the 

ovarian surface. 

The length of the abnormal perimeter was measured in the same manner as the total 

perimeter, and a ratio of abnormal perimeter over total perimeter was calculated. The average 

values for each age group and each animal were determined (figure 9A).  
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Figure 9: Representative images of ovarian mid-sections depicting the measurement methods in Image J 

software. (A) Threshold cut point determination used for SBB staining relative quantification. (B) Threshold cut 

point determination used for IgG staining relative quantification. (C) Perimeter considered abnormal used for 

relative quantification. The ovaries presented were collected from two rep. aged rats (A and C), and a rep. aged 

mouse (B). 

 

III.6 Tissue Lysis 

The extraction of proteins from tissues requires lysis and disruption of cell membranes, 

using mechanical homogenization and/or sonication. To start with, ovarian tissues were 

submersed in 100 μL of ice-cold lysis buffer solution [50 mM Tris base (MB01601, Nzytech), 

10 mM NaCl (MB15901, Nzytech), 5 mM ethylenediaminetetraacetic acid (EDTA, EDS-500 

g, Sigma Aldrich) and 0.25% Triton X-100 (Tx-100, T9284, Sigma-Aldrich)], containing 

protease (P8340-5ML, Sigma Life-Science) and phosphatase (Kapa Biosystems) inhibitors, in 

a proportion of 1:200 and 1:500, respectively. Tubes with the tissue, homogenization buffer and 

A 

B

C 
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zirconium oxide (1.4 mm) beads were placed in a MagNA Lyser device and underwent three 

cycles of mechanical homogenization. Cycles were performed as indicated: 15 seconds at 6500 

rpm speed, intercalated with observation and cooling of the samples in ice. The samples were 

left in ice for 20 minutes, and, afterwards, sonicated at 4 ºC in Biorupter® UCD-200. Two cycles 

of 10 minutes were performed. Then, sonicated samples were centrifuged at 16 000 g for 10 

minutes, at 4 ºC, and the supernatant was stored at -20 ºC for future experiments.  

 

III.7 Protein Quantification 

In order to proceed to Western Blotting and to apply equal amounts of protein to the 

electrophoresis gel, it is imperative to know protein’s concentration in each of the tissue sample 

lysates. Protein quantification of lysed ovaries was, therefore, determined using Bradford Assay 

(Bio-Rad Protein Assay Dye Reagent Concentrate, #5000006, Bio-Rad). This assay is built on 

the observation that Coomassie Brilliant Blue G-250 exists in two different colour forms, red 

(cationic) and blue (anionic). Under acidic conditions, the dye is in the red form 

(Absorvancemax=470 nm), and upon binding of the dye to proteins, it is converted into a stable 

unprotonated blue form (Amax=595 nm) [114,115]. 

To this aim, BSA (Albumin Bovine Fraction V, MB04602, Nzytech) was used to 

prepare a standard curve. Albumin samples were used at concentrations between 2.5 µg/mL 

and 50 μg/mL, and lysates were diluted 1:5 in distilled water. Bradford 5x was diluted to 2x in 

distilled water and added to the wells of both BSA standards and cell lysates. The mixture was 

carefully resuspended in the wells, and the absorbance of the protein-dye complex was 

measured at 595 nm wavelength using Tekan® multi-mode microplate reader. Protein samples, 

standards and blanks (consisting of cuvettes filled with water and dye reagent) were prepared 

in triplicate. The unknown sample concentration was determined using the standard curve. 

 

III.8 Western Blotting 

Western blotting is a technique commonly used for protein analysis that relies on the 

ability of an antibody to specifically bind to an antigen in a complex protein mixture. 

Equal amounts of protein were mixed with sample buffer [final concentration of 0.625 

M Tris-HCl pH 8.8, 2 % sodium dodecyl sulphate (SDS), 10 % glycerol, 1 M dithiothreitol 

(DTT) and 0.2 % bromophenol blue], heated in Thermoblock (Thermofisher) at 65 °C for 15 

minutes, then at 95 °C for 5 minutes. Afterwards, samples were quickly placed in ice, to induce 

thermic shock. Samples were electrophoretically separated in a 10 % SDS–polyacrylamide gel, 

in LAEMMLI B running buffer [0.025 M Tris, 0.250 M glycin (MB01401, Nzytech), 0.0035 

M SDS] with 30 mA amperage per gel. Afterward, samples were electrotransferred to 

nitrocellulose membranes in Tris-glycine transfer buffer (0.048 M Tris, 0.039 M glycin, 0.0012 

M SDS and 20% methanol). The membrane and the gel were stacked as shown in figure 10 

(chromatography paper, GE Healthcare Life Sciences, Whatman®, 3 mm) and voltage was 

fixed in 30 V for 90 minutes. Following protein transference, membranes were washed in 

distilled water, stained with Ponceau S, and images were acquired in a ChemidocTM MP 

system (Bio-Rad). Then, membranes were washed in Tris-buffered saline (20 mM Tris pH 7.6 
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and 137 mM NaCl containing 0.1% Tris-Buffered Saline (TBS)-Tween 20), and they were 

blocked for 1 hour in 2.5 % non-fat dry milk in TBS-T. Primary antibodies diluted in BSA 2.5 

% in TBS-T were incubated overnight at 4 °C with agitation (table 2). On the following day, 

membranes were washed with TBS-T for 30 minutes (TBS-T was changed every 10 minutes) 

and probed with the secondary antibody containing a HRP enzymatic tag (table 2) in BSA 2.5 

% in TBS-T for 1 hour at room temperature, also with agitation (this step was not performed 

for IgGs detection, as the primary antibody was tagged with HRP enzyme). Blots were then 

washed with TBS-T for 30 minutes (TBS-T was changed every 10 minutes) and the signal was 

revealed with a chemiluminescent agent (luminol and peroxide solution, in a proportion of 1:2, 

#1705061, Bio-Rad) for 2 minutes at room temperature (figure 11). The reaction was visualized 

in a ChemidocTM MP imaging system. The Ponceau S staining was used for protein loading 

normalization, and quantification was performed using Image Lab software, version 4.0.1 

(BioRad). 

