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INTRODUCTION 
 

Given the increased life expectancy of advanced 

society, deciphering the multifaceted aging process can 

help prevent or reverse age-associated phenotypes of 

several tissues and/or organs [1, 2]. Unveiling the 

molecular mechanisms that underly aging is of utmost 

importance for women of advanced maternal age 

(AMA), as their ovaries undergo an accelerated aging 

process [3]. Indeed, the significant decline in ovarian 

reserves after 35 years of age compromises the quantity 

and quality of oocytes [4], and ultimately, the ability to 

achieve pregnancy with autologous oocytes [5]. 

 

The complexities of the causal mechanisms of ovarian 

aging remain unknown. However, DNA damage, 
mitochondrial dysfunction, errors in meiotic 

recombination and spindle assembly, and senescence, 

among others, have been proposed to be responsible for 

age-related ovarian changes [6–9]. The development of 
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ABSTRACT 
 

Female fertility is negatively correlated with age, with noticeable declines in oocyte quantity and quality until 
menopause. To understand this physiological process and evaluate human approaches for treating age-related 
infertility, preclinical studies in appropriate animal models are needed. Thus, we aimed to characterize an 
immunodeficient physiological aging mouse model displaying ovarian characteristics of different stages during 
women's reproductive life. NOD/SCID mice of different ages (8-, 28-, and 36–40-week-old) were employed to 
mimic ovarian phenotypes of young, Advanced Maternal Age (AMA), and old women (~18–20-, ~36–38-, and 
>45-years-old, respectively). Mice were stimulated, mated, and sacrificed to recover oocytes and embryos. 
Then, ovarian reserve, follicular growth, ovarian stroma, mitochondrial dysfunction, and proteomic profiles 
were assessed. Age-matched C57BL/6 mice were employed to cross-validate the reproductive outcomes. 
The quantity and quality of oocytes were decreased in AMA and Old mice. These age-related effects associated 
spindle and chromosome abnormalities, along with decreased developmental competence to blastocyst stage. 
Old mice had less follicles, impaired follicle activation and growth, an ovarian stroma inconducive to growth, 
and increased mitochondrial dysfunctions. Proteomic analysis corroborated these histological findings. Based 
on that, NOD/SCID mice can be used to model different ovarian aging phenotypes and potentially test human 
anti-aging treatments. 
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suitable animal models can help elucidate the etiology 

of aging and validate new strategies that delay or 

reverse the effects of human ovarian aging [10]. 

Among the different models employed to study aging, 

Mus musculus is the most widely used, due to  

its homology to humans [11] and reproductive 

characteristics [12]. 

 

Mouse models established by gene deletion, chemo-

therapy or radiation have been used for studying ovarian 

aging [13]. Genetic engineering grants us the ability to 

study the effects of specific gene alterations on ovarian 

aging. In this regard, distinguished knockout models 

include those with the BRCA2 receptor deficiency [14], 

follicle-stimulating hormone receptor depletion [15], 

loss of pigment epithelium-derived factor [16], or 

mitochondrial genes deletion [17–19] employed to 

decipher potential mechanisms of ovarian aging. 

However, these models present some limitations. 

Indeed, most of them display an impairment of ovarian 

reserve and folliculogenesis from the early stages of 

development and therefore, do not mimic reproductive 

systems in humans. In addition, these models are 

expensive and complex to generate, thus the use  

of other animal models such as those induced  

by chemotherapy (ChT) is still required. Cyclo-

phosphamide, busulfan, and paclitaxel are commonly 

used to establish murine models of ovarian damage 

[20], which facilitate the study of the gonadotoxic 

effects of chemotherapy on fertility outcomes, like 

follicle loss and oocyte death, and are crucial in the 

context of fertility preservation, to design ovoprotective 

strategies for cancer patients [21–23]. Clinically, the 

effect of cytotoxic treatments on the ovary can range 

from partial damage that reduces fertility, to the 

destruction of the follicular pool and tissue atrophy, 

leading to premature ovarian insufficiency (POI) and a 

loss of fertility [24]. The degree of gonadotoxicity 

differs depending on the ChT drugs and dose, with 

alkylating drugs carrying the highest risk of ovarian 

failure [25]. In addition, accelerated ovarian aging can 

be induced by radiation [26, 27] or by a combination of 

chemotherapy and radiation [28]. 

 

Although knockout and chemotherapy-induced models 

enable the study of characteristics derived from aging 

and POI conditions, they do not represent a progressive 

and physiological aging mouse model. Thus, we aimed 

to establish and characterize an immunodeficient 

murine model for physiological reproductive aging, 

that manifests the ovarian phenotypes corresponding to 

the different stages of women’s reproductive life. 

Among the different mouse strains employed in 

preclinical studies, the use of immunodeficient mice 

[29] such as the NOD/SCID strain, will allow us to 

evaluate potential therapies of human origin to slow 

down or reverse the physiological ovarian aging 

process [30–34]. 

 

RESULTS 
 

Older mice present a decreased ovarian reserves, 

follicular activation and growth, and deteriorated 

ovarian stroma 

 

NOD/SCID female mice of 8 (young group), 28 (AMA 

group), and 36 weeks (old group) of age were 

employed to mimic the ovarian phenotypes of young 

(~18–20 years old), AMA (~36–38 years old), and 

reproductively-aged (>45 years old) women, 

respectively. 
 

Our model mimicked depletion of the ovarian reserve 

with advanced age. We observed significant reductions 

in the number of primordial, primary, and growing 

follicles in old mice, compared to young and AMA 

groups (p < 0.05; Figure 1A), which mirrored the 

decrease in the total number of follicles (young vs. old, 

p = 0.0078; AMA vs. old, p = 0.03; Figure 1B). 

Accordingly, we found less corpora lutea in the 

ovaries of old mice (young vs. old, p = 0.013; AMA 

vs. old, p = 0.044; Figure 1C). These phenomena were 

supported by a reduced activation of primordial 

follicles, evidenced by the significant increase of 

FOXO3 nuclear localization, in both the AMA and old 

mice, compared to the young controls (43 ± 3% and 22 

± 7% vs. 53 ± 5%; p = 0.049 and p = 0.003, 

respectively). 
 

Age-related deficiencies were also noted in the ovarian 

stroma, with significantly lower cell proliferation in the 

ovaries of AMA (p < 0.01) and old mice (p < 0.01), 

with respect to young mice (Figure 1D, 1E). 

Particularly, the percentage of proliferative primary 

(25% and 28% vs. 47%, respectively) and secondary 

follicles (71% and 37% vs. 80%, respectively) gradually 

decreased with age, corresponding with the trend for 

reduced microvessel density in older mice (p > 0.05; 

Figure 1D–1F), and significantly augmented fibrosis in 

AMA (p = 0.04) and old mice (p = 0.01), compared to 

the young mice (11 ± 6% and 16 ± 2% vs. 1 ± 0.3%, 

respectively; Figure 1D–1G). 

 

Age affects reproductive potential, decreasing the 

quantity and quality of harvested oocytes and 

embryos 

 

Following COS, less MII oocytes were recovered from 

the mice of AMA than young mice (13 ± 5 vs. 24 ± 9, 
respectively; p > 0.05). Notably, this trend was 

significantly enhanced with the old mice (5 ± 5 vs. 

24 ± 9, respectively; p = 0.014, Figure 2A) who had 
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67.5% of oocytes with fragmented intracellular contents 

as a consequence of reduced quality (Figure 2B). In-

depth immunofluorescence-based assessment of oocyte 

quality showed significantly decreased spindle area 

(Figure 2C, 2D) and abnormal spindle assembly (Figure 

2E) in both the oocytes of AMA and old mice compared 

to the young group (p < 0.05). Accordingly, we found  

a higher proportion of oocytes with chromosomal 

misalignments in AMA and old groups (79% and 100% 

vs. 40%, respectively; Figure 2E). 

In a similar manner, fewer 2-cell embryos were 

harvested from mice of AMA compared to young mice, 

but the difference was not statistically significant (5 ± 3 

vs. 9 ± 5, respectively; Figure 2F). Subsequent in vitro 

embryo culture revealed that blastocyst formation and 

hatching were respectively impaired by 19% and 22% 

in the AMA mice compared to the young mice (Figure 

2G). Notably, no viable embryos were recovered from 

old mice, substantiating the significant implications of 

age on reproductive function (Figure 2F, 2G). 

 

 
 

Figure 1. Histological analysis of the follicle reserve and ovarian stroma of a NOD/SCID mouse model for physiological 
human aging. (A) The follicular analysis of primordial, primary, secondary, late pre-antral, early antral, and antral follicles in young, 

advanced maternal age (AMA), and old mice notices a negative impact of age. The total number of follicles (B) and corpora lutea (C) are 
also affected. (D) Photomicrographs of the ovarian stroma, showing Ki67-positive proliferative cells in purple (top row), isolectin-B4-
positive endothelial cells in green and a-smooth muscle actin in red (middle row), and collagen fibrils in red (bottom row). The black and 
white scale bars are set to 100 μm. Quantification of proliferation (E), vascularization (F), and fibrosis (G) in the ovaries of young, AMA, and 
old mice shows that the effects of age are mirrored in the ovarian stroma. All analyses were based on four samples per group. *p < 0.05 
AMA and old vs. young, #p < 0.05 Old vs. AMA. 
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The progressive ovarian aging is associated with a 

reduced number of mitochondrial copies and 

increased oxidative damage and apoptosis 

 

Based on the relative expression of ND1 and COX3 

mitochondrial genes, we estimated there were 

significantly less mtDNA copies in AMA and old 

ovaries compared to the young group (p < 0.05; Figure 

3A). In the old mice, fewer mitochondrial copies were 

also associated with a significant overexpression of 

4-HNE, a marker of lipid peroxidation and oxidative 

damage (Figure 3B), and abundance of apoptotic cells 

(p = 0.028) and follicles compared to young mice (64% 

vs. 23%, respectively; Figure 3C). 

