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Abstract 

Background Age‑related changes in the ovarian microenvironment are linked to impaired fertility in women. Mac‑
rophages play important roles in ovarian tissue homeostasis and immune surveillance. However, the impact of aging 
on ovarian macrophage function and ovarian homeostasis remains poorly understood.

Methods Senescence‑associated beta‑galactosidase staining, immunohistochemistry, and TUNEL staining were used 
to assess senescence and apoptosis, respectively. Flow cytometry was employed to evaluate mitochondrial mem‑
brane potential (MMP) and apoptosis in granulosa cells lines (KGN), and macrophages phagocytosis. After a 2‑month 
treatment with low molecular weight Chitosan (LMWC), ovarian tissues from mice were collected for comprehensive 
analysis.

Results Compared with the liver and uterus, the ovary displayed accelerated aging in an age‑dependent manner, 
which was accompanied by elevated levels of inflammatory factors and apoptotic cells, and impaired macrophage 
phagocytic activity. The aged KGN cells exhibited elevated reactive oxygen species (ROS) and apoptotic levels along‑
side decreased MMP.  H2O2‑induced aging macrophages showed reduced phagocytosis function. Moreover, there 
were excessive aging macrophages with impaired phagocytosis in the follicular fluid of patients with diminished ovar‑
ian reserve (DOR). Notably, LMWC administration alleviated ovarian aging by enhancing macrophage phagocytosis 
and promoting tissue homeostasis.

Conclusions Aging ovarian is characterized by an accumulation of aging and apoptotic granulosa cells, an inflamma‑
tory response and macrophage phagocytosis dysfunction. In turn, impaired phagocytosis of macrophage contributes 
to insufficient clearance of aging and apoptotic granulosa cells and the increased risk of DOR. Additionally, LMWC 
emerges as a potential therapeutic strategy for age‑related ovarian dysfunction.
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Background
The ovary commands considerable attention within the 
scope of aging research, owing to its discernible vulner-
ability to the passage of time. Among human females, 
the ovary presents a marked display of age-associated 
phenomena: a steady decline in reproductive capacity 
becomes evident in the mid-30  s, ultimately culminat-
ing in menopause during the late 40 s to 50 s. As women 
transition into their early thirties, a precipitous decline 
in fertility becomes apparent, accompanied by a rapid 
escalation in the likelihood of miscarriages and preg-
nancy complications [1]. This is also exacerbated by a 
notably reduced success rate in the realm of in-vitro ferti-
lization (IVF) procedures. Among individuals diagnosed 
with diminished ovarian reserve (DOR), younger women 
exhibit more favorable reproductive outcomes through 
the application of assisted reproductive technology when 
compared with their older counterparts [2–5].

As life expectancy continues to rise, a growing num-
ber of women confronts tough challenges in the realm 
of reproduction as they advance into their later years. A 
recent investigation, grounded in alterations discerned in 
transcripts, proteins, metabolites and other dimensions 
across a cohort of 113 healthy individuals, has identified 
two inflection points of aging in women-30 and 50 years 
of age. In terms of serum hormones, follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH) manifest 
as the most positively correlated with age, while anti-
Müllerian hormone (AMH) exhibits the most prominent 
downregulation [6]. A previous study has also identified 
the pivotal age of 34 as a critical temporal juncture on 
the aging clock. More specifically, aging-related biologi-
cal pathways and proteins exhibit a high degree of con-
servation between mice and humans, including GDF15 
and IGF1, illuminating a pivotal transition point of aging 
through alterations in peripheral blood constituents [7]. 
However, the precise mechanisms underlying fertility 
decline at 34 years old remain elusive. In addition, prior 
investigations have predominantly centered upon deline-
ating the impact of aging on oocytes [8–11]. The changes 
occurring within the ovarian microenvironment during 
the aging process, remain largely unknown.

Ovarian microenvironment, which serves as the nur-
turing milieu for oocyte maturation, experiences pro-
found alterations due to the aging process. The immune 
system is a critical component of the ovarian microenvi-
ronment, playing pivotal roles in a myriad of physiologi-
cal processes within the ovary. These roles range from 
orchestrating follicle development and facilitating ovula-
tion, to participating in luteal formation and regression 
[12–14]. Among them, macrophages hold a prominent 
position within the mammalian ovary. They are active 
participants in processes such as inflammation and 

phagocytosis-a process of ingesting a variety of cellular 
substrates, mainly bacteria and cellular debris [15]. Addi-
tionally, macrophages display significant plasticity, finely 
tuned to their tissue environment [16]. As the necessity 
to clear accumulated atretic follicles grows, it is impor-
tant to unravel the interplay between aging and the ovar-
ian immune milieu.

Therefore, the aim of our study was to investigate 
the characterization of aging ovarian and the crosstalk 
between macrophage and granulosa cells (GCs) in aging 
ovarian microenvironment, further explore the potential 
therapeutic strategy.

Results
Ovary undergoes aging at an earlier stage compared 
with the liver and uterus
Aging is a complex biological process that affects differ-
ent organs and tissues in a distinct manner. To discern 
potential disparities in age-related changes, our investi-
gation embarked on discerning the aging patterns of two 
distinct systems: the female reproductive system, repre-
sented by the ovary and uterus, and the digestive system, 
represented by the liver. Ovaries, uterus, and livers were 
collected from C57BL/6 mice at 3-month, 6 months and 
9 months of age.

As illustrated in Fig.  1A, the minimal SA-β-gal activ-
ity, a well-established marker of cellular senescence [17], 
was detected in the ovaries of 3- and 6-month-old mice, 
while a marked increase was observed in the ovaries of 
9-month-old mice (Fig. 1B). Additionally, the expression 
of two pivotal cell cycle suppressor proteins, p16 and p21 
[18], were elevated at 6  months and persisting through 
9  months of age (Fig.  1C). Conversely, the liver and 
uterus of 9 months of age, exhibited a limited presence of 
SA-β-gal-positive cells (Fig. 1D). Apparently, the ovaries 
exhibited an early and higher accumulation of senescent 
cells during murine aging.

Age‑associated decline in ovarian function correlates 
with elevated expression of inflammatory factors
Aging is charactered by the gradual decline in ovary 
function. In this study, a substantial increase of TUNEL-
positive cells was observed with aging in the ovary of 
9-month-old mice, predominantly localized in the ovar-
ian stromal and medullary areas (Fig. 2A), which echoed 
the areas of SA-β-gal positive staining. Furthermore, the 
body weight of the three groups of mice increased stead-
ily. Differently, the ovarian weight increased at 6 months 
but declined at 9 months when compared to the 3-month 
group, and the ovarian index exhibited a marked decrease 
at the 9-month (Fig. 2B).

Ovaries of 3-month-old mice contained abun-
dant numbers of primordial follicles  (Fig.  2C). 
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However, at 6 months of age, the number of primordial 
follicles decreased to approximately 50% of that observed 
at 3 months, with the most significant decline observed 
at 9  months (Fig.  2C-D), suggesting a diminish in ovar-
ian reserve during ovarian aging. By histological exami-
nation, we observed an increased incidence of atretic 
follicles and infiltration with inflammatory cells in the 
9-month group (Fig. 2D).

The accumulation of senescent cells within ovary is 
likely to contribute to age-related chronic inflamma-
tion [19, 20]. In our study, RT-PCR analysis revealed a 
significant increased expression of inflammatory mol-
ecules (Il6, Il1β, Tnfa, Il18, Il10) in the ovaries of mice, 
revealing a positive correlation with aging (Fig. 2E). This 

pro-inflammatory environment should be a significant 
factor for age-related alterations in ovarian function.