 

 

Figure 10: Illustrative representation of gel and membrane stacking for transference step. Adapted image. 

@Biorender. 
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Figure 11: Illustrative depiction of antigen detection by chemiluminescence. HRP catalytic activity, promoting 

oxidation of substrates, such as luminol, by hydrogen peroxide, yielding a chemiluminescent byproduct. Adapted 

image. ©Biorender, ©2021 Thermo Fisher Scientific Inc, Western blotting Handbook.  

 

Table 2: List of antibodies used for Western Blotting technique, and percentage of gel acrylamide for each 

detection. 

Primary Antibodies Secondary Antibody Acrylamide % 

Peroxidase-conjugated AffiniPure 

Donkey Anti-Mouse IgG   

 

1:4000 - 10 % 

715-035-150, Jackson 

ImmunoResearch   

 

-Actin (I-19) 

1:1000 

sc-1616, Santa Cruz  

Biotechnology 

Peroxidase-conjugated AffiniPure 

Donkey Anti-Goat IgG 

1:5000 

715-035-150, Jackson 

ImmunoResearch 

10 % 

 

 

III.9 Statistical Analysis 

Statistical analyses were performed with Excel programme (Microsoft® Excel® 64-bit, 

version 2103, Microsoft 365). Arithmetic means were given with a standard error of the mean 

(SEM). Unpaired student’s t-test was used to compare between groups. P < 0.05 values were 

assumed to denote statistical significance: no symbol was used to denote p > 0.05; “*” was used 

for denoting p < 0.05, “**” for p < 0.01; “***” for p < 0.001 and “****” for p < 0.0001. 
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IV.1 Age-related Deposits in Ovarian Tissue 

We performed SBB staining technique in groups of mice and rats aiming to understand 

the extent of ovarian lipofuscin accumulation during ovarian ageing. As aforementioned, SBB 

binds to lipids such as lipofuscin. Figure 12 shows lipofuscin granules, marked as blue-black 

deposits, present in the stroma of reproductively aged mice and rats (figure 12A and 12B, 

respectively).  

Qualitatively, we observed that ovaries from the young mice (figure 12A, left) and rats 

(figure 12A, right), showed none or almost none SBB staining, in contrast to reproductively 

aged specimens, which were rich in SBB deposits. Graphs in figures 12C and 12D show the 

quantitative results of SBB staining in ovaries from the mice and the rats’ groups. We have 

observed that lipofuscin accumulation in the ovaries from reproductively aged mice was 

significantly higher than in ovaries from young mice (p-value <0.001): young mice, 0.28±0.21 

%, compared to reproductively aged ones, 10.80±1.84 %.  Regarding rats’ group, lipofuscin 

accumulation in the ovaries of reproductively aged animals was, once again, significantly 

higher (p-value <0.001): young rats, 1.34±0.39 %, in contrast to reproductively aged ones 

19.80±2.70 %. 

 



 

         35  

 

Figure 12: Lipofuscin accumulation during ovarian ageing. Mouse (left panel) and rat (right panel) results. (A, 

B) SBB staining of ovarian mid-sections of representative young and reproductively aged mice and rats, arrows 

evidencing SBB staining. (C, D) Graphical representations of the average values of lipofuscin accumulation for 

each animal and age group. Data is presented as a mean percentage of the total stained area over the total ovarian 

area ± SEM. *** P <0.001 for both mice and rat samples. Number of animals per group: young mice - n=5; 

reproductively aged mice - n=11; young rats - n=6, reproductively aged rats n=14. 

 

 

IV.2 Age-related Accumulation of IgG in Ovarian Tissue 

Considering the enhanced accumulation of cell senescence marker lipofuscin in 

reproductively aged groups of both species studied, we delved into bidirectional crosstalk 

between cellular senescence and chronic inflammation. To this aim, IHC was performed (figure 

8 and table 1), to assess IgG presence in the tissue and to identify the binding locations of these 

immunoglobulins. The results obtained revealed little to no immunostaining in the group of 

young mice and pronounced immunostaining in the group of reproductively aged mice (figure 

13A). Quantitative measurements, depicted in figure 13B, clearly show the disparity in IgG 
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accumulation in the ovaries from young and reproductively aged mice (p-value <0.01): the 

mean percentage of ovarian immunostained area in young mice (0.041±0.026 %) was much 

lower compared with the mean percentage of ovarian immunostained area in reproductively 

aged mice (3.41±0.07 %). 

Next, we quantified the expression of IgG heavy and light chains in the ovaries of mice 

(figure 13C). The group of reproductively aged animals was used as reference for 

normalization, because of the absence of signal for IgG light chain in some of the young 

animals. We observed significant differences in the amount of IgG expression between ovaries 

from young and reproductively aged mice. Ovaries from young mice revealed little or almost 

absent presence of IgG heavy and light chains [0.24±0.049 arbitrary units (a.u) and 

0.0018±0.0018, respectively], contrasting with a clear presence of IgGs in the tissue of 

reproductively aged mice (figure 13D). The stacked bar chart denotes an increase (p-value 

<0.01) in the amount of IgGs expressed in ovarian tissue from reproductively aged mice 

compared to young ones. Interestingly, in a group of reproductively aged animals treated with 

apocynin, the age-related increase in ovarian IgG accumulation was significantly reduced (p-

value <0.01), with 0.25±0.13 a.u. and 0.260±0.068 a.u. for light and heavy chain, respectively 

(figure 13D).  