 

 
 

Figure 2. Reproductive outcomes of a NOD/SCID mouse model for physiological human aging. The number of metaphase-II 

(MII) oocytes (A) and percentage of fragmented oocytes (B) recovered from young, advanced maternal age (AMA), and old mice, following 
controlled ovarian stimulation (COS) are decreased by age. The oocyte quality is also affected by age reducing (C) spindle area in AMA 
oocytes. (D) Representative immunofluorescence images of oocyte quality analysis, showing alpha-tubulin (green) and chromosomes 
(blue). The white scale bars are set to 10 μm. (E) The proportion of oocytes with normal vs. abnormal spindle assembly (top) and aligned vs. 
misaligned chromosomes (bottom) are modified with age. At the time of collection, the number of recovered 2-cell embryos (F) is lower in 
aged mice. (G) Blastocyst formation and hatching rates following in vitro embryo culture are also impaired. All analyses were based on four 
samples per group. *p < 0.05 AMA and Old vs. Young; #p < 0.05 Old vs. AMA. 
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Age-related changes are supported by the ovarian 

proteomic profile 

 

SWATH analysis was used to study the age-related 

modifications in the ovarian proteome. A total of 1,834 

proteins were quantified among the ovaries of young, 

AMA, and old mice (Supplementary Table 1). 

ElasticNET regression analysis identified 30 DEPs, 

which broadly clustered by age (i.e., old vs. young and 

AMA groups), and distinguished between young and 

AMA sub-clusters (Figure 4A). Remarkably, we 

observed a global downregulation of proteins in the old 

and AMA mice, with respect to the young mice (57% 

and 27%, respectively). 

 

Next, we studied the functionality of the DEPs by 

performing a GO analysis (Figure 4B, 4C). The GO 

enrichment revealed biological processes related to the 

regulation of metabolic processes, gene expression, 

lipid transport, and angiogenesis, in addition to 

pathways involved in mitochondrial activity, such as 

response to stress, ATP metabolic processes, and 

respiratory electron transport chain. Enriched cellular 

components included the sarcoplasmic reticulum, 

 

 
 

Figure 3. Mitochondrial function in the ovaries of a NOD/SCID mouse model for physiological human aging. (A) Relative 

mitochondrial/nuclear DNA (mtDNA/nDNA) ratio in the ovarian tissue of young, advanced maternal age (AMA) and old mice, based on the 
RT-qPCR amplification of ND1 and COX3 mitochondrial genes normalized to the nuclear 18S gene shows a reduced number of 
mitochondrial copies in aged groups. Note, ND1 and COX3 were selected from the stable regions of the mouse mtDNA (depicted as the 
purple, blue, and green segments). (B) Photomicrograph of ovarian sections shows oxidative damage (brown) visualized with the 
immunohistochemical staining of the peroxidative lipid product 4-hydroxynonenal (4-HNE), and corresponding quantification of the 
damaged tissue is higher in older mice. The black scale bars are set to 100 μm. (C) Representative immunofluorescent images of cell death 
(indicated by TUNEL-positive red signal), and the corresponding quantification of apoptotic cells notice more apoptosis in older mice. 
White scale bars are set to 100 μm. All analyses were based on four samples per group. *p < 0.05 AMA and Old vs. young, #p < 0.05 Old 
vs. AMA. 
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mitochondrial matrix, intercellular transport, poly-

merase complexes, and DNA binding proteins. Among 

the enriched molecular functions, we found the tumor 

necrosis factor receptor superfamily, chromatin DNA, 

death receptor, and complement component C1q 

complex. Finally, GOChord plot analysis highlighted 

Casp3, C1qbp, Thbs1, and Gapdh genes among the top 

ten enriched biological processes (Figure 4C). 

 

 
 

Figure 4. Ovarian proteomic profiling of a NOD/SCID mouse model for physiological human aging. (A) Hierarchical clustering 

based on the mean expression of the 30 significantly differentially expressed proteins (DEPs) between young, advanced maternal age (AMA), 
and old mice identified by ElasticNET regression analysis. The table beneath the heatmap shows an overview of the DEPs from the AMA and 
old mice, with respect to the young mice. (B) Significantly enriched Gene Ontology (GO) biological processes, cellular components, and 
molecular function (FDR <0.05) associated with the DEPs identified in each group. (C) GOChord plot of the top ten biological processes for 
young, AMA, and old mice, showing the relationship between pathways and the most relevant genes between them. 
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Cross-validation of age-related effects on oocyte 

retrieval and early embryo development after COS 

in C57BL6 mice 

 

C57BL6 mice were employed to cross-validate the main 

age-related effects on fertility outcomes after COS 

observed in the NOD/SCID strain. The number of 

harvested oocytes and embryos and subsequent embryo 

culture to the blastocyst stage were assessed. 

 

A reduced number of MII oocytes was collected from 

the AMA mice compared to the young group (40 ± 2 vs. 

26 ± 9, respectively; p = 0.016), being this effect 

enhanced in the old mice, where MII yield was lower 

than in AMA and young mice (6 ± 5, p < 0.001 and p < 

0.0001, respectively; Figure 5A). Moreover, a higher 

percentage of the ovulated oocytes had poor quality 

with fragmented intracellular contents in the old group 

(7% and 8% vs. 20%, p = NS; Figure 5B). 

 

These deleterious effects were also reflected in the 

number of 2-cell embryos recovered from oviducts in 

AMA and Old groups compared to young mice (21 ± 16 

vs. 4 ± 5 and 3 ± 3, p < 0.05; Figure 5C). Indeed, further 

embryo in vitro culture showed an impaired blastocyst 

formation and hatching rates in AMA (58% and 33%) 

and especially in old (47% and 29%) groups compared 

to the young (91% and 68%, p < 0.05; Figure 5D, 5E). 

 

DISCUSSION 
 

This study characterized the reproductive outcomes of 

young, AMA and old NOD/SCID mice modeling the 

physiological ovarian aging of humans. The main 

 

 
 

Figure 5. Comparison of the reproductive outcomes of NOD/SCID and C57BL/6 mice. (A) The number of metaphase (MII)-

oocytes, (B) fragmented oocytes, and (C) 2-cell embryos recovered following controlled ovarian stimulation (COS) in young, Advance 
maternal age (AMA), and old mice from NOD/SCID and C57BL/6 showed similarities between strains. (D) Blastocyst formation and hatching 
rates after in vitro embryo culture were affected by age in both mice strains. (E) Summary table presenting aggregate data and mean+ SD 
per mouse for the number of MII-oocytes, fragmented oocytes, 2-cell embryos and blastocysts in both strains tested. N = 4–6 mice per 
group. *p < 0.05 AMA and Old vs. Young, #p < 0.05 Old vs. AMA. 
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purpose of our study was to establish a physiological 

ovarian aging mouse model that could be employed to 

evaluate potential therapeutic interventions derived 

from human origin. Therefore, the use of an 

immunodeficient mouse strain, such as the NOD/SCID, 

was essential. Older mice of this strain presented with 

reduced ovarian reserves, follicular activation, and 

growth, deteriorated ovarian stroma, and decreased 

quantity and quality of harvested oocytes and embryos 

following COS. Based on histological analyses, we 

established associations between progressive ovarian 

aging and a reduced number of mitochondrial copies, 

oxidative damage, and apoptosis, and these age-related 

changes were corroborated at the proteomic level. 

 

Our model of physiological and progressive ovarian 

aging transcends previous models of ovarian disorders 

established by chemotherapeutic agents or gene 

deletions, which compromise the ovarian reserve and 

inaccurately represent the genetic conditions of aging 

[15–17, 21–23, 35, 36]. The mice mimicked the ovarian 

phenotypes of young, AMA, and reproductively-aged 

women, allowing us to assess the histological and 

proteomic changes associated with physiological 

ovarian aging, and begin to reveal the underlying 

mechanisms. Due to its immunodeficient nature, our 

model has the potential to become a valuable preclinical 

tool to test a broad variety of anti-aging treatments of 

human origin, including human blood-based therapies 

such as stem cells or plasma [37–40], which may be 

used to treat the growing number of patients with age-

related ovarian infertility. 

 

Comparing the ovarian reserve across the three groups, 

we found a significantly reduced number of primordial 

and primary follicles in old mice. Moreover, the 

analysis of activated and growing follicular populations 

revealed an impairment of folliculogenesis in aged ones, 

respectively corresponding with the decline in ovarian 

reserve and reduced efficiency of COS reported for older 

women [41]. Accordingly, the age-related effects were 

also evident in the ovarian stroma of AMA and old mice, 

with enhanced fibrosis, and reduced proliferation and 

vascularization. These findings agreed with previous 

reports of increased fibrosis [42] and cellular senescence 

[43, 44] in aged mammalian ovaries, which limit cellular 

proliferation and follicle growth. Moreover, ovaries from 

older individuals have fewer blood vessels, hindering the 

delivery of oxygen and nutrients to growing follicles  

[45, 46]. Altogether, these results establish a link between 

the age-associated deficiencies of the ovarian stroma, 

follicular development, and, ultimately, ovarian function. 

 
Following COS, we recovered fewer oocytes, of poorer 

quality, from older mice. This poor oocyte quality was 

also reflected by the reduced number, or absence, of 

2-cell embryos recovered in the AMA and old groups, 

respectively. As observed in patients over the age of 

35 who experience age-related fertility problems, the 

limited quantity and compromised quality of oocytes is 

significant [5], and leads to a marked reduction in 

fertilization and pregnancy rates [47, 48]. Accordingly, 

we found embryo development to the blastocyst stage 

was impaired in the AMA and old groups. Moreover, in 

our study we observed increased abnormal spindle 

assembly and chromosomal misalignments in AMA and 

old groups. Spindle and chromosomal abnormalities in 

oocytes are more prevalent with maternal aging, 

increasing the risk of aneuploidy and being used as 

feasible marker of oocyte quality [49, 50]. Thus, the 

lack of viable embryos obtained is likely due to poor 

oocyte quality [51], oocyte spindle dysfunction and 

meiotic errors [52, 53], that have previously been 

described among aged women. 