Enhanced oxidative stress and apoptosis in aging 
granulosa cells
Aging exerts multifaceted effects on cellular physiology, 
with significant consequences observed in various bio-
logical systems. Among these, GCs, critical regulators 
of ovarian function, have been subjected to extensive 
scrutiny in the context of aging-related changes. In cell 
aging system induced by  H2O2, senescent KGN exhibit 
marked SA-β-gal activity (Fig.  3A). At the molecular 
level, there is an upregulation of senescence-associated 
secretory phenotype (SASP) factors (Fig. 3B), including 

Fig. 1 Ovary undergoes aging at an earlier stage compared to the liver and uterus. A Representative images of senescence‑associated 
β‑galactosidase (SA‑β‑gal) staining in murine ovarian sections, with corresponding scale bars provided for each image. B Quantitative assessment 
of the SA‑β‑gal‑positive area in ovarian tissues from 3‑month (3 m), 6‑month (6 m), and 9‑month (9 m) mice (n = 6 for each group). *P < 0.05, 
**P < 0.01, ***P < 0.001. C Representative immunohistochemical images showing the expression of p16 and p21 in murine ovarian tissues. D 
Representative SA‑β‑gal staining images in the uterus and liver sections of mice at 200 × magnification
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CDKN1A (protein name: p21), TP53 (protein name: 
p53), IL6, CXCL8 (protein name: IL-8), IL-1β.

Additionally, massive ROS production was detected 
in aged KGN (Fig.  3C-D), suggesting higher oxidative 
stress in aged KGN. Increased oxidative stress in senes-
cent cells has been linked to the accumulation of dys-
functional mitochondria, manifested by the changes 
in mitochondrial mass, membrane potential and mito-
chondrial morphology [21]. As expected, the average 
mitochondrial membrane potential (MMP) in the aging 
GCs was significantly lower than that in the control 

group, indicating that GC senescence was accompanied 
with mitochondrial dysfunction (Fig.  3E, F). Further-
more, there were more apoptotic KGN in aging group 
compared with the control group (Fig. 3G).

The ovarian immune milieu is altered with aging
The clearance of these cells represents a crucial pro-
cess for maintaining homeostasis since the secretion 
of various cytokines by senescent cells can modify the 
microenvironment, with the immune system playing a 
prominent role [22]. We then investigated the disparity 

Fig. 2 Age‑associated decline in ovarian function correlates with elevated expression of inflammatory factors. A Visualization of TUNEL‑labeled 
apoptotic cells (in green) with DAPI counterstaining (in blue) in the ovaries of mice at 3 months (3 m), 6 months (6 m), and 9 months (9 m) of age. B 
Comprehensive data on body weight, ovary weight, and ovarian index for each group of mice (n = 12 for each group). C Representative histological 
images obtained through H&E staining of murine ovarian tissue sections from each experimental group (at 200 × magnification). Atretic follicles are 
indicated by black arrows. D Quantitative analysis of the average number of follicles per tissue section for each experimental group (n = 5 for each 
group). E Assessment of relative mRNA expression levels for genes associated with inflammation and senescence‑associated secretory phenotype 
(SASP) (n = 6 for each group). *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 3 Enhanced oxidative stress and apoptosis in aging granulosa cells. A Senescent KGN were identified through SA‑β‑galactosidase (SA‑β‑gal) 
staining following treatment with  H2O2 (300 µM, 4 h). B Evaluation of relative mRNA expression levels for genes associated with cellular senescence 
and the senescence‑associated secretory phenotype (SASP) (n = 3 for each group). C Intracellular reactive oxygen species (ROS) levels were 
assessed after  H2O2 treatment. Representative fluorescence images depicting aging KGN. D Quantitative analysis of DCFDA staining results (n = 3 
for each group). E Measurement of mitochondrial membrane potential (MMP) by JC‑10 staining after  H2O2 treatment. Representative fluorescence 
images displaying aging KGN. JC‑10 aggregates emit orange‑red fluorescence while JC‑10 monomers emit green fluorescence. F Flow cytometric 
assessment of MMP using flow cytometry and presentation of statistical data for MMP analysis (n = 4 for each group). G Annexin V and propidium 
iodide (PI) staining in KGN treated with  H2O2 (300 µM, 4 h). And statistical representation of the apoptosis rate in senescent KGN (n = 4 for each 
group). Ctrl: control group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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of immune cell infiltration and DEGs (Fig. S1A) between 
murine ovarian tissues at 3  months and 9  months [23]. 
As showed in Fig.  4A, considerable variations were evi-
dent in the composition of immune cells across the tis-
sue samples and age groups in ovarian tissues. Notably, 
macrophages were the predominant infiltrating cell type 
(Fig.  4A). Among them, the most frequently observed 
decline was in M0 macrophages (Fig. 4A). At the protein 
level, cells expressing F4/80, a well-known macrophage 
marker [24], were specifically located in the theca of 
developing follicles at 3  months, which were potentially 

associated with ovulation. Of note, they were abundant 
in the interstitial tissue at 6 months (Fig. 4B).

Macrophage polarization serves as a candidate bio-
marker for assessing the inflammatory status and can be 
roughly classified into two types: pro-inflammatory classi-
cally activated macrophages (M1) and anti-inflammatory 
alternatively activated macrophages (M2) [15]. Here, a 
combination of CD45, F4/80 and CD11b was used to iden-
tify ovarian macrophages (Fig.  4C). Consequently, female 
mice aged 9  months exhibited elevated levels of the M1 
marker (CD86) and reduced expression of the M2 marker 

Fig. 4 The ovarian immune milieu is altered with age. A Analysis of immune cell infiltration between ovarian tissues from mice at 9 months 
(9 m) and 3 months (3 m) of age (Reproduction, 2020). B Immunofluorescence staining of F4/80 in sections of ovarian tissue from mice. C The 
change of ovarian macrophages polarization over the course of aging. Percentage and number of M1 (CD86 +) and M2 (CD163 +) macrophage 
from the ovaries of mice at 3 months (3 m), 6 months (6 m), 9 months (9 m) of age were analyzed using flow cytometry (n = 5 for each group). The 
bar charts reflect the percentage of M1 (CD86 +) and M2 (CD163 +) macrophage within total ovarian macrophages. *P < 0.05, **P < 0.01, ***P < 0.001
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(CD163) (Fig.  4C), indicating an age-related alteration in 
the ovarian immune milieu.

Aging leads to the decline of ovarian macrophages 
phagocytosis
The DEGs between murine ovarian tissues at 3 months 
and 9  months were further processed for functional 
enrichment with Gene Ontology (GO) (Fig. S1B). The 
results showed that these DEGs are primarily involved 
in immune responses, including macrophage chemot-
axis, cell killing, regulation of inflammatory response, 
phagocytosis, and macrophage migration. We further 
demonstrated a significant decrease in the expression 
levels of phagocytosis-associated molecules, includ-
ing CD68, CD204, and CD36 in ovarian macrophages 
of the 9-month group, compared with 3-month group 
(Fig. S1C, Fig.  5A). Subsequently, the CRA003645 
dataset was analyzed for double validation [25]. The 
heatmap provided a comprehensive overview of DEG 
patterns within mouse ovarian tissues across three dis-
tinct time points: 3  months, 6  months, and 9  months 
(Fig. S2A). Similarly, GO analysis conducted between 
3-month and 9-month group revealed a plethora of 
DEG associated with phagocytosis (Fig. S2B). Consist-
ent with findings from the 2020 cohort, we observed 
the decline in M0 macrophages within murine ovarian 
tissues of the 9-month (Fig. S2C).