Afterward, the correlation between ovarian ageing and IgG accumulation was evaluated 

in rats (figure 8 and table 1). In accordance with the IHC results obtained for mice, ovaries 

from young rats presented very little immunostaining when compared to reproductively aged 

animals (figure 13E). Quantitatively, the mean value for IgG presence in ovarian tissue of 

young rats (1.58±0.49 %) was significantly lower (p-value < 0.001) than in reproductively aged 

specimens (6.92±0.94 %). This disparity is graphically depicted in figure 13F. 
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Figure 13: IgG presence in the ovaries during reproductive ageing. (A) Representative immunostaining of 

ovarian mid-sections of young and reproductively aged mice; the arrow points towards pronounced staining. (B) 

Graphical representation of the average values of immunostaining for each age group. Data is presented as a mean 

percentage of immunostained areas over the total ovarian areas ± SEM. (C) Detection of IgG chains’ expression. 

Three sample groups are presented, relative to the expression in the reproductively aged group: young, 

reproductively aged and apocynin-treated reproductively aged mice. Ponceau image is displayed below, with 

molecular weights. (D) Graphical representation of IgG light and heavy chains expression. (E) Immunostaining of 

ovarian mid-sections of representative young and reproductively aged rats, as evidenced by the arrow. (F) 

Graphical representation of the average values of immunostaining for each age group; data quantification follows 

the same methodology as in (9B). ** P <0.01; *** P <0.001. Number of animals in IHC: young mice - n=7; 

reproductively aged mice - n=12; young rats - n=9, reproductively aged rats n=12. Number of mice in western 

blotting: young - n=3; reproductively aged - n=5; apocynin-treated reproductively aged - n=3. 

 

IV.3 Evaluation of ovarian surface epithelium changes during reproductive ageing 
 

Considering the results obtained so far, that revealed ovarian accumulation of markers 

of cellular senescence and increased IgG accumulation in ovaries from reproductively aged 

animals, we hypothesised that there could be associated cellular and morphological changes in 

these tissues. 

Careful microscope observation of H&E-stained ovarian tissue allowed us to notice that 

the epithelia from reproductively aged mice and rats had an atypical morphology, with 

elongated cells (instead of cuboid), the presence of papillary growths and epithelium 

multilayers (figures 14A and 14B). Epithelial shedding was also observed. 

Figures 14C and 14D depict the quantification of abnormal epithelia. Results show that, 

in mice’s group, the ovarian surface epithelium that was abnormal was significantly (p-value 

<0.05) increased in reproductively aged animals: 27.70±5.53 % of the total ovarian section 

perimeter had altered characteristics (figure 14C), contrasting with an average of 10.60±1.46 

% of the total perimeter of the young group. Regarding the rat, we can observe in figure 14D 

that the young group showed an average abnormal ovarian perimeter of only 2.31±0.21 %. 

Once again, this bears a highly significant difference (p-value <0.0001) when compared to 

reproductively aged animals, that presented an abnormal epithelial mean of 45.3± 2.45 %. 
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Figure 14: Abnormal surface of ovarian surface epithelium. (A, B) Representative H&E staining of ovarian 

mid-sections of young and reproductively aged mice and rats, revealing a contrast in epithelial morphology, 

namely elongated morphology and papillary growths, pointed by arrows. (C, D) Graphical representations of the 

average values of the quantified abnormal epithelia for each group. Data is presented as a mean percentage of the 

ratio of length of abnormal perimeter measured over the total ovarian section perimeter ± SEM. * P <0.05; **** 

P <0.0001. Number of animals per group: young mice - n=5; reproductively aged mice - n=9; young rats - n=6; 

reproductively aged rats - n=12. 

 

IV.4 Fibroblast-like Stromal Cells Biomarker 

Previous studies have demonstrated that reproductive ageing entails fibrosis formation 

in the ovary [28,30]. In the context of epithelium morphology alterations and neoplasm 
development it is known that fibroblasts and myofibroblasts, positive for α-SMA, play crucial 

roles in age-associated ovarian fibrosis and stromal changes, and progression of tumour cells is 
followed by alterations in cell composition and ECM [105]. The stroma of ovarian epithelial 

tumours reveals α-SMA great expression, suggesting stromal stimulation mediated by 

neoplastic epithelium [106]. In addition, tumour cells of serous and clear cell ovarian carcinoma 
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exhibit α-SMA positive expression [105]. Therefore, we proceeded to the evaluation of α-SMA 

expression patterns of in young and reproductively aged mice. 

The expected molecular weight for α-SMA is 45 kDa. However, additional bands of 

approximately 60 and 63 kDa were present in the blot. Interestingly, these bands were only 

observed in the groups of reproductively aged mice and apocynin-treated reproductively aged 

mice. At the expected molecular weight, we observed a significant age-related decrease (p-

value <0.1) of α-SMA in reproductively aged mice (1±0.15 a.u), when compared to young mice 

(2.17±0.18 a.u), as shown in figure 15. Apocynin-treated group presented no signal at all, a 

significant decrease in comparison with the values of young mice (p-value <0.01) as well as 

with reproductively aged mice (p-value <0.1). 