 

Mitochondrial dysfunction is a principal contributor to 

the aging process [6, 54], via overproduction of reactive 

oxygen species (ROS) that damage the ovarian tissue. 

Notably, lipid peroxidation, and its product 4-HNE, are 

responsible for the oxidative damage that disrupts 

folliculogenesis and oocyte meiosis [55, 56] and 

contributes to the accumulation of spindle assembly 

defects and chromosome misalignments [57]. On the 

other hand, the mtDNA copy number is a promising 

biomarker, that has previously been correlated with 

lower oocyte quality [58–61]. There were significantly 

reduced mitochondrial copy numbers and significantly 

increased lipid peroxidation and apoptosis in the ovaries 

of AMA and old mice, with respect to young mice, 

supporting previous reports of age-related decreases of 

mtDNA levels, increased ROS, oxidative damage, and 

apoptosis, that altogether have adverse effects on oocyte 

quality [56, 62]. 

 

Remarkably, our histological findings were strongly 

supported by proteomic analysis, showing distinct 

expression profiles in the ovaries of young, AMA, and 

old mice. Functional analysis of the DEPs revealed 

significant alterations in various processes as mice age. 

Particularly, these changes were associated with the 

stress response, respiratory electron transport chain, the 

death receptor binding, complement component 1q 

binding, and chromatin DNA binding. Indeed, increased 

in stress response molecules has been previously linked 

to aging, representing a compensatory mechanism to 

counterbalance heightened stress and maintain cellular 

and organismal homeostasis [63, 64]. Furthermore,  

a defective electron transport chain emerged as a  

pivotal mechanism in ovarian aging by reducing the 
mitochondrial energy metabolism, diminishing bio-

energetics capacity and increasing oxidative stress [7]. 

Multiple studies also underscore the relevance of DNA 
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repair and replication genes in the age of natural 

menopause and ovarian aging [65, 66]. In addition, 

older mice exhibited an overexpression of pro-apoptotic 

and age-related cell death genes, such as Casp3, while 

repressing those genes associated with damage 

prevention, vascularization, and cell survival, such as 

C1qbp [67], Thbs1 [68], and Gapdh [69], respectively. 

Therefore, our proposed NOD/SCID mouse model 

effectively recapitulates many of these previously 

established alterations associated with ovarian aging, 

highlighting the validity of our NOD/SCID mouse 

model as a valuable tool for future investigations in this 

field. 

 

Finally, to cross-validate our findings and corroborate 

the suitability of the established age groups and the 

response to ovarian stimulation, we assessed the 

reproductive outcomes of age-matched C57BL/6 mice, 

which are also commonly used in preclinical 

reproductive medicine studies. Similar to the NOD/ 

SCID strain, the C57BL/6 mice of AMA and old 

groups also showed a reduced quantity of MII oocytes 

and embryos after COS along with an impaired in vitro 

embryo development until the blastocyst stage, 

suggesting that the findings from our immunodeficient 

ovarian aging mouse model match with other mouse 

strains. However, further characterization of the 

ovarian microenvironment (e.g., quality of the stroma, 

vasculature, and cell death) would be necessary to 

corroborate the effect of ovarian aging observed in this 

C57BL/6 strain, or others. Interestingly, the impact of 

age on the reproductive outcomes in C57BL/6 females 

was not as pronounced as in the NOD/SCID strain, 

suggesting an accelerated aging process in these 

immunodeficient mice. Previous studies showed that 

alterations in the immune response are among the 

major contributors of ovarian aging [70], demonstrating 

a strong relationship between an impairment of 

immune system decline and the age-related ovarian 

function decline [70–72]. Thus, the accelerated aging 

observed in NOD/SCID mice, compared to the 

C57BL/6 strain, can be attributed to their immuno-

deficient status. 

 

In summary, in this study we characterized the quality 

of the ovarian microenvironment and reproductive 

outcomes of an immunodeficient murine model of 

physiological ovarian aging by evaluating fertility 

outcomes, ovarian reserve and stroma, mitochondrial 

dysfunctions, and the ovarian proteome at different 

stages. This model adequately mimicked the charac-

teristics of the reproductive stages in women, without 

external agents compromising folliculogenesis, or 
disrupting molecular mechanisms and ovarian function, 

which could mask the processes of physiological aging. 

Nevertheless, additional studies elucidating the 

molecular mechanisms underlying the age-related 

changes in signaling pathways and biological processes 

could help unravel the complexities of this 

multifactorial physiological process. Our study 

confirms that immunodeficient NOD/SCID mice of 

established ages can be employed to model the 

physiological aging of human ovaries. Indeed, our 

murine model mimicked the ovarian phenotypes of 

young, AMA, and old women, highlighting the 

histological and proteomic characteristics of each stage. 

 

As such, we put forth this commonly used laboratory 

mouse strain as a preclinical model that may feasibly be 

employed to further decipher the complexities of 

ovarian aging, or test novel and alternative anti-aging 

treatments to prolong women’s fertility. 
 

The proposed NOD/SCID model, with its accelerated 

ovarian aging, holds particular value as it will enable 

the observation of ovarian changes within a shorter 

timeframe. This characteristic is highly beneficial for 

future studies as it will reduce the time required to 

obtain reproductively aged mice, thus optimizing 

research efficiency. 

 

MATERIALS AND METHODS 
 

A mouse model for ovarian aging 

 

Twelve female NOD/SCID mice (Janvier-Lab, Le 

Genest-Saint-Isle, France) of 8 (n = 4), 28 (n = 4), and 

36 weeks old (n = 4), were employed to mimic the 

ovarian phenotypes of young (~18–20 years old), AMA 

(~36–38 years old), and old (>45 years old) women, 

respectively. The different ages were established 

considering the characteristics of the NOD/SCID strain 

and the accelerated aging that animals suffer because of 

their immunodeficient condition [73], and the 

approximate mouse/human age comparisons established 

by Fluerker et al. 2007 [10, 73], in which the authors 

consider: birth-1 month, mice develop 150 times faster 

than humans, 1–6 months, mice mature 45 times faster; 

>6 months, mice age 25 times faster. 
 

Once the animals reached the target age, controlled 

ovarian stimulation (COS) was initiated with 10 IU of 

pregnant mare serum gonadotropin (PMSG, Sigma-

Aldrich, St. Louis, MO, USA), followed by a 10 IU 

injection of human chorionic gonadotropin (hCG, 

Sigma-Aldrich, St. Louis, MO, USA) 48 h later. Then, 

animals were mated (2 females:1 male) and sacrificed 

by cervical dislocation 36 h after hCG injection to 

recover the ovulated metaphase-II (MII) oocytes and 2-
cell embryos directly from the oviduct. The ovaries 

were harvested to compare the follicular growth, quality 

of the ovarian stroma, mitochondrial function, and 
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proteomic profiles between the different ages, as 

detailed in the following sections (Supplementary 

Figure 1). One ovary was immediately fixed for 

subsequent histological analysis and immunostaining, 

while the other was snap frozen at −80ºC for molecular 

analysis. During the experiment, all mice were 

maintained with ad libitum access to a standard diet, 

and housed in a specific pathogen-free zone in a 12:12 h 

light:dark cycle. 

 

The age-related effects on oocyte retrieval and early 

embryo development were also evaluated in 8-, 28- and 

36-week-old C57BL/6 mice (n = 16), to cross-validate 

the reproductive outcomes observed in our physio-

logical aging model. 

 

Characterization of ovarian reserves and 

folliculogenesis 

 

The formalin-fixed ovaries were embedded in paraffin, 

serially sectioned into 4-µm slices, and stained with 

hematoxylin and eosin (H&E) to count follicles in every 

fifth section. Follicle subpopulations (i.e., primordial, 

primary, secondary, late preantral, early antral, and 

antral follicles) and corpora lutea were quantified, 

according to established morphological criteria [30, 74]. 

The localization of FOXO3, a marker of oocyte 

activation, was evaluated with immunostaining; 

primordial follicles were considered activated when 

FOXO3a was located in the ooplasm [75]. 

 

Analysis of the ovarian stroma: proliferation, 

vascularization, and fibrosis 

 

Ki-67 immunostaining was used to examine 

proliferative stromal and follicular cells [32], while the 

microvessel density was assessed by double 

immunofluorescence against isolectin B4 and smooth 

muscle actin, as previously reported [30]. Collagen 

deposits were analyzed using the Picrosirius Red Stain 

Kit (PSR, Polysciences, Warrington, PA, USA), 

according to the manufacturer´s instructions [76]. 

Multiplex high-magnification images (20X) were 

captured from four ovarian sections of each mouse, 

using an optical microscope with a digital camera 

(LEICA DM4000B and DFC450C; Leica Micro-

systems GmbH, Germany), and quantified using 

Image-Pro Plus software (Media Cybernetics, 

Carlsbad, CA, USA). In each section, cell proliferation 

was estimated by dividing the Ki-67 positive area  

by the area of ovarian tissue, while ovarian 

vascularization was estimated by dividing the lectin-

positive area by the area of ovarian tissue, indicating 

new microvessel formation. Ovarian fibrosis was 

calculated using the PRS-positive signal normalized to 

the area of ovarian tissue per section. 

Oocyte and embryo collection 

 

After sacrifice, the oocytes and embryos were flushed 

from the oviduct using a 30 G needle and global collect 

medium (GCOL-100, CooperSurgical Fertility and 

Genomic Solutions, Denmark). Under a binocular 

loupe, the collected oocytes and embryos were 

evaluated, quantified, and classified, as described in the 

following sections. Oocytes with a polar body 

extrusion were considered mature, while those with 

fragmented ooplasm were classified as bad-quality 

oocytes. 