To investigate the influence of aging on macrophage 
phagocytic activity,  H2O2-induced macrophage aging 
was constructed in  vitro, and evidenced by the sub-
stantial presence of SA-β-gal-positive cells in the aging 
group, as well as the elevated levels of SASP factors, 
including CDKN1A, CDKN2A (protein name: p16), IL6, 
CXCL8, and IL-1β (Fig. S3A-B). Notably, we observed a 
pronounced impairment in the phagocytic function of 
macrophages during aging, as indicated by a substantial 
reduction in the percentage of engulfed microspheres, 
declining from approximately 30% to 15% (Fig. S3C). 
More importantly, when using apoptotic human KGN 

as targets, a similar decrease in phagocytic capability 
of aging THP1 cells (human monocytic cell line) was 
observed (reduced from ~ 20% to ~ 5%) (Fig.  5B). After 
directly or indirectly co-culturing with aging KGN, there 
was a significant elevation in the SA-β-gal-positive THP1 
in both conditions (Fig. S3D-E), indicating that aging 
GCs can accelerate the aging process in macrophages.

Subsequently, follicular fluids (FF) were collected from 
10 patients with DOR and 10 control subjects. The age 
of these women ranged from 24 to 35  years, and their 
serum AMH levels ranged from 0.04 ng/mL to 7.59 ng/
mL (Table  1). As shown, a significant decrease in the 
proportion of macrophages was observed in the DOR 
group, whereas the SA-β-gal-positive macrophages were 
notably increased (Fig.  5C, D). Immunostaining with 
CD68 revealed a less intense signal in the DOR patients 
compared to the control group (Fig.  5E). Additionally, 
the single-cell transcriptome data of ovaries from four 
young monkeys (4–5  years old, 1122 cells) and four 
aging (18–20  years old, 1479 cells) monkeys [26] were 
examined. GO analysis on the DEGs between aged and 
young primate ovarian macrophages demonstrated these 
DEGs were primarily involved in cell killing, autophago-
some assembly, aging, cell migration, and inflammatory 
response (Fig. 5F).

Collectively, the aged ovary exhibited impaired mac-
rophage phagocytosis, likely influenced by aging granu-
losa cells, indicating intricate cellular dynamics with 
potential implications for overall ovarian health.

Low molecular weight Chitosan (LMWC) alleviates ovary 
senescence via promoting macrophages phagocytosis
Chitosan, a polysaccharide derived from chitin, can be 
categorized into high, medium, or low molecular weight 
forms based on its molecular weight range [27]. Previ-
ous studies have reported that Chito-oligosaccharides 
(COS) enhance the phagocytic function of murine peri-
toneal macrophages following administration through 
peritoneal injection or intragastric delivery [28]. 

Fig. 5 Aging‑induced decline in ovarian macrophages phagocytosis. A Flow cytometry analysis was performed to assess the surface expression 
of scavenger receptors CD36, CD204, and CD68 on macrophages from the ovaries of mice at 3 months (3 m), and 9 months (9 m) of age. The 
resulting bar charts illustrate the proportion of phagocytic  CD36+,  CD204+, and  CD68+ cells within the total macrophage population  (CD11b+/
F4/80+), with a sample size of n = 5 for each group. B  H2O2‑indecued aging macrophages (FITC) were incubated with aging KGN (PE) (at 1:2 ratio) 
for 3 h. Representative flow cytometry plots was presented and phagocytosis was analyzed by flow cytometry (n = 4, respectively). Ctrl: control 
group. C Representative flow cytometry plots illustrating the proportions of macrophages within immune cells populations in the follicular fluid 
(FF) of individuals with diminished ovarian reserve (DOR) and controls (Ctrl). Quantitative analysis of flow cytometry data, presenting the proportion 
of macrophages (Mφ) within the immune cell population (n = 6, respectively). D Representative flow cytometry plots illustrating the proportions 
of SA‑β‑gal+ cells within macrophages in the FF of DOR patients and Ctrl. Additionally, statistical analyses were conducted on these samples (n = 6 
for each group). E Representative immunofluorescence images depicting CD68 expression within the FF of DOR and Ctrl individuals. F Gene 
Ontology (GO) enrichment analysis performed on biological processes between young (control group) and aging primate ovaries macrophages 
in the dataset GSE130664. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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High-molecular-weight Chitosan (HMWC) has been 
demonstrated to induce anti-inflammatory polariza-
tion, enhance macrophage-released MMP9 activity, and 
promote migration in human monocyte-derived mac-
rophages [29]. LMWC is distinguished by its heightened 
permeability, lower melting point, and increased water 
solubility in comparison to HMWC [30]. However, the 
specific impact of LMWC on ovarian macrophages and 
aging remains unexplored.

Cell viability was calculated as previous [31]. Here, 
we found LMWC significantly enhanced viabil-
ity in cell proliferation of THP-1 cells, especially at 
4  mg/L (Fig. S4A). Treatment with 4  mg/L LMWC 
significantly increased the expression levels of CD36 
and CD204 in PMA-induced M0 cells (Fig. S4B). 
Moreover, we also investigated in  vivo and in  vitro 
the effects of LMWC on macrophage polarization. 
LMWC treatment significantly enhanced the protein 
expression levels of CD80, CD163 and CD206 (Fig. 
S4C-D), inducing M0-like cells to exhibit the charac-
teristics of M1 and M2 macrophages simultaneously. 

Table 1 Clinical characteristics of diminished ovarian reserve 
(DOR)

Parameters Ctrl (n = 10) DOR (n = 10) P value

Age (year) 30 (24–35) 31 (24–34) 0.5636

BMI (kg/m2) 22.17 (17.5–25.16) 22.00 (18.4–25.4) 0.9038

Basal serum FSH 
(mIU/mL)

6.078 (4.43–7.35) 15.23 (11.84–20.92) 0.0016

Basal serum E2 
(pmol/L)

29.60 (17.80–44.00) 32.01 (21.5–44.48) 0.7574

Basal serum LH (mIU/
mL)

5.15 (2.3–7.76) 4.19 (1.76–6.82) 0.3208

Basal serum T 
(nmol/L)

0.43 (0.27–0.65) 0.35 (0.12–0.51) 0.2724

Basal serum AMH 
(ng/mL)

4.94 (3.20–7.59) 0.80 (0.04–1.09)  < 0.0001

Antral follicle count 
(AFC)

12 (7–19) 4 (1–7) 0.0002

Fig. 6 Low molecular weight Chitosan (LMWC) delays the ovary senescence via promoting phagocytosis of macrophages. A Eight‑month‑old mice 
were administrated LMWC in the drinking water (no LMWC as control) for 2 months in prevention experimental settings (n = 10 for each group). At 
the end point, mice were euthanized with the experimental mice to collect the ovaries for analysis. B Quantification of ovarian index (n = 10 for each 
group). C Representative images of TUNEL‑labeled apoptotic cells (in green) with DAPI counterstaining (in blue) in the ovaries of mice. D Statistical 
analysis of the proportion of  CD36+,  CD204+, and  CD68+ macrophages within the total macrophages, with a sample size of n = 10 for each group. E 
Histologic sections of representative ovaries from each treatment group, and average number of the growing follicles per section. F Quantification 
of serum levels of follicle‑stimulating hormone (FSH), estradiol (E2), and anti‑Müllerian hormone (AMH) obtained from LMWC‑treated and control 
(Ctrl) mice (n = 10 for each group). G Representative images of senescence‑associated β‑galactosidase (SA‑β‑gal) staining in murine ovarian 
sections, and quantification of SA‑β‑gal positive area (n = 10 for each group). *P < 0.05, **P < 0.01, ***P < 0.001
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Administration of LMWC significantly increased the 
mRNA expression of Nos2 (protein name: iNOS) and 
Il10 (Fig. S4E), suggesting LMWC has a great poten-
tial to improve the polarization homeostasis of mac-
rophages. The results of in  vivo experiment revealed 
that LMWC did not affect the estrus cycle (Fig.  6A, 
Fig. S4F), significantly increased ovary weight and 
ovarian index (Fig. 6B, Fig. S4G). Remarkably, LMWC 
administration alleviated SASP-induced DNA dam-
age and cell apoptosis in mouse ovary (Fig. 6C), indi-
cating senescent cells accumulating in aging organs 
can be effectively cleared through this treatment. 
Correspondingly, LMWC treatment upregulated 
the expression levels of CD36, CD68, and CD204 on 
macrophages in mice (Fig.  6D). Moreover, LMWC-
treated mice exhibited a higher count of growing fol-
licles (Fig. 6E). Serum estradiol and AMH levels in the 
LMWC group were significantly higher compared to 
the control group, while the levels of FSH levels were 