Regarding the bands 60 and 63 kDa we verified a significant increase (p-value <0.5) 

with ageing: young mice group presented no signal, in contrast to the values of 1±0.26 a.u, of 

reproductively aged mice (figure 15). The apocynin-treated group presented a significant 

increase comparing to young mice (p-value <0.5), with a mean value of 1.15±0.34 a.u. and 

revealed no differences when compared to reproductively aged mice.  

 

Figure 15: α-SMA expression in mice’s ovaries. (A) Three sample groups are presented in the blot: young, 

reproductively aged and apocynin-treated reproductively aged mice. The bands depicted in the blot correspond to 

molecular weights of 45, 60 and 63 kDa. Ponceau image is displayed below, with molecular weights. (B) Graphical 

representation of α-SMA relative expression. The data is presented relative to the expression in the reproductively 

aged group ± SEM. Left: sum of 60 and 63 kDa band signals between reproductively aged and apocynin-treated 

reproductively aged and young mice. * P <0.05; * P <0.01; *** P <0.001. Number of mice: young - n=3; 

reproductively aged - n=5; apocynin-treated reproductively aged - n=3. 

 

IV.5 Influence of Parity in Ovarian Ageing 

The monthly cycles of ovulation are part of ovarian dynamic. This process involves an 

intricate interplay between follicular rupture, disruption and remodelling of ECM and ovarian 

surface epithelium [2,14]. It is known that ovulations promote an increase in ovarian wound 

healing processes and that they are associated with a higher risk of developing ovarian cancer 
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[116]. The mechanisms behind this have not yet been elucidated; therefore, we proceeded to 

evaluate some of the previously studied parameters (accumulation of deposits in ovarian tissue, 

expression of IgGs, ovarian surface epithelium abnormalities) in ex-breeder (multiparous) 

mice, which have undergone fewer ovulatory cycles than nulliparous ones. 

To assess lipofuscin accumulation, SBB staining was performed. We observed that 

multiparous mice presented less SBB staining (p-value <0.05), with a mean stained area of 

3.46±1.84 %, in contrast to nulliparous mice, which presented a mean stained area of 

10.70±0.21 % (figure 16A). To determine if IgG presence in the ovaries was affected by parity, 

IHC assays were conducted (table 1 and figure 8). Immunostaining quantification in did not 

denote statistical differences: figure 16B depicts a mean IgG-stained area of 3.41±1.08 % for 

nulliparous mice and 0.61±0.13 % for multiparous ones. Lastly, to evaluate ovarian epithelium 

surface abnormalities, we carefully observed ovarian tissue under an optical microscope. We 

note that both nulliparous and multiparous groups presented elongated cells, surface papillary 

growths and clefts (27.60±5.53 % and 25.0±3.8 %, respectively), albeit not presenting 

significant differences between groups (figure 16C). 

 

 

Figure 16: Influence of parity in ovarian ageing. Graphical representations of the results obtained from analysis 

of ovarian mid-sections from nulliparous and multiparous reproductively aged mice. (A) Lipofuscin 

accumulation during ovarian ageing. Data is presented as a mean percentage of the stained area over the total 

ovarian area. (B) IgG presence during ovarian ageing. Data is presented as a mean percentage of immunostained 

area over the total ovarian area ± SEM. (C) Quantified length of abnormal ovarian surface epithelium. Data is 

presented as a mean percentage of the calculated abnormal perimeter over the total ovarian perimeter. * P <0.05. 

Number of mice in lipofuscin accumulation quantification: nulliparous - n=6; multiparous - n=5. Number of mice 

in IgG quantification: nulliparous - n=7; multiparous - n=5. Number of mice in abnormal ovarian epithelium 

surface quantification: nulliparous - n=6; multiparous - n=3. 
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In females, the reproductive system, including the ovaries, ages faster than most other 

organs, resulting in hormonal changes at a relatively early age, loss of fertility, and the onset 

and development of pathologies such as skin atrophy and accelerated skin ageing (collagen, 

wrinkles, and dryness), reduction of endothelial-dependent vascular function in the 

cardiovascular system, due to oestrogen deficiency, as well as development of osteoporosis due 

to bone loss and articular cartilage degeneration. [117,118]. During ovarian ageing, a unique 

population of multinucleated stromal cells, positive for macrophage markers, has been 

identified as an ovarian ageing hallmark [28,59-62]. These cells, MNGCs, are characterized by a 

large size, often displaying a pale, light brown cytoplasm with a foamy appearance [28]. They 

have been previously described in ovaries collected from reproductively aged female mice, 

goats, and sheep [30,73]. These cells were shown to accumulate lipofuscin, a marker that is 

associated with cellular senescence [84]. Previous studies demonstrated that MNGCs may 

contribute to ovarian ageing, by increasing the levels of ROS and inflammation [119-121].  

In the present study, it was observed that ovaries from reproductively aged rats exhibited 

enhanced lipofuscin accumulation. Ovarian tissues from both mice and rats also presented an 

age-related increase in IgG accumulation, and, when treated with apocynin, its levels decreased 

to values commonly seen in juvenile mice. These changes were accompanied by papillary 

projections of the epithelial cell lining of the ovaries of reproductive aged mice and rats. In 

addition, alterations in expression of -SMA protein were found in western blotting, presenting 

additional bands with higher molecular weights (63 kDa) in ovaries from reproductively aged 

mice and an age-related decrease of 45 kDa α-SMA. Lastly, our results indicate a trend towards 

increased lipofuscin accumulation in nulliparous mice compared to multiparous mice. 