 

Oocyte quality assessment 

MII oocytes were fixed in a supplemented PHEM buffer 

(Supplementary Table 2) for 20 minutes, washed  

and incubated overnight in blocking solution 

(Supplementary Table 2). The spindle microtubules and 

chromosomes were respectively labeled with an anti-

tubulin FITC antibody (1:50; Sigma-Aldrich, St. Louis, 

MO, USA) and Hoechst 33342 (20 g/mL; Sigma-

Aldrich). Oocytes were then placed in drops of 

phosphate-buffered saline, under mineral oil, in glass-

bottom dishes (Ibidi, Germany). Serial Z-section images 

were taken with a confocal microscope (LEICA TCS-

SP8), using an oil immersion objective lens (40X–60X). 

Spindle area and chromosome alignment were evaluated 

using ImageJ software [77]. Oocytes were considered 

normal when they presented chromosomes aligned on 

the metaphase plate and well-organized microtubules, 

or abnormal when they had disordered spindles and/or 

unaligned chromosomes. 

 

In vitro embryo development 

The 2-cell embryos were cultured in GPS dishware with 

Sage 1-step media (both from CooperSurgical Fertility 

and Genomic Solutions, Denmark) at 37°C with 5% O2, 

6% CO2, and 89% N2. Embryos were evaluated on day 

5–6 of in vitro culture, to assess blastocyst formation 

and hatching. 

 

Assessment of mitochondrial function 

 

Mitochondrial DNA (mtDNA) copy number 

Mitochondrial DNA (mtDNA) copies in the ovarian 

samples were estimated using a real-time quantitative 

polymerase chain reaction (RT-qPCR)-based method. 

Briefly, total DNA was extracted from half frozen 

ovaries, using the QIAamp kit (Qiagen, Germantown, 

MD, USA), according to manufacturer’s instructions. 

Specific primers were designed to target two mito-

chondrially-encoded genes, ND1 and COX3 

(Supplementary Table 3), and the nuclear small subunit 
18S rRNA (18S). RT-qPCRs were performed using 

PowerUp SYBR Green on a StepOnePlus System 

(Applied Biosystems, Foster City, CA, USA), with the 
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optimized cycling parameters detailed in Supplementary 

Table 3. The mtDNA/nuclear DNA (nDNA) ratio was 

calculated using the ΔΔCt method. 

 

Oxidative stress and apoptosis 

Immunohistochemical staining of the lipid peroxidation 

product 4-hydroxy-2-noneal (4-HNE) was performed on 

ovarian sections, to localize oxidative damage. Briefly, 

samples were incubated with anti-4-HNE antibody 

overnight at 4°C (1:500; Abcam, Cambridge, UK), 

followed by goat anti-rabbit secondary antibody 

conjugated to horseradish peroxidase (HRP) enzyme 

(1:1000; Vector Laboratories, Burlingame, CA, USA) 

for 1 h at RT. Positive staining was detected using a 

3,3’-diaminobenzidine (DAB) peroxidase substrate kit 

(Dako Denmark A/S, Glostrup, Denmark). Human 

kidney sections were used as negative controls. Ovarian 

sections were imaged using bright-field microscopy and 

the expression of 4-HNE was quantified with Image-Pro 

Plus. The oxidative damage was calculated by dividing 

the 4-HNE positive area by the total area of ovarian 

tissue. 

 

Apoptosis was assessed by the terminal deoxyribo-

nucleotidyl transferase (TdT)-mediated dUTP nick-end 

labeling (TUNEL) assay, using the tetramethyl-

rhodamine (TMR) red in situ Cell Death Detection kit 

(Roche Diagnostics, Risch-Rotkreuz, Sweden) as we 

previously described [78]. The number of apoptotic 

follicles was also recorded when they had signal 

granulosa cells (more than two cells). 

 

Ovarian proteomic profile 

 

The proteomic profile of all conditions was performed 

by sequential window acquisition of all theoretical 

spectra-mass spectrometry (SWATH-MS) as detailed 

in Supplementary Table 4. Multiple regression 

analyses were carried out to identify the differentially 

expressed proteins (DEPs) associated with each age 

group. DEPs were represented by hierarchical 

clustering, and functional analysis was performed 

using Gene Ontology (GO) through the WGCNA 

package in R [79]. 

 

Statistical analysis 

 

To determine the statistical differences between 

groups, we performed the Kruskal-Wallis test, 

followed by a Mann-Whitney U-test for two-by-two 

comparisons, in GraphPad Prism v.8.12 (GraphPad 

Software, San Diego, CA, USA). P < 0.05 was 

considered statistically significant. For proteomic 
analysis, a multiple regression model with ElasticNET 

penalty was performed using the miXOmics R package 

(v.6.16.3) [80]. 

AUTHOR CONTRIBUTIONS 
 

MM: study design, investigation, analysis, and 

interpretation of data, drafting of the manuscript. JM: 

technical support and investigation. NR: technical 

support and investigation. AB: technical support, 

investigation, and revision of the manuscript. NP: 

technical support, investigation, and revision of the 

manuscript. AP: funding acquisition, supervision, and 

review of the manuscript. SH: conceptualization, study 

design, funding acquisition, project administration, 

drafting and revision of the manuscript. 

 

ACKNOWLEDGMENTS 
 

The authors would like to thank the animal facility staff 

(UCIM, University of Valencia, Valencia, Spain) and 

proteomic service (SCSIE, University of Valencia, 

Valencia, Spain) for assistance in animal and proteomic 

procedures, respectively. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 
 

ETHICAL STATEMENT 
 

All animal experiments were approved by the 

Institutional Review Board and the Ethics Committee in 

Experimental Research of the University of Valencia, in 

Valencia, Spain, on the 11th of February 2020 

(2020/VSC/PEA/0001). 

 

FUNDING 
 

This work was supported by the Regional Valencian 

Ministry of Education (CIPROM/2021/058); Instituto de 

Salud Carlos III (PI21/00170 (SH), CP19/00141 (SH), 

and CD20/00116 (AB)), and co-funded by the European 

Union, and by the European Social Fund (ESF) 

“Investing in your future”; Spanish Ministry of Science, 

Innovation and Universities (FPU 17/01495 (MM) and 

FPU19/0496 (NR)). 

 

REFERENCES 
 
1. Fontana L, Kennedy BK, Longo VD, Seals D, Melov S. 

Medical research: treat ageing. Nature. 2014; 
511:405–7. 
https://doi.org/10.1038/511405a 
PMID:25056047 

2. López-Otín C, Blasco MA, Partridge L, Serrano M, 
Kroemer G. The hallmarks of aging. Cell. 2013; 
153:1194–217. 

https://doi.org/10.1038/511405a
https://pubmed.ncbi.nlm.nih.gov/25056047


www.aging-us.com 10867 AGING 

https://doi.org/10.1016/j.cell.2013.05.039 
PMID:23746838 

 3. Broekmans FJ, Soules MR, Fauser BC. Ovarian aging: 
mechanisms and clinical consequences. Endocr Rev. 
2009; 30:465–93. 
https://doi.org/10.1210/er.2009-0006 
PMID:19589949 

 4. Baird DT, Collins J, Egozcue J, Evers LH, Gianaroli L, 
Leridon H, Sunde A, Templeton A, Van Steirteghem A, 
Cohen J, Crosignani PG, Devroey P, Diedrich K, et al, 
and ESHRE Capri Workshop Group. Fertility and 
ageing. Hum Reprod Update. 2005; 11:261–76. 
https://doi.org/10.1093/humupd/dmi006 
PMID:15831503 

 5. Frick AP. Advanced maternal age and adverse 
pregnancy outcomes. Best Pract Res Clin Obstet 
Gynaecol. 2021; 70:92–100. 
https://doi.org/10.1016/j.bpobgyn.2020.07.005 
PMID:32741623 

 6. Wang S, Zheng Y, Li J, Yu Y, Zhang W, Song M, Liu Z, 
Min Z, Hu H, Jing Y, He X, Sun L, Ma L, et al. Single-Cell 
Transcriptomic Atlas of Primate Ovarian Aging. Cell. 
2020; 180:585–600.e19. 
https://doi.org/10.1016/j.cell.2020.01.009 
PMID:32004457 

 7. Chiang JL, Shukla P, Pagidas K, Ahmed NS, Karri S, 
Gunn DD, Hurd WW, Singh KK. Mitochondria in 
Ovarian Aging and Reproductive Longevity. Ageing 
Res Rev. 2020; 63:101168. 
https://doi.org/10.1016/j.arr.2020.101168 
PMID:32896666 

 8. Ruth KS, Day FR, Hussain J, Martínez-Marchal A, Aiken 
CE, Azad A, Thompson DJ, Knoblochova L, Abe H, Tarry-
Adkins JL, Gonzalez JM, Fontanillas P, Claringbould A, 
et al, and Biobank-based Integrative Omics Study 
(BIOS) Consortium, and eQTLGen Consortium, and 
Biobank Japan Project, and China Kadoorie Biobank 
Collaborative Group, and kConFab Investigators, and 
LifeLines Cohort Study, and InterAct consortium, and 
23andMe Research Team. Genetic insights into 
biological mechanisms governing human ovarian 
ageing. Nature. 2021; 596:393–7. 
https://doi.org/10.1038/s41586-021-03779-7 
PMID:34349265 

 9. Velarde MC, Menon R. Positive and negative effects 
of cellular senescence during female reproductive 
aging and pregnancy. J Endocrinol. 2016; 230:R59–76. 
https://doi.org/10.1530/JOE-16-0018 
PMID:27325241 