lower than that of control (Fig.  6F). The presence of 
SA-β-gal positive areas in ovarian tissue was notably 
reduced in the LMWC group (Fig.  6G). These find-
ings suggest that LMWC has the potential to enhance 
macrophage phagocytosis and phenotypes and further 
alleviate ovary senescence.

Discussion
In our study, we observed that the ovary aging was ear-
lier than other organ systems in the C57BL/6 animal 
model. Mice at the age range of 3 to 9 months, were cho-
sen to mirror the physiological reproductive phase, cor-
responding to the age range of 20 to 37 years in women 
(Fig.  7) [32]. This ovarian aging process will contrib-
ute to the diminishment of fertility and compromised 
endocrine functionality, thereby giving rise to a note-
worthy societal concern, particularly in the context of 
the prevailing global trend towards delayed childbear-
ing among women [33]. Thus, it is crucial to investigate 

Fig. 7 Chitosan alleviates ovarian aging by enhancing macrophage phagocyte‑mediated tissue homeostasis. In this study, we found the aging 
ovarian macrophages exhibited insufficient expression of pivotal phagocytic macrophage markers, including CD36, CD204, and CD68. These 
diminished markers are indicative of impaired phagocytic capabilities in aging macrophages. Consequently, these aged cells tend to accumulate 
within the ovarian microenvironment, culminating in the release of a proinflammatory senescence‑associated secretory phenotype (SASP). Due 
to the elevation of reactive oxygen species (ROS) within the local milieu, ovarian function was impaired. Following the administration of LMWC, 
a compelling and robust upregulation in the expression of CD36, CD204, and CD68, was observed within the ovarian macrophage population. In 
this way, LMWC is helpful for attenuating local SASP secretion and the production of ROS by enhancing macrophage phagocyte‑mediated tissue 
homeostasis
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the immunopathological mechanism underlying ovarian 
aging and explore potential interventions that should 
benefit the preservation of women’s reproductive health 
and fertility.

Ovarian macrophages are essential for maintaining tis-
sue homeostasis. Briley et  al. found a stable quantity of 
F4/80-positive cells in both young and elderly CB6F1 
mice [34]. However, they observed macrophage giant 
cells in older mice, absent in younger counterparts [34, 
35]. Lliberos et al. noted an increase in CD4 + T cells, B 
cells, and macrophages during reproductive aging [36]. In 
humans, the percentage of CD68 cells is high in children 
(first and second decades) but tends to decrease with 
age [37]. Our study delved deeper into the role of ovar-
ian macrophages and uncovered the dynamic changes in 
their activation state as the ovary ages.

There was increased follicular atresia with age and 
this process triggers apoptosis in a considerable num-
ber of cells [38]. Timely clearance of apoptotic cells is 
imperative for curbing inflammation [39]. Carlock et  al. 
employed five phagocyte markers, including IA/IE (major 
histocompatibility complex class II), F4/80, CD11b (Mac-
1), CD11c, and CD68 to investigate ovarian macrophage 
and/or phagocyte subpopulations and their distinct tis-
sue distribution patterns [24]. A prior study revealed the 
accumulation of F4/80 macrophages around the senes-
cent region of the implantation scar, where they partici-
pated in the clearance of postpartum uterine senescent 
cells [40]. More importantly, mice with uterine-specific 
p53 deletion showed the exacerbated retention of post-
partum uterine senescent cells, the accumulation of 
CD11b cells, a decrease in F4/80 macrophages, a height-
ened senescence-associated inflammatory microenvi-
ronment, and a poor secondary pregnancy outcome 
[40]. Our study indicates a noteworthy reduction in the 
protein levels of CD36, CD68, and CD204 in the ova-
ries of 9-month mice compared to 3-month. Besides, 
KGN were exposed to  H2O2 to induced oxidative stress 
in vitro, resulting in increased levels of SASP, ROS, and 
apoptotic rates. Similarly, aged macrophages exhibited 
a significant reduction in phagocytic ability. A recent 
study showed the clearance of senescent ovarian cells 
by immune cells was upregulated with aging to meet the 
ovarian requirements [41], possibly as a compensatory 
response to the diminished phagocytic capacity of aged 
macrophage. While Wong et  al. reported a decline in 
alveolar macrophage counts, compromised phagocytosis 
of apoptotic neutrophils, and a decrease in the expres-
sion of the scavenging receptor CD204 with aging [42]. 
Our study revealed impaired macrophage phagocytosis 
in aged ovary was likely induced by the accumulation of 
aging GCs. The aged-related dysfunction in macrophage 

phagocytosis may be influenced by SASP in local micro-
environment. The exact mechanism needs to be further 
researched.

Age represents a significant determinant in the 
attainment of successful pregnancies through IVF [43]. 
This is compounded by increased mean life expectancy 
that is not matched by women’s reproductive lifespan. 
Prior research reported higher mural GC apoptosis was 
associated with DOR, with fewer egg and embryo num-
bers in IVF/ICSI, as well as with age [44, 45]. Oxida-
tive stress-induced apoptosis is recognized as a main 
primary factor contributing to follicular atresia [46, 47]. 
Our study exhibited an increased presence of senescent 
macrophages with impaired phagocytosis in the folli-
cular fluid of patients with DOR. This might contribute 
to the altered ovarian microenvironment seen in DOR 
conditions, potentially affecting the ovarian tissue’s 
ability to maintain homeostasis and proper function.

COS is the degraded products of chitin/chitosan by 
acid hydrolysis, enzymatic degradation or both [48]. 
It has been reported that COS and macrophages have 
synergistic effects on improving OGSCs function by 
regulating inflammatory factors [28]. Additionally, COS 
protected GCs from  H2O2-stimulated oxidative damage 
and apoptosis by inactivating the HIF-1α-VEGF sign-
aling pathway [49]. In line with this, a recent research 
highlights COS’s potential in alleviating inflammation 
and oxidative stress of ovarian GCs from patients with 
PCOS [50]. In this study, we found LMWC significantly 
enhanced macrophage proliferation, immunomodu-
lation, and phagocytic activity, thereby improving 
the ovarian microenvironment. LMWC induced and 
increased in both M1 and M2 marker expressions in 
macrophages, indicating its potential to elicit a mul-
tifaceted immune response. This dual modulation is 
particularly significant in the ovarian immune microen-
vironment. The ovary, a dynamic organ, is regulated by 
hormones but also by the surrounding immune context. 
Situations like ovarian inflammation or aging necessi-
tate a nuanced approach: the ovarian tissue may need 
a pro-inflammatory response for the clearance of dam-
aged cells and pathogens, alongside an anti-inflamma-
tory or reparative response to foster tissue recovery and 
sustain normal functionality. Previous research has also 
highlighted the improvement in phenotype homeosta-
sis of macrophages by chitosan nanoparticles and ther-
apeutic impacts on liver injury [51] and skin area repair 
[52]. Moreover, the molecular weight of chitosan, parti-
cle size, and crosslink degrees influenced only the effi-
ciency but not the trend of immunoregulatory effects of 
chitosan nanoparticles [51]. Crucially, our findings sug-
gest that LMWC could improve macrophage-mediated 
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clearance of ovarian senescent cells, offering a poten-
tial treatment strategy for preserving and reshaping 
ovarian function. However, there are still some limita-
tions. The scarcity of total ovarian macrophage counts 
hindered our ability to isolate the sufficient quantity of 
ovarian macrophage for comprehensive analysis. More-
over, the specific mechanisms underlying the decline in 
macrophage phagocytic function associated with aging 
remain to be further elucidate.