Numerous biological processes are being identified as biomarkers to characterise 

senescent cells in tissues.  Lipofuscin, for instance, has been considered a crucial cellular 

senescence hallmark [84]. Using SBB staining technique, we were able to confirm other authors 

findings that have observed an increased accumulation of insoluble lipids, namely lipofuscin, 

in ovaries collected from reproductively aged mice and rats, contrasting with ovaries collected 

from young animals [35,68,122]. Also, our results align with the already described increased 

presence of lipofuscin deposits in ovaries from reproductively aged mice, murine, goats, and 

sheep [30,35,73,123]. 

Several studies revealed that presence of lipofuscin deposits is correlated with the 

presence of MNGCs [30,35,73,123]. Emerging evidence suggests that MNGCs may exhibit 

features characteristic of cellular senescence, including the aforementioned lipofuscin 

accumulation, increased expression of senescence-associated markers such as p16, p21, and 

SA-β-gal [35,62,67,68]. Lipofuscin accumulation holds a pathogenic and cytotoxic role due to its 

capacity to incorporate increased amounts of transition metals (iron), leading to a redox-active 

surface and ROS generation, and affecting pathways necessary to remove oxidized products, 

promoting enhanced OS and damage in the tissue [119,120]. The results obtained in this study 

suggest that the abundant presence of the senescence hallmark lipofuscin in reproductively aged 

rats’ ovaries might correspond to an increase in MNGCs population. 

Polyploid/multinucleated cancer cells have been identified in many types of malignant 

tumours, for instance melanoma, non-small-cell lung cancer, glioblastomas or ovarian cancer, 
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but the presence of MNGCs with a senescent-like phenotype has not yet been described in 

association with tumours [59-62,128-130]. However, recent studies non-small-cell-lung 

carcinomas showed that tumours high number of cancer cells with lipofuscin accumulation are 

clinically more aggressive [84]. In the ovarian cancer context, Leydig cells in Sertoli-Leydig cell 

tumour were shown to have lipofuscin accumulation [84,85]. The accumulation of lipofuscin in 

cancer cells could indicate that the observed presence of lipofuscin in ovaries from 

reproductively aged rats and mice, in this study, may suggest a potential link to neoplastic 

lesions.  

In the current study, the increased burden in senescent markers was found to be 

consistent with age-related increased accumulation of IgGs in ovarian tissues from both mice 

and rats. Western blotting also revealed little to no presence of IgG heavy and light chains in 

young mice in comparison to the presence of IgG chains in the tissue of reproductively aged 

mice. In the normal functioning of the immune system, IgGs are secreted by plasma cells, a 

type of differentiated B lymphocyte, to enhance the process of opsonization, facilitating the 

engulfment of pathogens by phagocytes (as well as to activate the complement system) [124]. 

Interestingly, Qiu et al. reported that in malignant settings, namely in tissue derived from 

epithelial tumours (liver, colon, breast and lung) there was an increased expression of cancer-

related IgG, in which metastasized samples had increased abundance than matched primary 

tumours   [125]. The same author showed that the presence of cancer-related IgG  is associated 

with cancer cells’ high  proliferation, invasion and colony formation capacity [125]. Similar 

cellular deposits of IgGs were observed in 80% of papillary thyroid carcinoma cases, when 

compared with other thyroid lesions that did not present tissue IgG deposits  [126]. Considering 

that cancer is often associated with extreme oxidative and inflammatory environments, IgG 

accumulation seems to be increased in tissues with high levels of oxidative and inflammatory 

stress, common features of aged tissues and cancer [108]. 

Recent research demonstrated that IgG accumulation in white adipose tissue during 

ageing disrupts its normal functioning and precedes macrophage recruitment, activating 

macrophages through Ras signalling pathway and inducing adipose tissue fibrosis. Moreover, 

it was shown that preventing IgG accumulation in aged tissues prolongs health and lifespan 

[127]. Although the mechanisms behind IgG accumulation and macrophage presence are not 

thoroughly understood, it seems that there might be a correlation between these components. 

Another recent study has suggested that IgG glycome is an important contributor to the process 

of ageing, revealing that glycans attached to IgG change with age and disease, and are key 

regulators of chronic systemic inflammation, one of the main drivers of ageing and age-related 

diseases [128]. The proposed mechanism is that, as people age, glycans that suppress 

inflammation are being replaced with inflammation-promoting glycans  [128]. However, the rate 

of this conversion highly depends on individual responses, being modulated by genetic, 

epigenetic, and environmental factors [128].  

Treatment with the antioxidant and anti-inflammatory drug apocynin seems to play a 

protective role, preventing IgG accumulation in ovarian tissues and being capable of restoring 

IgG levels in ovaries from reproductively aged mice to levels normally observed in younger 

mice [129]. Apocynin inhibits NOX-mediated conversion of oxygen (O2) to superoxide (O2
–), 
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reducing the production of ROS and, therefore, impairing OS [30,130]. A study on hepatic 

inflammation in non-alcoholic steatohepatitis has shown that OS was associated with the 

development of IgG against antigens originating from peroxidation products, suggesting that 

IgG might influence disease evolution by antibody-mediated injury [131]. Due to apocynin’s 

antioxidant properties, its administration might impair the setting of OS, and, therefore, delay 

production of IgG and, subsequently, delay the recruitment of immune cells to tissues, namely 

macrophages. Our results with apocynin confirmed the potential of this treatment in the 

prevention of tissue ageing features and a potential prevention of neoplastic lesions. 