10. Flurkey K, Currer JM, Harrison DE. Mouse Models in 
Aging Research. The Mouse in Biomedical Research. 
2007; 3:637–72. 
https://doi.org/10.1016/B978-012369454-6/50074-1 

11. Tecott LH. The genes and brains of mice and men. Am 
J Psychiatry. 2003; 160:646–56. 
https://doi.org/10.1176/appi.ajp.160.4.646 
PMID:12668350 

12. Bronson FH. The reproductive ecology of the house 
mouse. Q Rev Biol. 1979; 54:265–99. 
https://doi.org/10.1086/411295 
PMID:390600 

13. Lu H, Ma L, Zhang Y, Feng Y, Zhang J, Wang S. Current 
Animal Model Systems for Ovarian Aging Research. 
Aging Dis. 2022; 13:1183–95. 
https://doi.org/10.14336/AD.2021.1209 
PMID:35855343 

14. Miao Y, Wang P, Xie B, Yang M, Li S, Cui Z, Fan Y, Li M, 
Xiong B. BRCA2 deficiency is a potential driver for 
human primary ovarian insufficiency. Cell Death Dis. 
2019; 10:474. 
https://doi.org/10.1038/s41419-019-1720-0 
PMID:31209201 

15. Abel MH, Wootton AN, Wilkins V, Huhtaniemi I, Knight 
PG, Charlton HM. The effect of a null mutation in the 
follicle-stimulating hormone receptor gene on mouse 
reproduction. Endocrinology. 2000; 141:1795–803. 
https://doi.org/10.1210/endo.141.5.7456 
PMID:10803590 

16. Li XH, Wang HP, Tan J, Wu YD, Yang M, Mao CZ, Gao 
SF, Li H, Chen H, Cai WB. Loss of pigment epithelium-
derived factor leads to ovarian oxidative damage 
accompanied by diminished ovarian reserve in mice. 
Life Sci. 2019; 216:129–39. 
https://doi.org/10.1016/j.lfs.2018.11.015 
PMID:30414426 

17. Wang T, Babayev E, Jiang Z, Li G, Zhang M, Esencan E, 
Horvath T, Seli E. Mitochondrial unfolded protein 
response gene Clpp is required to maintain ovarian 
follicular reserve during aging, for oocyte 
competence, and development of pre-implantation 
embryos. Aging Cell. 2018; 17:e12784. 
https://doi.org/10.1111/acel.12784 
PMID:29851234 

18. Zhang M, Bener MB, Jiang Z, Wang T, Esencan E, Scott 
Iii R, Horvath T, Seli E. Mitofusin 1 is required for 
female fertility and to maintain ovarian follicular 
reserve. Cell Death Dis. 2019; 10:560. 
https://doi.org/10.1038/s41419-019-1799-3 
PMID:31332167 

19. Zhang M, Bener MB, Jiang Z, Wang T, Esencan E, Scott 
R, Horvath T, Seli E. Mitofusin 2 plays a role in oocyte 
and follicle development, and is required to maintain 
ovarian follicular reserve during reproductive aging. 
Aging (Albany NY). 2019; 11:3919–38. 
https://doi.org/10.18632/aging.102024 
PMID:31204316 

https://doi.org/10.1016/j.cell.2013.05.039
https://pubmed.ncbi.nlm.nih.gov/23746838
https://doi.org/10.1210/er.2009-0006
https://pubmed.ncbi.nlm.nih.gov/19589949
https://doi.org/10.1093/humupd/dmi006
https://pubmed.ncbi.nlm.nih.gov/15831503
https://doi.org/10.1016/j.bpobgyn.2020.07.005
https://pubmed.ncbi.nlm.nih.gov/32741623
https://doi.org/10.1016/j.cell.2020.01.009
https://pubmed.ncbi.nlm.nih.gov/32004457
https://doi.org/10.1016/j.arr.2020.101168
https://pubmed.ncbi.nlm.nih.gov/32896666
https://doi.org/10.1038/s41586-021-03779-7
https://pubmed.ncbi.nlm.nih.gov/34349265
https://doi.org/10.1530/JOE-16-0018
https://pubmed.ncbi.nlm.nih.gov/27325241
https://doi.org/10.1016/B978-012369454-6/50074-1
https://doi.org/10.1176/appi.ajp.160.4.646
https://pubmed.ncbi.nlm.nih.gov/12668350
https://doi.org/10.1086/411295
https://pubmed.ncbi.nlm.nih.gov/390600
https://doi.org/10.14336/AD.2021.1209
https://pubmed.ncbi.nlm.nih.gov/35855343
https://doi.org/10.1038/s41419-019-1720-0
https://pubmed.ncbi.nlm.nih.gov/31209201
https://doi.org/10.1210/endo.141.5.7456
https://pubmed.ncbi.nlm.nih.gov/10803590
https://doi.org/10.1016/j.lfs.2018.11.015
https://pubmed.ncbi.nlm.nih.gov/30414426
https://doi.org/10.1111/acel.12784
https://pubmed.ncbi.nlm.nih.gov/29851234
https://doi.org/10.1038/s41419-019-1799-3
https://pubmed.ncbi.nlm.nih.gov/31332167
https://doi.org/10.18632/aging.102024
https://pubmed.ncbi.nlm.nih.gov/31204316


www.aging-us.com 10868 AGING 

20. Zhang T, Yan D, Yang Y, Ma A, Li L, Wang Z, Pan Q,  
Sun Z. The comparison of animal models for premature 
ovarian failure established by several different source 
of inducers. Regul Toxicol Pharmacol. 2016; 81:223–32. 
https://doi.org/10.1016/j.yrtph.2016.09.002 
PMID:27612992 

21. Ben-Aharon I, Bar-Joseph H, Tzarfaty G, Kuchinsky L, 
Rizel S, Stemmer SM, Shalgi R. Doxorubicin-induced 
ovarian toxicity. Reprod Biol Endocrinol. 2010; 8:20. 
https://doi.org/10.1186/1477-7827-8-20 
PMID:20202194 

22. Goldman KN, Chenette D, Arju R, Duncan FE, Keefe 
DL, Grifo JA, Schneider RJ. mTORC1/2 inhibition 
preserves ovarian function and fertility during 
genotoxic chemotherapy. Proc Natl Acad Sci U S A. 
2017; 114:3186–91. 
https://doi.org/10.1073/pnas.1617233114 
PMID:28270607 

23. Spears N, Lopes F, Stefansdottir A, Rossi V, De Felici 
M, Anderson RA, Klinger FG. Ovarian damage from 
chemotherapy and current approaches to its 
protection. Hum Reprod Update. 2019; 25:673–93. 
https://doi.org/10.1093/humupd/dmz027 
PMID:31600388 

24. Kalich-Philosoph L, Roness H, Carmely A, Fishel-Bartal M, 
Ligumsky H, Paglin S, Wolf I, Kanety H, Sredni B, Meirow 
D. Cyclophosphamide triggers follicle activation and 
"burnout"; AS101 prevents follicle loss and preserves 
fertility. Sci Transl Med. 2013; 5:185ra62. 
https://doi.org/10.1126/scitranslmed.3005402 
PMID:23677591 

25. Sonmezer M, Oktay K. Fertility preservation in young 
women undergoing breast cancer therapy. 
Oncologist. 2006; 11:422–34. 
https://doi.org/10.1634/theoncologist.11-5-422 
PMID:16720842 

26. Kimler BF, Briley SM, Johnson BW, Armstrong AG, 
Jasti S, Duncan FE. Radiation-induced ovarian follicle 
loss occurs without overt stromal changes. 
Reproduction. 2018; 155:553–62. 
https://doi.org/10.1530/REP-18-0089 
PMID:29636407 

27. Tan R, He Y, Zhang S, Pu D, Wu J. Effect of 
transcutaneous electrical acupoint stimulation on 
protecting against radiotherapy- induced ovarian 
damage in mice. J Ovarian Res. 2019; 12:65. 
https://doi.org/10.1186/s13048-019-0541-1 
PMID:31324205 

28. Meirow D, Nugent D. The effects of radiotherapy and 
chemotherapy on female reproduction. Hum Reprod 
Update. 2001; 7:535–43. 
https://doi.org/10.1093/humupd/7.6.535 
PMID:11727861 

29. Zhang B, Duan Z, Zhao Y. Mouse models with human 
immunity and their application in biomedical 
research. J Cell Mol Med. 2009; 13:1043–58. 
https://doi.org/10.1111/j.1582-4934.2008.00347.x 
PMID:18419795 

30. Buigues A, Marchante M, de Miguel-Gómez L, 
Martinez J, Cervelló I, Pellicer A, Herraiz S. Stem cell-
secreted factor therapy regenerates the ovarian niche 
and rescues follicles. Am J Obstet Gynecol. 2021; 
225:65.e1–65.e14. 
https://doi.org/10.1016/j.ajog.2021.01.023 
PMID:33539826 

31. Cozzolino M, Herraiz S, Seli E. Effects of intraovarian 
injection of platelet rich plasma (PRP) on a primary 
ovarian insufficiency (POI) mouse model. fertil steril. 
2021; 116:e43. 
https://doi.org/10.1016/j.fertnstert.2021.07.124 

32. Herraiz S, Buigues A, Díaz-García C, Romeu M, 
Martínez S, Gómez-Seguí I, Simón C, Hsueh AJ, 
Pellicer A. Fertility rescue and ovarian follicle growth 
promotion by bone marrow stem cell infusion. Fertil 
Steril. 2018; 109:908–18.e2. 
https://doi.org/10.1016/j.fertnstert.2018.01.004 
PMID:29576341 

33. Hernandez-Fonseca H, Bosch P, Sirisathien S, 
Wininger JD, Massey JB, Brackett BG. Effect of site of 
transplantation on follicular development of human 
ovarian tissue transplanted into intact or castrated 
immunodeficient mice. Fertil Steril. 2004 (Suppl 1); 
81:888–92. 
https://doi.org/10.1016/j.fertnstert.2003.10.017 
PMID:15019825 