Conclusions
In conclusion, we elucidated advanced reproductive 
age appears to be associated with impaired macrophage 
phagocytic function and aging GCs, indicating a positive 
correlation between macrophage phagocytic dysfunc-
tion and DOR during ovarian aging. LMWC can enhance 
macrophage phagocytosis and further alleviate ovarian 
aging.

Methods
Human follicular fluid (FF) collection
The follicular fluid (FF) was obtained from women 
undergoing oocyte retrieval and intracytoplasmic sperm 
injection (ICSI) at the Reproduction and Genetics Cen-
tre of the Affiliated Suzhou Hospital of Nanjing Medical 
University. Ten women diagnosed with DOR patients 
(age: 31 ± 3.94 y [mean ± SD]) and ten healthy controls 
(age: 30 ± 3.85 y [mean ± SD]) were recruited in this study 
from March 1st, 2023 to June 1st, 2023, matched accord-
ing to body mass index and age. Informed consent was 
signed by all study participants. The diagnosis of DOR 
was based on the presence of FSH levels > 10 IU/L, AMH 
levels < 1.1 ng/ml, and antral follicle count (AFC) < 7 [53]. 
Individuals with the following conditions were excluded 
from the study: (i) endometriosis, polycystic ovarian syn-
drome (PCOS), and premature ovarian insufficiency; (ii) 
chromosomal abnormalities; (iii) hypertension, diabetes, 
or other chronic diseases; (iv) immune system diseases, 
such as hypothyroidism. This study was performed under 
institutional review board approval.

Animals
Female C57BL/6 mice were purchased from Cya-
gen Company (Shanghai, China). The weight of each 
extracted ovary was promptly recorded upon removal. 
The ovarian index was calculated as the ratio of ovary 
weight to body weight.

A solution was prepared by rehydrating 1.2  g of low 
molecular weight Chitosan (LMWC) in 300  ml drink-
ing water. To investigate the impact of LMWC supple-
mentation, eight-month-old female mice were assigned 
randomly into two groups. The control group received 
drinking water, while the LMWC group was administered 

LMWC at a concentration of 4  g/L dissolved in their 
drinking water for a duration of 2  months. The estrous 
cycles of the female mice were assessed daily by vaginal 
smears for 14 days.

Senescence‑associated beta‑galactosidase (SA‑β‑gal) 
staining
Tissue samples were o fixed in a 4% paraformaldehyde 
(PFA) solution. According to the manufacturer’s pro-
tocol, the fixed tissue cryo-sections or cells were then 
incubated with SA-β-gal staining kit (C0602, Beyotime) 
at 37°C overnight, in the absence of  CO2. After washed 
twice with phosphate-buffered saline (PBS), the sections 
were counterstained for 30  s in eosin and washed twice 
with PBS. Senescent cells and tissues were identified as 
blue-green-stained under an inverted microscope.

Immunohistochemistry (IHC)
Tissue sections were treated with blocking solution for 
30 min. Afterwards, the sections underwent an overnight 
incubation at 4  °C with primary antibodies targeting 
p16 (sc-1661, 1:500, Santa Cruz), and p21 (sc-397, 1:500, 
Santa Cruz). Following three washes with PBS, the sec-
tions was stained with 3,3-diaminobiphenylamine (DAB, 
Sigma) and hematoxylin (Beyotime). Finally, images of 
the stained sections were acquired utilizing an Olympus 
BX51 fluorescence microscope (Tokyo, Japan).

Apoptosis assay
Human granulosa cell lines (KGN) were cultured in 
12-well plates and treated with  H2O2 (300  µM) for 4  h 
to induce senescence. Apoptosis was assessed by flow 
cytometry after staining with fluorescein-labeled annexin 
V and propidium iodide (PI) (FITC Annexin V Apopto-
sis Detection Kit with PI, C1062, Beyotime, China) for 
30 min at room temperature in the dark.

TUNEL assay performed by using a commercial 
TUNEL apoptosis assay kit (C1086, Beyotime, China) fol-
lowing the manufacturer’s instructions. The frozen slides 
were stained with TUNEL reaction mixture in the dark 
at 37  °C for 1  h. Subsequently, the slides were stained 
using DAPI (C1005, Beyotime, China) staining solution. 
The slides were mounted on coverslips using anti-fade 
mounting media (ab104135, Abcam) and then captured 
under a fluorescence microscope.

Histological examinations and follicle counts
Ovary sections were stained using hematoxylin–eosin 
solution (HE, C0105S, Beyotime) according to the 
instructions. Images were taken with a light microscope. 
The evaluation of ovarian follicles was performed by 
two senior experts using a light microscope. Primordial, 
primary, secondary and tertiary follicles were classified 
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according to the corresponding histological morphology 
[54]. Five times the count value was taken as the result.

Real‑time quantitative polymerase chain reaction 
(RT‑qPCR)
Total RNA containing cells and ovary tissue were 
extracted by Trizol method. The RNA was reverse-
transcribed according to the instructions of kit (Cat# 
11141ES10, Yeasen, Shanghai, China,). RT-qPCR was 
implemented using Hieff UNICON® Universal Blue 
qPCR SYBR Master Mix (Cat# 11184ES03, Yeasen) on a 
Quant Studio 6 Flex RT-PCR System. The primer are as 
follows in Supplementary Table 1.

Immunofluorescence staining
Following fixation, the slides were permeabilized using 
0.1% Triton-X for 20  min. Subsequently, the slides were 
placed in a blocking buffer containing 10% goat serum and 
1% BSA in PBS for 1 h. Next, the sections were incubated 
with primary antibody (cat# 41–4801-80, F4/80, Invitro-
gen) overnight at 4 °C. After washing with PBS, they were 
incubated with secondary antibody for 1 h at room temper-
ature and then stained with DAPI solution for 10 min.

Detection of reactive oxygen species (ROS)
The staining procedure was based on a reported protocol 
[31]. In brief, cells were cultured 5 ×  104 cells per well of 
12-well plate in 1 ml of complete medium for 24 h. For 
measurement of the effect of  H2O2 treatment on ROS 
generation, the wells were washed with PBS after  H2O2 
treatment, loaded with 5 μM DCFH-DA solution in PBS 
in the dark for 20  min at 37  °C. Then the medium was 
removed, cells were washed with PBS, and maintained in 
PBS. Finally, fluorescence microscopy (Thunder image) 
was used to detect and collect images.