The aforementioned results were accompanied by an increase in ovarian surface 

epithelium abnormalities. Ovaries collected from reproductively aged mice and rats showed an 

atypical cellular lining, with elongated cells (instead of cuboid), arranged in a 

pseudostratification (instead of the typical single layer), and the presence of papillary-like 

epithelial proliferations. These modifications were observed in ovaries with high accumulation 

of lipofuscin. When we quantified and compared the morphology of the cellular lining of 

ovaries from young and reproductively aged groups, significant differences were observed 

between these groups. These alterations have also been reported by other researchers, and were 

linked to the ovulation process [2].  

Ovulation is a process that involves an extensive disruption and remodelling of the 

ovarian surface epithelium [132].  It triggers wound healing processes, including tissue 

remodelling mechanisms, angiogenesis, and inflammatory responses that requiring the 

recruitment of great populations of immune cells [35,132]. Extracellular matrix and ovarian 

surface epithelium are capable of repairing themselves, despite extensive remodelling to which 

they are subjected [14]. However, it has been described that, with advancing age, ovarian surface 

epithelium’s wound repair efficiency is compromised: in reproductively old mice, both in vivo 

and in vitro, it was observed increased epithelial thickness, invaginations into the stroma, and 

epithelial outgrowths [2]. Moreover, in reproductively aged mice and women, OSE revealed 

cell hyperplasia and stratified growth, papillary growth, invaginations into the stroma, and 

inclusion cysts [133]. These observations are consistent with our although we did not clearly 

identify invaginations into the stroma, and the presence of inclusion cysts was not detected. 

There are numerous factors that could account for the failure of remodelling processes. A 

potential mechanism responsible for these phenotypes may be dysregulation of the EMT [2]. Its 

dysregulation may lead, ultimately, to a metaplastic wound repair due to cellular acquisition of 

mesenchymal traits and undifferentiated phenotype [21,24,25,134-138].  

Regarding the relationship between the observed abnormalities in ovarian surface 

epithelium morphology and ovarian cancer, there are contradictory reports on the occurrence 

of histological changes in normal ovaries from healthy women that were removed by 

prophylactic oophorectomy with histories of familial ovarian cancer. Some studies indicate 

increased papillomatosis, pseudostratification and invaginations in the ovarian surface 

epithelium, as well as the presence of inclusion cysts and in ovaries, while others demonstrated 

only nuclear changes in the OSE of such women [139-142]. However, presence of ovarian surface 

epithelial alterations and inclusion cysts has been observed in several mouse models for ovarian 

tumours [97,143-145]. This suggests a possible relationship with the onset of preneoplasms. 
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Age-associated fibrosis has been reported in the ovarian stroma of mice and murine, 

being characterized by excess collagen deposition in the ECM, particularly collagen I and III, 

by myofibroblasts (the activated form of fibroblasts) [2,18,28,30,35,54,103,104,121,146-148]. Age-

related fibrosis has been linked to tissue dysfunction and occurs in several organ systems, 

including the ovary, compromising the regulation of ECM remodelling [2,28]. α-SMA indicates 

fibroblast activation and its age-related accumulation in ovarian stroma is described to be a 

stimulus for macrophage fusion [18,35,54,121,146,147]. Briley et al. have described MNGCs 

frequent presence in the vicinity of cells that stain positive for α-SMA, which suggests that the 

age-associated penetrance of MNGCs in the ovaries may be explained by an attempt to clear 

excessive deposition of debris and collagen in the ovary, generated by repeated cycles of 

ovulation, CL involution and wound healing [18,28]. In light of this and the enhanced alterations 

in ovarian surface epithelium, we focused on studying age-related α-SMA modifications that 

occur in matrix remodelling.  

Alterations in the expression pattern of -SMA were found, namely the appearance of 

additional western blotting bands with higher molecular weight (60-63 kDa) than the expected 

for -SMA (45 kDa) in ovaries from reproductively aged mice; the presence of -SMA 45 kDa 

band was clear in young mice but diminished in reproductively aged animals. Treatment with 

apocynin did not revert the tendencies observed in α-SMA expression. It has been reported that 

actin forms aggregates during ageing, which may explain why young mice did not present 60-

63 kDa bands, while reproductively aged mice had [149]. Additional studies must be performed 

to allow quantification of total α-SMA, regardless of its size, such as dot blot, in order to verify 

the putative existence of bands with higher molecular weight. Moreover, previous observations 

by our group revealed that treatment of ovaries from reproductively aged mice with apocynin 

reduced the levels of fibrosis [30].  

Regarding a possible link between α-SMA presence and predisposition for ovarian 

neoplasms, it is known that progression of tumour cells is followed by alterations in cell 

composition and ECM, and that the stroma of ovarian epithelial tumours reveals α-SMA great 

expression, suggesting stromal stimulation mediated by neoplastic epithelium [105,106]. For 

instance, tumour cells of serous and clear cell ovarian carcinoma have α-SMA expression [105].  

 Ovulation has been suggested as a contributing factor in ovarian ageing by several 

research works, including the current study [117,150-153]. Hence, there was interest in exploring 

further whether parity plays a protective role among all the aforementioned alterations. In this 

regard, it was used a mice model which had been subjected to less ovulations along its 

reproductive lifespan–multiparous mice–an animal model that was already utilized by Urzua et 

al. for ovary ageing study  [120]. Since these female mice are used to maintain colonies, and 

because they are subjected to consecutive pregnancies, during which ovulations do not occur, 

the number of ovulations undergone throughout their lifetime is diminished. 