34. Fransolet M, Henry L, Labied S, Masereel MC, Blacher 
S, Noël A, Foidart JM, Nisolle M, Munaut C. Influence 
of mouse strain on ovarian tissue recovery after 
engraftment with angiogenic factor. J Ovarian Res. 
2015; 8:14. 
https://doi.org/10.1186/s13048-015-0142-6 
PMID:25824856 

35. Buigues A, Marchante M, Herraiz S, Pellicer A. 
Diminished Ovarian Reserve Chemotherapy-Induced 
Mouse Model: A Tool for the Preclinical Assessment 
of New Therapies for Ovarian Damage. Reprod Sci. 
2019; 1933719119831784. 
https://doi.org/10.1177/1933719119831784 
PMID:30791852 

36. Britt KL, Drummond AE, Cox VA, Dyson M, Wreford 
NG, Jones ME, Simpson ER, Findlay JK. An age-related 
ovarian phenotype in mice with targeted disruption 
of the Cyp 19 (aromatase) gene. Endocrinology. 2000; 
141:2614–23. 
https://doi.org/10.1210/endo.141.7.7578 
PMID:10875266 

https://doi.org/10.1016/j.yrtph.2016.09.002
https://pubmed.ncbi.nlm.nih.gov/27612992
https://doi.org/10.1186/1477-7827-8-20
https://pubmed.ncbi.nlm.nih.gov/20202194
https://doi.org/10.1073/pnas.1617233114
https://pubmed.ncbi.nlm.nih.gov/28270607
https://doi.org/10.1093/humupd/dmz027
https://pubmed.ncbi.nlm.nih.gov/31600388
https://doi.org/10.1126/scitranslmed.3005402
https://pubmed.ncbi.nlm.nih.gov/23677591
https://doi.org/10.1634/theoncologist.11-5-422
https://pubmed.ncbi.nlm.nih.gov/16720842
https://doi.org/10.1530/REP-18-0089
https://pubmed.ncbi.nlm.nih.gov/29636407
https://doi.org/10.1186/s13048-019-0541-1
https://pubmed.ncbi.nlm.nih.gov/31324205
https://doi.org/10.1093/humupd/7.6.535
https://pubmed.ncbi.nlm.nih.gov/11727861
https://doi.org/10.1111/j.1582-4934.2008.00347.x
https://pubmed.ncbi.nlm.nih.gov/18419795
https://doi.org/10.1016/j.ajog.2021.01.023
https://pubmed.ncbi.nlm.nih.gov/33539826
https://doi.org/10.1016/j.fertnstert.2021.07.124
https://doi.org/10.1016/j.fertnstert.2018.01.004
https://pubmed.ncbi.nlm.nih.gov/29576341
https://doi.org/10.1016/j.fertnstert.2003.10.017
https://pubmed.ncbi.nlm.nih.gov/15019825
https://doi.org/10.1186/s13048-015-0142-6
https://pubmed.ncbi.nlm.nih.gov/25824856
https://doi.org/10.1177/1933719119831784
https://pubmed.ncbi.nlm.nih.gov/30791852
https://doi.org/10.1210/endo.141.7.7578
https://pubmed.ncbi.nlm.nih.gov/10875266


www.aging-us.com 10869 AGING 

37. Sills ES, Wood SH. Autologous activated platelet-rich 
plasma injection into adult human ovary tissue: 
molecular mechanism, analysis, and discussion of 
reproductive response. Biosci Rep. 2019; 
39:BSR20190805. 
https://doi.org/10.1042/BSR20190805 
PMID:31092698 

38. Cakiroglu Y, Saltik A, Yuceturk A, Karaosmanoglu O, 
Kopuk SY, Scott RT, Tiras B, Seli E. Effects of 
intraovarian injection of autologous platelet rich 
plasma on ovarian reserve and IVF outcome 
parameters in women with primary ovarian 
insufficiency. Aging (Albany NY). 2020; 12:10211–22. 
https://doi.org/10.18632/aging.103403 
PMID:32507764 

39. Everts P, Onishi K, Jayaram P, Lana JF, Mautner K. 
Platelet-Rich Plasma: New Performance 
Understandings and Therapeutic Considerations in 
2020. Int J Mol Sci. 2020; 21:7794. 
https://doi.org/10.3390/ijms21207794 
PMID:33096812 

40. Herraiz S, Romeu M, Buigues A, Martínez S, Díaz-
García C, Gómez-Seguí I, Martínez J, Pellicer N, 
Pellicer A. Autologous stem cell ovarian 
transplantation to increase reproductive potential in 
patients who are poor responders. Fertil Steril. 2018; 
110:496–505.e1. 
https://doi.org/10.1016/j.fertnstert.2018.04.025 
PMID:29960701 

41. Takahashi TA, Johnson KM. Menopause. Med Clin 
North Am. 2015; 99:521–34. 
https://doi.org/10.1016/j.mcna.2015.01.006 
PMID:25841598 

42. Amargant F, Manuel SL, Tu Q, Parkes WS, Rivas F, 
Zhou LT, Rowley JE, Villanueva CE, Hornick JE, 
Shekhawat GS, Wei JJ, Pavone ME, Hall AR, et al. 
Ovarian stiffness increases with age in the 
mammalian ovary and depends on collagen and 
hyaluronan matrices. Aging Cell. 2020; 19:e13259. 
https://doi.org/10.1111/acel.13259 
PMID:33079460 

43. LeBrasseur NK, Tchkonia T, Kirkland JL. Cellular 
Senescence and the Biology of Aging, Disease, and 
Frailty. Nestle Nutr Inst Workshop Ser. 2015; 83:11–8. 
https://doi.org/10.1159/000382054 
PMID:26485647 

44. Tomasetti C, Poling J, Roberts NJ, London NR Jr, 
Pittman ME, Haffner MC, Rizzo A, Baras A, Karim B, 
Kim A, Heaphy CM, Meeker AK, Hruban RH, et al. Cell 
division rates decrease with age, providing a potential 
explanation for the age-dependent deceleration in 
cancer incidence. Proc Natl Acad Sci U S A. 2019; 
116:20482–8. 

https://doi.org/10.1073/pnas.1905722116 
PMID:31548407 

45. Robinson RS, Woad KJ, Hammond AJ, Laird M, Hunter 
MG, Mann GE. Angiogenesis and vascular function in 
the ovary. Reproduction. 2009; 138:869–81. 
https://doi.org/10.1530/REP-09-0283 
PMID:19786399 

46. Brown HM, Russell DL. Blood and lymphatic 
vasculature in the ovary: development, function and 
disease. Hum Reprod Update. 2014; 20:29–39. 
https://doi.org/10.1093/humupd/dmt049 
PMID:24097804 

47. Hacker K, Naimi O, Cofie A, Desantis C, Hannon-Hall L, 
Jewett A, Kissin D, Sunderam M, Yartel A, Zhang Y, 
Barfield W, Kroelinger C. 2019 Assisted Reproductive 
Technology Fertility Clinic and National Summary 
Report. 2022. 
https://www.researchgate.net/publication/361959183.  

48. Navot D, Bergh PA, Williams MA, Garrisi GJ, Guzman I, 
Sandler B, Grunfeld L. Poor oocyte quality rather than 
implantation failure as a cause of age-related decline 
in female fertility. Lancet. 1991; 337:1375–7. 
https://doi.org/10.1016/0140-6736(91)93060-m 
PMID:1674764 

49. Wang WH, Keefe DL. Prediction of chromosome 
misalignment among in vitro matured human oocytes 
by spindle imaging with the PolScope. Fertil Steril. 
2002; 78:1077–81. 
https://doi.org/10.1016/s0015-0282(02)04196-1 
PMID:12413997 

50. Rama Raju GA, Prakash GJ, Krishna KM, Madan K. 
Meiotic spindle and zona pellucida characteristics as 
predictors of embryonic development: a preliminary 
study using PolScope imaging. Reprod Biomed Online. 
2007; 14:166–74. 
https://doi.org/10.1016/s1472-6483(10)60784-5 
PMID:17298718 

51. Grøndahl ML, Christiansen SL, Kesmodel US, Agerholm 
IE, Lemmen JG, Lundstrøm P, Bogstad J, Raaschou-
Jensen M, Ladelund S. Effect of women's age on 
embryo morphology, cleavage rate and competence-A 
multicenter cohort study. PLoS One. 2017; 12:e0172456. 
https://doi.org/10.1371/journal.pone.0172456 
PMID:28422964 

52. Herbert M, Kalleas D, Cooney D, Lamb M, Lister L. 
Meiosis and maternal aging: insights from aneuploid 
oocytes and trisomy births. Cold Spring Harb Perspect 
Biol. 2015; 7:a017970. 
https://doi.org/10.1101/cshperspect.a017970 
PMID:25833844 