Mitochondrial Membrane Potential (MMP) Assay
To measure mitochondrial membrane potential (MMP), 
KGN were incubated with the fluorescent dye JC-10 
Mitochondrial Membrane Potential Kit (Cat#421902, 
Biolegend, USA). The ratio of red (585  nm) to green 
(530  nm) fluorescence represents the changes in mito-
chondrial membrane potential. KGN were stained with 
JC-10 for 15 min at 37 °C after treatment with 300 μM 
 H2O2 for 4  h. JC-10 fluorescence was detected using 
flow cytometry. Meanwhile, they were also stained 
with DAPI and imaged immediately in both green and 
red channels using excitation at 488  nm and emission 
at 530  nm (green signals) together with excitation at 
568  nm and emission at 590  nm (red signals) under a 
laser scanning confocal microscope. At low concen-
trations (due to low MMP), JC-10 is predominantly a 

monomer that yields green fluorescence whereas, at 
high concentrations (due to high MMP), the dye aggre-
gates yielding a red to orange color.

Flow cytometry (FCM)
Cells washed twice and suspended in 1 ml 0.5% BSA-PBS. 
Following preincubation with mouse or human Fc block 
(cat#422,302, Biolegend, USA), the cell suspension was 
stained with antibodies (Supplementary Table 2) at 25 °C 
for 30 min in the dark. Following a series of washes and 
resuspension in PBS, the cells were subjected to analysis 
using a flow cytometer.

Phagocytosis assay
PMA-treated THP-1 were detached using trypsin and 
resuspended in 100 μl PBS. To each cell suspension tube, 
add 1 μL each of anti-human CD45 (APC) and FITC-
microsphere (both sourced from Biolegend) for phago-
cytosis analysis. Gentle vortex each tube and incubate in 
the dark at room temperature for 30 min. Subsequently, 
cells were analyzed by FCM.

To assess cell phagocytosis through the quantification 
of KGN engulfment, young or aged KGN were stained 
with PKH26 (PE), following the manufacturer’s guidelines 
(Sigma-Aldrich, St. Louis, MO, USA). Briefly, 10 µl of KGN 
from pellet was diluted in 125 µl diluent C (supplied with 
the PKH26 kit), added to 0.5 µl PKH26 in 125 µl diluent C. 
The mixture was immediately incubated at room tempera-
ture for 4 min and then terminated by the addition of 10 ml 
of complete culture medium. PMA-differentiated THP-1 
cells were stained with PKH27 (FITC). KGN and PMA-
treated THP1s were co-incubated at 37 °C for 3 h. The data 
were analyzed using FlowJo software, and the percentage 
of macrophages strongly positive for PKH26-red-labelled 
KGN, relative to the control group, was calculated.

Transcriptomics analysis
RNA-seq data were obtained from two sources: 
https:// bigd. big. ac. cn/ gsa (CRA003645) [25] and sup-
plementary material [23]. To analyze the differentially 
expressed genes (DEGs), the limma software [55] were 
used, based on a fold change criterion (|logFC|> 1) and 
a significance threshold (P-value < 0.05). The resultant 
DEGs were visualized through a volcano plot using the 
R package "ggplot2" [56] and a heatmap employing the 
R package "ComplexHeatmap" [57].

The CIBERSORT algorithm [58], was used for estimat-
ing the relative proportion of immune cells. For GO term 
enrichment analysis of DEGs, the R package "ClusterProfiler" 
[59] were employed. Enriched GO terms with a significance 
level of P < 0.05 were considered statistically significant.

https://bigd.big.ac.cn/gsa
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Statistical analysis
The statistical analysis was conducted using GraphPad 
Prism software (v8.0). When the data exhibited normal 
distribution, students’ t-test was used to compare two 
groups, and one-way ANOVA followed by Bonferroni’s 
test was employed for multiple groups. In the absence 
of normal distribution, either the Mann–Whitney U 
test or the Kruskal–Wallis test was utilized. All data 
were presented as mean ± SEM, and a P value less than 
0.05 was considered statistically significant.

Abbreviations
AFC  Antral follicle count
AMH  Anti‑Müllerian hormone
BSA  Bovine serum albumin
DOR  Diminished ovarian reserve
DEGs  Differentially expressed genes
FCM  Flow cytometry
FF  Follicular fluid
FSH  Follicle‑stimulating hormone
GO  Gene ontology
HE  Hematoxylin–eosin
HMWC  High‑molecular‑weight Chitosan
LMWC  Low‑molecular‑weight Chitosan
ICSI  Intracytoplasmic sperm injection
IVF  In‑vitro fertilization
IHC  Immunohistochemistry
LH  Luteinizing hormone
MMP  Mitochondrial membrane potential
PCOS  Polycystic ovarian syndrome
PFA  Paraformaldehyde
PI  Propidium iodide
p16  Cyclin‑dependent kinase inhibitor 2A
p21  Cyclin‑dependent kinase inhibitor 1A
PBS  Phosphate‑buffered saline
ROS  Reactive oxygen species
SASP  Senescence‑associated secretory phenotype

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12979‑ 024‑ 00412‑9.

Additional file 1: Supplementary Table 1. Gene primers for qRT‑PCR. 
Supplementary Table 2. Antibodies for flow cytometry. Fig. S1. Volcano 
plot and gene ontology (GO) pathway analysis of differentially expressed 
genes (DEG) and flow cytometry gating strategy. Fig. S2. Differentially 
expressed genes (DEGs) analysis from the CRA003645 dataset. Fig. S3. 
Impaired phagocytosis in senescent macrophages influenced by aging 
KGN.

Acknowledgements
None

Authors’ contributions
W.W.J. and M.Q.L. designed the experiments and critically reviewed the manu‑
script; H.H.S. performed the experiments and analyzed the data, H.H.S. wrote 
the manuscript with the help of X.Y.Z., N.L., H.H.W., and F.X. recruited and col‑
lected the clinical samples. Y.Y.Z. helped H.H.S. to analyze the data. All authors 
contributed to the article and approved the submitted version.

Funding
This work was supported by the National Key Research and Develop‑
ment Program of China (2023YFC2705403), the Major Research Program of 
National Natural Science Foundation of China (NSFC, 82074198, 82202598, 

32370914, 92057119, 31970798), the Clinical Research Project of Shanghai 
Municipal Health Commission (20194Y0305), the Shanghai Natural Science 
Foundation (23ZR1408200), and the Shanghai Oriental Talent Plan.

Availability of data and materials
All data associated with this study are available in the main text or the Sup‑
plementary Materials.

Declarations

Ethics approval and consent to participate
This study was approved by the Medical Ethical Committee of the Affiliated 
Suzhou Hospital of Nanjing Medical University (code number 2023004). All 
animal procedures were approved by the Animal Care and Use Committee of 
Fudan University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Laboratory for Reproductive Immunology, Hospital of Obstetrics and Gyne‑
cology, Fudan University, Shanghai 200080, People’s Republic of China. 
2 Institute of Obstetrics and Gynecology, Hospital of Obstetrics and Gynecol‑
ogy, Fudan University, Shanghai 200080, People’s Republic of China. 3 Shanghai 
Medical College, Fudan University, Shanghai 200032, People’s Republic 
of China. 4 Center of Reproduction and Genetics, The Affiliated Suzhou Hospital 
of Nanjing Medical University, Suzhou Municipal Hospital, Gusu School, Nan‑
jing Medical University, Suzhou 215002, People’s Republic of China. 5 Depart‑
ment of Gynecology of Integrated Traditional Chinese and Western Medicine, 
Hospital of Obstetrics and Gynecology, Fudan University, Shanghai 200011, 
People’s Republic of China. 6 Shanghai Key Laboratory of Female Reproductive 
Endocrine Related Diseases, Hospital of Obstetrics and Gynecology, Fudan 
University, Shanghai 200080, People’s Republic of China. 