It was assessed the accumulation of senescence marker lipofuscin, IgG antibodies, and 

epithelium abnormalities in ovaries from nulliparous reproductively aged mice and multiparous 

reproductive aged mice. Our findings revealed that the only alteration observed concerned 

lipofuscin accumulation, implying increased MNGCs content in ovaries from nulliparous mice, 
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as opposed to those from multiparous mice. These results are corroborated by previous works 

by Urzua et al., who described differential accumulation of lipofuscin in nulliparous mice, and 

correlated it with increased levels of NF-κB DNA damage [120]. The observed differences in 

lipofuscin accumulation goes according to the hypothesis that ovaries age more rapidly when 

subjected to incessant ovulations, since the inflammatory events and OS responses that 

accompany a successful ovulation render the ovaries more susceptible to damage [119,153].  

The absence of significant differences in the presence IgG can be due to the fact that, 

although the number of ovulations in multiparous mice was lower, ovulations continued to 

occur. In the future, it will be interesting to use a model in which a contraceptive is administered 

for most of the animal's life to further understand the effect of ovulation suppression, 

considering that the use of oral contraceptives has been reported to mitigate age-related ovarian 

ageing [154]. Alternatively, a superovulation model, similar to the one used by Nie et al., could 

be used to determine if there would be an increase in the accumulation of MNGCs and IgGs, 

given that it was stated that this intervention in mice lead to increased OS damage products 

[155]. Regarding the lack of differences in present abnormalities in the ovarian epithelium, we 

may find that lipofuscin might play a dominant role in inducing epithelial abnormalities in both 

animal models, due to chronic stress and mutation induction, overshadowing the protective 

effects of reduced ovulations in multiparous animals. Additionally, the fact that the observed 

results were seen only in MNGCs accumulation may indicate the sequence of events that occurs 

during ovarian ageing. 
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The present study revealed that, during mice’s and rats’ reproductive ageing, the ovary 

undergoes and molecular changes, demonstrating increased content in senescence hallmark 

lipofuscin that paralleled with enhanced presence of IgG. These results showed a close 

relationship with the age-related appearance of abnormalities in ovarian surface epithelium, as 

well as composition changes in ECM, which may reflect the onset of pathophysiological 

processes. In addition, it showed that reduced ovulations hold protective effects against 

lipofuscin accumulation in the ovaries. 

Considering apocynin’s role in diminishing IgG accumulation, additional studies with 

apocynin administration and comparison of the ovarian surface epithelium morphology of 

ovaries may allow us to perceive whether this treatment would impair the age-related 

development of morphology alterations. Moreover, it would be important to characterise the 

expression of mesenchymal markers [N-cadherin (cadherin switch), vimentin, or galectin-1, 

whose upregulation induces metastasis in epithelial ovarian cancer] in epithelial cells that reveal 

alterations, exploring the association between the observed morphology alterations and EMT 

dysregulation [25,156,157]. 
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Figures 

 

Figure 1: Ovarian histology and different stages of follicle maturation. Diagram of a sectioned 

ovary, picturing different stages of follicle maturation, ovulation and luteal phase. 

 

Figure 2: Diagrammatic representation of the different phases of the ovarian cycle and main 

regulatory hormones, ovarian and pituitary. Image adapted from Mendes, S. et al, “New Insights 

into the Process of Placentation and the Role of Oxidative Uterine Microenvironment” and 

Timoteo-Ferreira, F et al, “Redox imbalance in age-related ovarian dysfunction and perspectives 

for its prevention”. 

 

Figure 3: Post-ovulatory wound healing.  Acute wounds progress through the phases of 

inflammation, proliferation, and remodelling, depicted, respectively, in A-C images.  (A) Pro-

inflammatory macrophages are recruited to phagocytise dead cells and debris, and secrete 

inflammatory cytokines (tumour necrosis factor-α, IL-6 and IL-1β), vascular permeability factors, 

and proteases that enhance the recruitment of immune cells into the wound. (B) Cells from the 

vicinity of the wound and epithelium migrate into the wound, and new blood vessels now populate 

the area. The dividing fibroblasts deposit collagen and shift the wound microenvironment from the 

inflammatory to the growth state. Pro-wound healing macrophages are present, secreting factors 

that aid in angiogenesis, collagen deposition, and re-epithelialization. (C) Macrophages secrete 

MMPs to aid cellular migration and maturation of collagen, and engulf excessive ECM, to return 

tissue homeostasis. Unregulated deposition of ECM can lead to fibrosis [12,15,18]. 

 

Figure 4: Process and pathogenesis of organ fibrosis. Damage caused by various stimuli, such as 

ageing, trauma or inflammation, lead to the release of cytokines and growth factors to induce 

fibroblast activation and generation of temporary ECM for the regeneration of injured tissues. 

Persistent damage and inflammation cause excessive accumulation of ECM, ultimately leading to 

tissue fibrosis. Image adapted from Yang et al, “Aryl hydrocarbon receptor: From pathogenesis to 

therapeutic targets in aging-related tissue fibrosis”. 

 

Figure 5: The basic components of the innate and adaptive immune responses. Image from Mehta, 

K. et al, Immunotherapy in genitourinary malignancies. 

 

Figure 6: Potential causal factors and hallmarks of cellular senescence. Senescence is a damage 

response to cellular stressors such as DNA damage, mitochondrial dysfunction, oxidative stress, 

inflammation, or oncogene activation. The damage responses activated lead to enhanced expression 

of p21 and p16, aberrant cell morphology, loss of lamin B1, and increased SA-β-gal activity [69-

71]. 