53. Chiang T, Schultz RM, Lampson MA. Meiotic origins of 
maternal age-related aneuploidy. Biol Reprod. 2012; 
86:1–7. 

https://doi.org/10.1042/BSR20190805
https://pubmed.ncbi.nlm.nih.gov/31092698
https://doi.org/10.18632/aging.103403
https://pubmed.ncbi.nlm.nih.gov/32507764
https://doi.org/10.3390/ijms21207794
https://pubmed.ncbi.nlm.nih.gov/33096812
https://doi.org/10.1016/j.fertnstert.2018.04.025
https://pubmed.ncbi.nlm.nih.gov/29960701
https://doi.org/10.1016/j.mcna.2015.01.006
https://pubmed.ncbi.nlm.nih.gov/25841598
https://doi.org/10.1111/acel.13259
https://pubmed.ncbi.nlm.nih.gov/33079460
https://doi.org/10.1159/000382054
https://pubmed.ncbi.nlm.nih.gov/26485647
https://doi.org/10.1073/pnas.1905722116
https://pubmed.ncbi.nlm.nih.gov/31548407
https://doi.org/10.1530/REP-09-0283
https://pubmed.ncbi.nlm.nih.gov/19786399
https://doi.org/10.1093/humupd/dmt049
https://pubmed.ncbi.nlm.nih.gov/24097804
https://www.researchgate.net/publication/361959183
https://doi.org/10.1016/0140-6736(91)93060-m
https://pubmed.ncbi.nlm.nih.gov/1674764
https://doi.org/10.1016/s0015-0282(02)04196-1
https://pubmed.ncbi.nlm.nih.gov/12413997
https://doi.org/10.1016/s1472-6483(10)60784-5
https://pubmed.ncbi.nlm.nih.gov/17298718
https://doi.org/10.1371/journal.pone.0172456
https://pubmed.ncbi.nlm.nih.gov/28422964
https://doi.org/10.1101/cshperspect.a017970
https://pubmed.ncbi.nlm.nih.gov/25833844


www.aging-us.com 10870 AGING 

https://doi.org/10.1095/biolreprod.111.094367 
PMID:21957193 

54. Wang T, Zhang M, Jiang Z, Seli E. Mitochondrial 
dysfunction and ovarian aging. Am J Reprod Immunol. 
2017; 77. 
https://doi.org/10.1111/aji.12651 
PMID:28194828 

55. Maclaran K, Nikolaou D. Early ovarian ageing. The 
Obstetrician & Gynaecologist. 2019; 21:107–116. 
https://doi.org/10.1111/tog.12558 

56. Yang L, Chen Y, Liu Y, Xing Y, Miao C, Zhao Y, Chang X, 
Zhang Q. The Role of Oxidative Stress and Natural 
Antioxidants in Ovarian Aging. Front Pharmacol. 
2021; 11:617843. 
https://doi.org/10.3389/fphar.2020.617843 
PMID:33569007 

57. Mihalas BP, De Iuliis GN, Redgrove KA, McLaughlin 
EA, Nixon B. The lipid peroxidation product 4-
hydroxynonenal contributes to oxidative stress-
mediated deterioration of the ageing oocyte. Sci Rep. 
2017; 7:6247. 
https://doi.org/10.1038/s41598-017-06372-z 
PMID:28740075 

58. Zhang X, Wu XQ, Lu S, Guo YL, Ma X. Deficit of 
mitochondria-derived ATP during oxidative stress 
impairs mouse MII oocyte spindles. Cell Res. 2006; 
16:841–50. 
https://doi.org/10.1038/sj.cr.7310095 
PMID:16983401 

59. Kushnir VA, Ludaway T, Russ RB, Fields EJ, Koczor C, 
Lewis W. Reproductive aging is associated with 
decreased mitochondrial abundance and altered 
structure in murine oocytes. J Assist Reprod Genet. 
2012; 29:637–42. 
https://doi.org/10.1007/s10815-012-9771-5 
PMID:22527902 

60. Cecchino GN, Garcia-Velasco JA. Mitochondrial DNA 
copy number as a predictor of embryo viability. Fertil 
Steril. 2019; 111:205–11. 
https://doi.org/10.1016/j.fertnstert.2018.11.021 
PMID:30611549 

61. Ravichandran K, McCaffrey C, Grifo J, Morales A, 
Perloe M, Munne S, Wells D, Fragouli E. 
Mitochondrial DNA quantification as a tool for 
embryo viability assessment: retrospective analysis of 
data from single euploid blastocyst transfers. Hum 
Reprod. 2017; 32:1282–92. 
https://doi.org/10.1093/humrep/dex070 
PMID:28387858 

62. Sasaki H, Hamatani T, Kamijo S, Iwai M, Kobanawa M, 
Ogawa S, Miyado K, Tanaka M. Impact of Oxidative 
Stress on Age-Associated Decline in Oocyte 

Developmental Competence. Front Endocrinol 
(Lausanne). 2019; 10:811. 
https://doi.org/10.3389/fendo.2019.00811 
PMID:31824426 

63. Haigis MC, Yankner BA. The aging stress response. 
Mol Cell. 2010; 40:333–44. 
https://doi.org/10.1016/j.molcel.2010.10.002 
PMID:20965426 

64. Derisbourg MJ, Hartman MD, Denzel MS. Perspective: 
Modulating the integrated stress response to slow 
aging and ameliorate age-related pathology. Nat 
Aging. 2021; 1:760–8. 
https://doi.org/10.1038/s43587-021-00112-9 
PMID:35146440 

65. Stolk L, Perry JR, Chasman DI, He C, Mangino M, Sulem 
P, Barbalic M, Broer L, Byrne EM, Ernst F, Esko T, 
Franceschini N, Gudbjartsson DF, et al, and LifeLines 
Cohort Study. Meta-analyses identify 13 loci associated 
with age at menopause and highlight DNA repair and 
immune pathways. Nat Genet. 2012; 44:260–8. 
https://doi.org/10.1038/ng.1051 
PMID:22267201 

66. Perry JR, Hsu YH, Chasman DI, Johnson AD, Elks C, 
Albrecht E, Andrulis IL, Beesley J, Berenson GS, 
Bergmann S, Bojesen SE, Bolla MK, Brown J, et al, and 
kConFab investigators, and ReproGen Consortium. 
DNA mismatch repair gene MSH6 implicated in 
determining age at natural menopause. Hum Mol 
Genet. 2014; 23:2490–7. 
https://doi.org/10.1093/hmg/ddt620 
PMID:24357391 

67. Son M, Diamond B, Santiago-Schwarz F. Fundamental 
role of C1q in autoimmunity and inflammation. 
Immunol Res. 2015; 63:101–6. 
https://doi.org/10.1007/s12026-015-8705-6 
PMID:26410546 

68. Bender HR, Campbell GE, Aytoda P, Mathiesen AH, 
Duffy DM. Thrombospondin 1 (THBS1) Promotes 
Follicular Angiogenesis, Luteinization, and Ovulation 
in Primates. Front Endocrinol (Lausanne). 2019; 
10:727. 
https://doi.org/10.3389/fendo.2019.00727 
PMID:31787928 

69. Vigelsø A, Dybboe R, Hansen CN, Dela F, Helge JW, 
Guadalupe Grau A. GAPDH and β-actin protein 
decreases with aging, making Stain-Free technology a 
superior loading control in Western blotting of 
human skeletal muscle. J Appl Physiol (1985). 2015; 
118:386–94. 
https://doi.org/10.1152/japplphysiol.00840.2014 
PMID:25429098 

70. Ma L, Lu H, Chen R, Wu M, Jin Y, Zhang J, Wang S. 
Identification of Key Genes and Potential New 

https://doi.org/10.1095/biolreprod.111.094367
https://pubmed.ncbi.nlm.nih.gov/21957193
https://doi.org/10.1111/aji.12651
https://pubmed.ncbi.nlm.nih.gov/28194828
https://doi.org/10.1111/tog.12558
https://doi.org/10.3389/fphar.2020.617843
https://pubmed.ncbi.nlm.nih.gov/33569007
https://doi.org/10.1038/s41598-017-06372-z
https://pubmed.ncbi.nlm.nih.gov/28740075
https://doi.org/10.1038/sj.cr.7310095
https://pubmed.ncbi.nlm.nih.gov/16983401
https://doi.org/10.1007/s10815-012-9771-5
https://pubmed.ncbi.nlm.nih.gov/22527902
https://doi.org/10.1016/j.fertnstert.2018.11.021
https://pubmed.ncbi.nlm.nih.gov/30611549
https://doi.org/10.1093/humrep/dex070
https://pubmed.ncbi.nlm.nih.gov/28387858
https://doi.org/10.3389/fendo.2019.00811
https://pubmed.ncbi.nlm.nih.gov/31824426
https://doi.org/10.1016/j.molcel.2010.10.002
https://pubmed.ncbi.nlm.nih.gov/20965426
https://doi.org/10.1038/s43587-021-00112-9
https://pubmed.ncbi.nlm.nih.gov/35146440
https://doi.org/10.1038/ng.1051
https://pubmed.ncbi.nlm.nih.gov/22267201
https://doi.org/10.1093/hmg/ddt620
https://pubmed.ncbi.nlm.nih.gov/24357391
https://doi.org/10.1007/s12026-015-8705-6
https://pubmed.ncbi.nlm.nih.gov/26410546
https://doi.org/10.3389/fendo.2019.00727
https://pubmed.ncbi.nlm.nih.gov/31787928
https://doi.org/10.1152/japplphysiol.00840.2014
https://pubmed.ncbi.nlm.nih.gov/25429098


www.aging-us.com 10871 AGING 

Biomarkers for Ovarian Aging: A Study Based on RNA-
Sequencing Data. Front Genet. 2020; 11:590660. 
https://doi.org/10.3389/fgene.2020.590660 
PMID:33304387 

71. Bukovsky A, Caudle MR. Immunoregulation of 
follicular renewal, selection, POF, and menopause in 
vivo, vs. neo-oogenesis in vitro, POF and ovarian 
infertility treatment, and a clinical trial. Reprod Biol 
Endocrinol. 2012; 10:97. 
https://doi.org/10.1186/1477-7827-10-97 
PMID:23176151 

72. Sharov AA, Falco G, Piao Y, Poosala S, Becker KG, 
Zonderman AB, Longo DL, Schlessinger D, Ko MSh. 
Effects of aging and calorie restriction on the global 
gene expression profiles of mouse testis and ovary. 
BMC Biol. 2008; 6:24. 
https://doi.org/10.1186/1741-7007-6-24 
PMID:18522719 