Received: 8 October 2023   Accepted: 8 January 2024

References
 1. Weghofer A, Barad D, Li J, Gleicher N. Aneuploidy rates in embryos from 

women with prematurely declining ovarian function: a pilot study. Fertil 
Steril. 2007;88(1):90–4.

 2. Kushnir VA, Safdie M, Darmon SK, Albertini DF, Barad DH, Gleicher N. 
Age‑Specific IVF Outcomes in Infertile Women With Baseline FSH Levels 
>/=20 mIU/mL. Reprod Sci. 2018;25(6):893–8.

 3. Jaswa EG, McCulloch CE, Simbulan R, Cedars MI, Rosen MP. Diminished ovarian 
reserve is associated with reduced euploid rates via preimplantation genetic 
testing for aneuploidy independently from age: evidence for concomitant 
reduction in oocyte quality with quantity. Fertil Steril. 2021;115(4):966–73.

 4. Zhang W, Zhang L, Liu Y, Li J, Xu X, Niu W, et al. Higher chromosomal 
aberration frequency in products of conception from women older than 
32 years old with diminished ovarian reserve undergoing IVF/ICSI. Aging 
(Albany NY). 2021;13(7):10128–40.

 5. Li L, Sun B, Wang F, Zhang Y, Sun Y. Which Factors Are Associated With 
Reproductive Outcomes of DOR Patients in ART Cycles: an eight‑year 
retrospective study. Front Endocrinol (Lausanne). 2022;13:796199.

 6. Li J, Xiong M, Fu XH, Fan Y, Dong C, Sun X, et al. Determining a multimodal 
aging clock in a cohort of Chinese women. Med. 2023;4(11):825–48.

 7. Lehallier B, Gate D, Schaum N, Nanasi T, Lee SE, Yousef H, et al. Undulat‑
ing changes in human plasma proteome profiles across the lifespan. Nat 
Med. 2019;25(12):1843–50.

 8. Duncan FE, Jasti S, Paulson A, Kelsh JM, Fegley B, Gerton JL. Age‑asso‑
ciated dysregulation of protein metabolism in the mammalian oocyte. 
Aging Cell. 2017;16(6):1381–93.

 9. Kordowitzki P. Oxidative stress induces telomere dysfunction and short‑
ening in human oocytes of advanced age donors. Cells. 2021;10(8):1866.

https://doi.org/10.1186/s12979-024-00412-9
https://doi.org/10.1186/s12979-024-00412-9


Page 15 of 15Shen et al. Immunity & Ageing           (2024) 21:10  

 10. Yoon J, Juhn KM, Jung EH, Park HJ, Yoon SH, Ko Y, et al. Effects of resvera‑
trol, granulocyte‑macrophage colony‑stimulating factor or dichloroacetic 
acid in the culture media on embryonic development and pregnancy 
rates in aged mice. Aging (Albany NY). 2020;12(3):2659–69.

 11. Huang J, Chen P, Jia L, Li T, Yang X, Liang Q, et al. Multi‑omics analysis reveals 
translational landscapes and regulations in mouse and human oocyte 
aging. Adv Sci (Weinh). 2023;10:e2301538.

 12. Shirasuna K, Shimizu T, Matsui M, Miyamoto A. Emerging roles of immune 
cells in luteal angiogenesis. Reprod Fertil Dev. 2013;25(2):351–61.

 13. Duffy DM, Ko C, Jo M, Brannstrom M, Curry TE. Ovulation: Parallels With 
Inflammatory Processes. Endocr Rev. 2019;40(2):369–416.

 14. Wu R, Van der Hoek KH, Ryan NK, Norman RJ, Robker RL. Macrophage 
contributions to ovarian function. Hum Reprod Update. 2004;10(2):119–33.

 15. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 polarization. Eur 
J Pharmacol. 2020;877:173090.

 16. Shapouri‑Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili 
SA, Mardani F, et al. Macrophage plasticity, polarization, and function in 
health and disease. J Cell Physiol. 2018;233(9):6425–40.

 17. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et al. A biomarker 
that identifies senescent human cells in culture and in aging skin in vivo. 
Proc Natl Acad Sci U S A. 1995;92(20):9363–7.

 18. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, van de Sluis B, 
et al. Clearance of p16Ink4a‑positive senescent cells delays ageing‑associ‑
ated disorders. Nature. 2011;479(7372):232–6.

 19. Ovadya Y, Krizhanovsky V. Senescent cells: SASPected drivers of age‑related 
pathologies. Biogerontology. 2014;15(6):627–42.

 20. Lasry A, Ben‑Neriah Y. Senescence‑associated inflammatory responses: 
aging and cancer perspectives. Trends Immunol. 2015;36(4):217–28.

 21. Chapman J, Fielder E, Passos JF. Mitochondrial dysfunction and cell senes‑
cence: deciphering a complex relationship. FEBS Lett. 2019;593(13):1566–79.

 22. Kang TW, Yevsa T, Woller N, Hoenicke L, Wuestefeld T, Dauch D, et al. 
Senescence surveillance of pre‑malignant hepatocytes limits liver cancer 
development. Nature. 2011;479(7374):547–51.

 23. Zhang Z, Schlamp F, Huang L, Clark H, Brayboy L. Inflammaging is associ‑
ated with shifted macrophage ontogeny and polarization in the aging 
mouse ovary. Reproduction. 2020;159(3):325–37.

 24. Carlock C, Wu J, Zhou C, Ross A, Adams H, Lou Y. Ovarian phagocyte subsets and 
their distinct tissue distribution patterns. Reproduction. 2013;146(5):491–500.

 25. Zhou Z, Yang X, Pan Y, Shang L, Chen S, Yang J, et al. Temporal transcriptomic 
landscape of postnatal mouse ovaries reveals dynamic gene signatures 
associated with ovarian aging. Hum Mol Genet. 2021;30(21):1941–54.

 26 Wang S, Zheng Y, Li J, Yu Y, Zhang W, Song M, et al. Single‑cell transcriptomic 
atlas of primate ovarian aging. Cell. 2020;180(3):585‑600 e19.

 27. Korma SA, Alahmad K, Niazi S, Ammar A, Alyousef H. Production, Classifica‑
tion, Properties and Application of Chitosan. IJRAS. 2016;3(3):171–9.

 28. Zheng K, Hong W, Ye H, Zhou Z, Ling S, Li Y, et al. Chito‑oligosaccharides 
and macrophages have synergistic effects on improving ovarian stem cells 
function by regulating inflammatory factors. J Ovarian Res. 2023;16(1):76.

 29. Oliveira MI, Santos SG, Oliveira MJ, Torres AL, Barbosa MA. Chitosan drives 
anti‑inflammatory macrophage polarisation and pro‑inflammatory 
dendritic cell stimulation. Eur Cell Mater. 2012;24:136–52. discussion 152‑3. 
https:// doi. org/ 10. 22203/ ecm. v024a 10.

 30. Román‑Doval R, Torres‑Arellanes SP, Tenorio‑Barajas AY, Gómez‑Sánchez A, 
Valencia‑Lazcano AA. Chitosan: Properties and Its Application in Agriculture 
in Context of Molecular Weight. Polymers (Basel). 2023;15(13):2867. https:// 
doi. org/ 10. 3390/ polym 15132 867.

 31. Shen HH, Wang CJ, Zhang XY, Sheng YR, Yang SL, Zheng ZM, et al. HIF1A‑induced 
heme oxygenase 1 promotes the survival of decidual stromal cells against excess 
heme‑mediated oxidative stress. Reproduction. 2021;163(1):33–43.