 

Figure 7: Simplified diagram of the experimental animal set-up used in this study, describing the 

number and age of the studies animals. “Rep. Aged” is the abbreviation for “Reproductively Aged”. 

(A) Depicts the set-up used in staining and IHC techniques. (B) Depicts the set-up for western 

blotting, in which all reproductive aged mice were nulliparous. 
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Figure 8: Schematic image of IHC procedure. Antibodies raised in the same species as the target 

tissue were chosen, allowing cross-reactivity and detection of IgG in the tissue. 

 

Figure 9: Representative images of ovarian mid-sections depicting the measurement methods in 

Image J software. (A) Threshold cut point determination used for SBB staining relative 

quantification. (B) Threshold cut point determination used for IgG staining relative quantification. 

(C) Perimeter considered abnormal used for relative quantification. The ovaries presented were 

collected from two rep. aged rats (A and C), and a rep. aged mouse (B). 

 

Figure 10: Illustrative representation of gel and membrane stacking for transference step. Adapted 

image. @Biorender. 

 

Figure 11: Illustrative depiction of antigen detection by chemiluminescence. HRP catalytic activity, 

promoting oxidation of substrates, such as luminol, by hydrogen peroxide, yielding a 

chemiluminescent byproduct. Adapted image. ©Biorender, ©2021 Thermo Fisher Scientific Inc, 

Western blotting Handbook.  

 

Figure 12: Lipofuscin accumulation during ovarian ageing. Mouse (left panel) and rat (right panel) 

results. (A, B) SBB staining of ovarian mid-sections of representative young and reproductively 

aged mice and rats, arrows evidencing SBB staining. (C, D) Graphical representations of the 

average values of lipofuscin accumulation for each animal and age group. Data is presented as a 

mean percentage of the total stained area over the total ovarian area ± SEM. *** P <0.001 for both 

mice and rat samples. Number of animals per group: young mice - n=5; reproductively aged mice 

- n=11; young rats - n=6, reproductively aged rats n=14.    

 

Figure 13: IgG presence in the ovaries during reproductive ageing. (A) Representative 

immunostaining of ovarian mid-sections of young and reproductively aged mice; the arrow points 

towards pronounced staining. (B) Graphical representation of the average values of 

immunostaining for each age group. Data is presented as a mean percentage of immunostained 

areas over the total ovarian areas ± SEM. (C) Detection of IgG chains’ expression. Three sample 

groups are presented, relative to the expression in the reproductively aged group: young, 

reproductively aged and apocynin-treated reproductively aged mice. Ponceau image is displayed 

below, with molecular weights. (D) Graphical representation of IgG light and heavy chains 

expression. (E) Immunostaining of ovarian mid-sections of representative young and 

reproductively aged rats, as evidenced by the arrow. (F) Graphical representation of the average 

values of immunostaining for each age group; data quantification follows the same methodology 

as in (9B). ** P <0.01; *** P <0.001. Number of animals in IHC: young mice - n=7; reproductively 

aged mice - n=12; young rats - n=9, reproductively aged rats n=12. Number of mice in western 

blotting: young - n=3; reproductively aged - n=5; apocynin-treated reproductively aged - n=3. 

 

Figure 14: Abnormal surface of ovarian surface epithelium. (A, B) Representative H&E staining 

of ovarian mid-sections of young and reproductively aged mice and rats, revealing a contrast in 

epithelial morphology, namely elongated morphology and papillary growths, pointed by arrows. 
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(C, D) Graphical representations of the average values of the quantified abnormal epithelia for each 

group. Data is presented as a mean percentage of the ratio of length of abnormal perimeter measured 

over the total ovarian section perimeter ± SEM. * P <0.05; **** P <0.0001. Number of animals 

per group: young mice - n=5; reproductively aged mice - n=9; young rats - n=6; reproductively 

aged rats - n=12. 

 

Figure 15: α-SMA expression in mice’s ovaries. (A) Three sample groups are presented in the blot: 

young, reproductively aged and apocynin-treated reproductively aged mice. The bands depicted in 

the blot correspond to molecular weights of 45, 60 and 63 kDa. Ponceau image is displayed below, 

with molecular weights. (B) Graphical representation of α-SMA relative expression. The data is 

presented relative to the expression in the reproductively aged group ± SEM. Left: sum of 60 and 

63 kDa band signals between reproductively aged and apocynin-treated reproductively aged and 

young mice. * P <0.05; * P <0.01; *** P <0.001. Number of mice: young - n=3; reproductively 

aged - n=5; apocynin-treated reproductively aged - n=3. 

 

Figure 16: Influence of parity in ovarian ageing. Graphical representations of the results obtained 

from analysis of ovarian mid-sections from nulliparous and multiparous reproductively aged mice. 

(A) Lipofuscin accumulation during ovarian ageing. Data is presented as a mean percentage of the 

stained area over the total ovarian area. (B) IgG presence during ovarian ageing. Data is presented 

as a mean percentage of immunostained area over the total ovarian area ± SEM. (C) Quantified 

length of abnormal ovarian surface epithelium. Data is presented as a mean percentage of the 

calculated abnormal perimeter over the total ovarian perimeter. * P <0.05. Number of mice in 

lipofuscin accumulation quantification: nulliparous - n=6; multiparous - n=5. Number of mice in 

IgG quantification: nulliparous - n=7; multiparous - n=5. Number of mice in abnormal ovarian 

epithelium surface quantification: nulliparous - n=6; multiparous - n=3. 
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Table 1: List of antibodies used for IHC technique. 

 

Table 2: List of antibodies used for Western Blotting technique, and percentage of gel acrylamide 
for each detection. 
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