73. Santagostino SF, Arbona RJR, Nashat MA, White JR, 
Monette S. Pathology of Aging in NOD scid gamma 
Female Mice. Vet Pathol. 2017; 54:855–69. 
https://doi.org/10.1177/0300985817698210 
PMID:28355107 

74. Sandrock M, Schulz A, Merkwitz C, Schöneberg T, 
Spanel-Borowski K, Ricken A. Reduction in corpora 
lutea number in obese melanocortin-4-receptor-
deficient mice. Reprod Biol Endocrinol. 2009; 7:24. 
https://doi.org/10.1186/1477-7827-7-24 
PMID:19309531 

75. Li J, Kawamura K, Cheng Y, Liu S, Klein C, Liu S, Duan 
EK, Hsueh AJ. Activation of dormant ovarian follicles 
to generate mature eggs. Proc Natl Acad Sci U S A. 
2010; 107:10280–4. 
https://doi.org/10.1073/pnas.1001198107 
PMID:20479243 

76. Umehara T, Winstanley YE, Andreas E, Morimoto A, 
Williams EJ, Smith KM, Carroll J, Febbraio MA, 
Shimada M, Russell DL, Robker RL. Female 
reproductive life span is extended by targeted 
removal of fibrotic collagen from the mouse ovary. 
Sci Adv. 2022; 8:eabn4564. 
https://doi.org/10.1126/sciadv.abn4564 
PMID:35714185 

77. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to 
ImageJ: 25 years of image analysis. Nat Methods. 
2012; 9:671–5. 
https://doi.org/10.1038/nmeth.2089 
PMID:22930834 

78. Herraiz S, Novella-Maestre E, Rodríguez B, Díaz C, 
Sánchez-Serrano M, Mirabet V, Pellicer A. Improving 
ovarian tissue cryopreservation for oncologic 
patients: slow freezing versus vitrification, effect of 
different procedures and devices. Fertil Steril. 2014; 
101:775–84. 
https://doi.org/10.1016/j.fertnstert.2013.11.016 
PMID:24359888 

79. Langfelder P, Horvath S. WGCNA: an R package for 
weighted correlation network analysis. BMC 
Bioinformatics. 2008; 9:559. 
https://doi.org/10.1186/1471-2105-9-559 
PMID:19114008 

80. Rohart F, Gautier B, Singh A, Lê Cao KA. mixOmics: An 
R package for 'omics feature selection and multiple 
data integration. PLoS Comput Biol. 2017; 
13:e1005752. 
https://doi.org/10.1371/journal.pcbi.1005752 
PMID:29099853 

 

 

https://doi.org/10.3389/fgene.2020.590660
https://pubmed.ncbi.nlm.nih.gov/33304387
https://doi.org/10.1186/1477-7827-10-97
https://pubmed.ncbi.nlm.nih.gov/23176151
https://doi.org/10.1186/1741-7007-6-24
https://pubmed.ncbi.nlm.nih.gov/18522719
https://doi.org/10.1177/0300985817698210
https://pubmed.ncbi.nlm.nih.gov/28355107
https://doi.org/10.1186/1477-7827-7-24
https://pubmed.ncbi.nlm.nih.gov/19309531
https://doi.org/10.1073/pnas.1001198107
https://pubmed.ncbi.nlm.nih.gov/20479243
https://doi.org/10.1126/sciadv.abn4564
https://pubmed.ncbi.nlm.nih.gov/35714185
https://doi.org/10.1038/nmeth.2089
https://pubmed.ncbi.nlm.nih.gov/22930834
https://doi.org/10.1016/j.fertnstert.2013.11.016
https://pubmed.ncbi.nlm.nih.gov/24359888
https://doi.org/10.1186/1471-2105-9-559
https://pubmed.ncbi.nlm.nih.gov/19114008
https://doi.org/10.1371/journal.pcbi.1005752
https://pubmed.ncbi.nlm.nih.gov/29099853


www.aging-us.com 10872 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Figure 
 

 
 

Supplementary Figure 1. NOD/SCID mouse model for physiological human aging. Mice represented distinct reproductive stages 

of women: young (̴18-20 years old), Advance Maternal Age (AMA, 3̴6-38 years old), and old (>45 years old). Mice were exogenously 
stimulated, mated, and sacrificed to recover metaphase-II (MII) oocytes, 2-cell embryos, and ovaries to analyze the short-term effect of age 
on fertility. Abbreviations: hCG: human chorionic gonadotropin; IU: International Unit; PMSG: pregnant mare serum gonadotropin. 
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Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Table 1. 

 

Supplementary Table 1. Proteome composition of the ovarian samples established by SWATH-MS. 

Table supplied in excel format: Supplementary Table 1.xlsx. 

 

 

Supplementary Table 2. Composition of fixing and blocking solutions for oocyte quality assessment. 

Solution Components 

Fixing solution* 

PHEM buffer (60 mM PIPES at pH 6.9, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2) 

3.7% paraformaldehyde 

50% Deuterium oxide 

0.1% Triton X-100 

0.01% aprotinin 

1 mM DTT 

1 µM Taxol 

Blocking solution* 

1X PBS 

1% BSA 

0.2% dried milk 

2% Fetal Bovine Serum 

0.1 M Glicina 

0.2% sodium azide 

0.01% Triton x-100 

*All reagents from Sigma-Aldrich, St. Louis, MO, USA. 

 

 

Supplementary Table 3. Primer sequences for the amplification of mitochondrial and nuclear DNA genes and 
the cycling parameters for RT-qPCR. 

Gene Primer sequences 

ND1 
F:5′-CTAGCAGAAACAAACCGGGC-3′ 

R: 5′-CCGGCTGCGTATTCTACGTT-3′ 

COX3 
F:5′-TTTGCAGGATTCTTCTGAGC 

R: 5′-TGAGCTCATGTAATTGAAACACC-3′ 

18S 
F:5′-CCGCTAGAGGTGAAATTCTT-3′ 

R: 5′-CTCCGACTTTCGTTCTTGAT-3′ 

 RT-PCR CYCLING PROTOCOL 

50°C for 2 min, dual-lock DNA polymerase for 2min at 95°C, followed by 40 cycles of denaturation for 15 s at 95°C, and 
annealing and extension for 1min at 60°C. 
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Supplementary Table 4. SWATH-MS proteomic analysis workflow. 

Steps Procedures details 

Sample preparation 

Lysis: Samples were lysed by the Sample Grinding Kit (GE) with 100 µL of Lysis Buffer 

(EasyPep™ Mini MS Sample Prep Kit, Thermo Scientific) according to manufacturer’s instructions. 

Protein quantification. After centrifugation (15 minutes at 15,000 g) to remove lipids, 1 µL of every 

solution was quantified by Qubit protein quantitation kit (Invitrogen) according to manufacturer 

instructions. Protein concentrations ranged from 4 to 9 µg/µL. 

Protein digestion: 20 µg of each individual samples were digested using EasyPep™ Mini MS 

Sample Prep Kit (Thermo Scientific), according to the manufacturer’s instructions. After digestion, 

the peptides were cleaned with the same kit. The peptide mixtures were dried in a speed 

vacuum and re suspended with 2 % ACN; 0.1% TFA (25 µL) to final theoretical concentration of 

0.8 µg/µL. 

SWATH analysis  

LCMSMS-DIA Analysis. For every mixture of digested peptide, 3 µl of peptide mixture sample 
was loaded by a 425 nanoLC (Eksigent) onto a trap column (3 µ C18-CL, 350 µm x 0.5 mm; 
Eksigent) and desalted with 0.1% TFA at 5 µl/min during 5 min. Then, the peptides were eluted 
onto an analytical column (3 µ C18-CL 120 Ᾰ, 0.075 × 150 mm; Eksigent) equilibrated in 5% 
acetonitrile 0.1% FA (formic acid). Peptide elution was carried out with a linear gradient of 7 to 
40% B in 60 min (A: 0.1% FA; B: ACN, 0.1% FA) for at a flow rate of 300 nl/min. Peptides were 
analysed in a mass spectrometer nanoESI qQTOF (6600plus TripleTOF, ABSCIEX). 

Sample ionization in a Source Type: Optiflow <1 uL Nano applying 3.0 kV to the spray emitter at 
200ºC. The tripleTOF was operated in swath mode, in which a 0.050-s TOF MS scan from 350–
1250 m/z was performed.  After, 0.080-s product ion scans in 100 variable windows from 400 to 
1250 m/z were acquired throughout the experiment. The total cycle time was 2.79 secs. 

The individual SWATH injections were randomized to avoid bias in the analysis. 

Data analysis 
protein quantitation 

Wiff files obtained from the SWATH experiment were analyzed by Peak View 2.1 with the user’s 
spectral library according to the following workflow: 

Target peptide assay (from shotgun identification library). 

Extract target peptide assay. 

Score target peptide assay (spectronaut raw score = 3.15). 

Decoy peptide assay (pseudo-reversed sequence). 

Extract decoy peptide assay. 

Score decoy peptide assay (spectronaut score = −1.57). 

Compare the distribution of targets and decoy scores (FDR estimation for a given score cutoff). 

Shared and modified peptides were excluded from the analysis. 

Retention times were aligned among the different samples using main protein peptides. The 
processing settings used for the peptide selection were: 

Number of peptides per protein: 20. 

Number of transitions per peptide: 6. 

Peptide confidence threshold % (0–99): 95. 

False discovery rate threshold % (0–100): 1.0. 

XIC extraction window (min): 20. 

XIC width (ppm): 50. 

The cycle time used in the MS-MS/MS acquisition allows quantitate of each peptide area with more 
than 9 points. 

The area data obtained with Peak View was analyzed with Marker View (Sciex). First, the 
calculated protein areas were normalized by the total sum of the areas of all quantified proteins. 
Next, multiple regression statistical tests were carried out to obtain differentially expressed proteins 
(DEPs) associated with plasma treatment per age group. 

Experimental details of the SWATH-MS technique. 

 

 