 32. Dutta S, Sengupta P. Men and mice: Relating their ages. Life Sci. 2016;152:244–8.
 33. Johnson JA, Tough S, Sogc GC. Delayed child‑bearing. J Obstet Gynaecol 

Can. 2012;34(1):80–93.
 34. Briley SM, Jasti S, McCracken JM, Hornick JE, Fegley B, Pritchard MT, et al. 

Reproductive age‑associated fibrosis in the stroma of the mammalian ovary. 
Reproduction. 2016;152(3):245–60.

 35. Asano Y. Age‑related accumulation of non‑heme ferric and ferrous iron in 
mouse ovarian stroma visualized by sensitive non‑heme iron histochemis‑
try. J Histochem Cytochem. 2012;60(3):229–42.

 36. Lliberos C, Liew SH, Zareie P, La Gruta NL, Mansell A, Hutt K. Evaluation of 
inflammation and follicle depletion during ovarian ageing in mice. Sci Rep. 
2021;11(1):278.

 37. Ogawa T, Kitagawa M, Hirokawa K. Age‑related changes of human bone 
marrow: a histometric estimation of proliferative cells, apoptotic cells, T cells, 
B cells and macrophages. Mech Ageing Dev. 2000;117(1–3):57–68.

 38. Kasuya K. Elimination of apoptotic granulosa cells by intact granulosa cells 
and macrophages in atretic mature follicles of the guinea pig ovary. Arch 
Histol Cytol. 1997;60(2):175–84.

 39. Itoh M, Yano A, Li X, Miyamoto K, Takeuchi Y. Limited uptake of foreign mate‑
rials by resident macrophages in murine ovarian tissues. J Reprod Immunol. 
1999;43(1):55–66.

 40. Egashira M, Hirota Y, Shimizu‑Hirota R, Saito‑Fujita T, Haraguchi H, Matsu‑
moto L, et al. F4/80+ Macrophages Contribute to Clearance of Senescent 
Cells in the Mouse Postpartum Uterus. Endocrinology. 2017;158(7):2344–53.

 41. Ben Yaakov T, Wasserman T, Aknin E, Savir Y. Single‑cell analysis of the aged 
ovarian immune system reveals a shift towards adaptive immunity and 
attenuated cell function. Elife. 2023;12:12.

 42. Wong CK, Smith CA, Sakamoto K, Kaminski N, Koff JL, Goldstein DR. Aging 
Impairs Alveolar Macrophage Phagocytosis and Increases Influenza‑
Induced Mortality in Mice. J Immunol. 2017;199(3):1060–8.

 43. Amini P, Ramezanali F, Parchehbaf‑Kashani M, Maroufizadeh S, Omani‑
Samani R, Ghaheri A. Factors associated with in vitro fertilization live birth 
outcome: a comparison of different classification methods. Int J Fertil Steril. 
2021;15(2):128–34.

 44. Fan Y, Chang Y, Wei L, Chen J, Li J, Goldsmith S, et al. Apoptosis of mural 
granulosa cells is increased in women with diminished ovarian reserve. J 
Assist Reprod Genet. 2019;36(6):1225–35.

 45. Sadraie SH, Saito H, Kaneko T, Saito T, Hiroi M. Effects of aging on ovarian 
fecundity in terms of the incidence of apoptotic granulosa cells. J Assist 
Reprod Genet. 2000;17(3):168–73.

 46. Asselin E, Xiao CW, Wang YF, Tsang BK. Mammalian follicular development 
and atresia: role of apoptosis. Biol Signals Recept. 2000;9(2):87–95.

 47. Wang L, Tang J, Wang L, Tan F, Song H, Zhou J, et al. Oxidative stress in 
oocyte aging and female reproduction. J Cell Physiol. 2021;236(12):7966–83.

 48 Naveed M, Phil L, Sohail M, Hasnat M, Baig M, Ihsan A, et al. Chitosan oligo‑
saccharide (COS): An overview. Int J Biol Macromol. 2019;129:827–43.

 49. Yang Z, Hong W, Zheng K, Feng J, Hu C, Tan J, et al. Chitosan Oligosaccha‑
rides Alleviate H(2)O(2)‑stimulated Granulosa Cell Damage via HIF‑1alpha 
Signaling Pathway. Oxid Med Cell Longev. 2022;2022:4247042.

 50. Xie Q, Hong W, Li Y, Ling S, Zhou Z, Dai Y, et al. Chitosan oligosaccharide 
improves ovarian granulosa cells inflammation and oxidative stress in 
patients with polycystic ovary syndrome. Front Immunol. 2023;14:1086232.

 51. Jiang L, Wang Y, Wei X, Yang L, Liu S, Wang Y, et al. Improvement in 
phenotype homeostasis of macrophages by chitosan nanoparticles and 
subsequent impacts on liver injury and tumor treatment. Carbohydr Polym. 
2022;277:118891.

 52. Sheng W, Qin H, Wang T, Zhao J, Fang C, Zhang P, et al. Advanced 
phosphocreatine‑grafted chitosan hydrogel promote wound healing by 
macrophage modulation. Front Bioeng Biotechnol. 2023;11:1199939.

 53. Ferraretti AP, La Marca A, Fauser BC, Tarlatzis B, Nargund G, Gianaroli L, 
et al. ESHRE consensus on the definition of “poor response” to ovarian 
stimulation for in vitro fertilization: the Bologna criteria. Hum Reprod. 
2011;26(7):1616–24.

 54. Lundy T, Smith P, O’Connell A, Hudson NL, McNatty KP. Populations 
of granulosa cells in small follicles of the sheep ovary. J Reprod Fertil. 
1999;115(2):251–62.

 55. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif‑
ferential expression analyses for RNA‑sequencing and microarray studies. 
Nucleic Acids Res. 2015;43(7): e47.

 56. Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York: Springer‑
Verlag; 2016.

 57 Gu Z. Complex heatmap visualization. iMeta. 2022;1(3):e43.
 58. Chen B, Khodadoust M, Liu C, Newman A, Alizadeh AJMimb. Profiling Tumor 

Infiltrating Immune Cells with CIBERSORT. 2018;1711:243‑59
 59. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing 

biological themes among gene clusters. OMICS. 2012;16(5):284–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.22203/ecm.v024a10
https://doi.org/10.3390/polym15132867
https://doi.org/10.3390/polym15132867

	Chitosan alleviates ovarian aging by enhancing macrophage phagocyte-mediated tissue homeostasis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Results
	Ovary undergoes aging at an earlier stage compared with the liver and uterus
	Age-associated decline in ovarian function correlates with elevated expression of inflammatory factors
	Enhanced oxidative stress and apoptosis in aging granulosa cells
	The ovarian immune milieu is altered with aging
	Aging leads to the decline of ovarian macrophages phagocytosis
	Low molecular weight Chitosan (LMWC) alleviates ovary senescence via promoting macrophages phagocytosis

	Discussion
	Conclusions
	Methods
	Human follicular fluid (FF) collection
	Animals
	Senescence-associated beta-galactosidase (SA-β-gal) staining
	Immunohistochemistry (IHC)
	Apoptosis assay
	Histological examinations and follicle counts
	Real-time quantitative polymerase chain reaction (RT-qPCR)
	Immunofluorescence staining
	Detection of reactive oxygen species (ROS)
	Mitochondrial Membrane Potential (MMP) Assay
	Flow cytometry (FCM)
	Phagocytosis assay
	Transcriptomics analysis
	Statistical analysis

	Acknowledgements
	References


