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A B S T R A C T   

Accumulating oxidative damage is a primary driver of ovarian reserve decline along with aging. However, the mechanism behind the imbalance in reactive oxygen 
species (ROS) is not yet fully understood. Here we investigated changes in iron metabolism and its relationship with ROS disorder in aging ovaries of mice. We found 
increased iron content in aging ovaries and oocytes, along with abnormal expression of iron metabolic proteins, including heme oxygenase 1 (HO-1), ferritin heavy 
chain (FTH), ferritin light chain (FTL), mitochondrial ferritin (FTMT), divalent metal transporter 1 (DMT1), ferroportin1(FPN1), iron regulatory proteins (IRP1 and 
IRP2) and transferrin receptor 1 (TFR1). Notably, aging oocytes exhibited enhanced ferritinophagy and mitophagy, and consistently, there was an increase in 
cytosolic Fe2+, elevated lipid peroxidation, mitochondrial dysfunction, and augmented lysosome activity. Additionally, the ovarian expression of p53, p21, p16 and 
microtubule-associated protein tau (Tau) were also found to be upregulated. These alterations could be phenocopied with in vitro Fe2+ administration in oocytes 
from 2-month-old mice but were alleviated by deferoxamine (DFO). In vivo application of DFO improved ovarian iron metabolism and redox status in 12-month-old 
mice, and corrected the alterations in cytosolic Fe2+, ferritinophagy and mitophagy, as well as related degenerative changes in oocytes. Thereby in the whole, DFO 
delayed the decline in ovarian reserve and significantly increased the number of superovulated oocytes with reduced fragmentation and aneuploidy. Together, our 
findings suggest that aging-related disturbance in ovarian iron homeostasis contributes to excessive ROS production and that iron chelation may improve ovarian 
redox status, and efficiently delay the decline in ovarian reserve and oocyte quality in aging mice. These data propose a novel intervention strategy for preserving the 
ovarian reserve function in elderly women.   

1. Introduction 

The ovary is one of the organs that exhibit early-onset aging-asso
ciated dysfunction in human [1]. Ovary aging is characterized by de
creases in follicle number and oocyte quality, primarily due to the 
gradual deterioration of the redox stress status in the ovarian microen
vironment [2]. The immediate oocyte microenvironment consists of the 
surrounding cells, the extracellular matrix, and signaling molecules, 
including hormones, growth factors, and metabolic products [3]. The 
effects and molecular mechanisms of microenvironmental changes on 
oocyte quality during ovarian aging remain unclear and deserve more 
in-depth study. 

Oxygen free radicals are a high-activity pro-oxidation group of 
molecules produced during aerobic metabolism, including reactive ox
ygen species (ROS) and reactive nitrogen species (RNS). Under normal 

physiological conditions, ROS are indispensable for ovarian follicle 
development and ovulation, however, uncontrolled ROS production can 
provoke oxidative stress effects, and usually participate in the occur
rence and development of certain diseases, including a series of repro
ductive diseases, such as endometriosis and polycystic ovary syndrome 
[4–6]. ROS is considered as a key mechanism of ovarian aging, and is 
highly associated with spindle instability, chromosomal abnormalities, 
telomere shortening, biomacromolecular damage and reduced devel
opmental competence in aging oocytes [7,8]. Currently, there is a 
pressing need to understand the upstream source of ROS in the ovarian 
microenvironment and to develop therapeutic measures tackling 
ovarian aging. 

Dysregulated iron homeostasis is a hallmark of human aging, and is 
associated with an increased risk of many age-related diseases, such as 
cancers, cardiovascular, cerebrovascular and neurodegenerative 

☆ This study was supported by grants from National Natural Science Foundation of China (82071641 and 81671454) and Natural Science Foundation of Beijing, 
China (7242003 and 7222002). 

* Corresponding author. Department of Histology and Embryology, School of Basic Medical Sciences, Capital Medical University, 10 XiTouTiao, Youanmen, Beijing 
100069, China. 

E-mail address: mawei1026@ccmu.edu.cn (W. Ma).  

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2024.103195 
Received 18 April 2024; Received in revised form 12 May 2024; Accepted 15 May 2024   

mailto:mawei1026@ccmu.edu.cn
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2024.103195
https://doi.org/10.1016/j.redox.2024.103195
https://doi.org/10.1016/j.redox.2024.103195
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Redox Biology 73 (2024) 103195

2

disorders, and in principle, all these physiological and pathological 
processes are closely related to oxidative stress-induced cellular dam
ages [9,10]. It has been widely accepted that iron overload frequently 
brings about high levels of cellular free divalent iron (Fe2+), which 
usually stimulates the Fenton reaction, producing highly oxidative 
radicals, mainly the hydroxyl radical (•OH). ROS overproduction 
heavily consumes the cellular antioxidant capacity, including the ac
tivity of glutathione peroxidase 4 (GPX4), and thus enhances the per
oxidation of polyunsaturated fatty acid (PUFA) in cells, ultimately 
leading to ferroptosis, a non-apoptotic iron-dependent form of cell death 
[11,12]. 

Cells establish a delicate balance between iron availability and 
storage, which is accomplished through the orchestrated action of a 
network of proteins involved in iron transport, import, export, storage, 
and a host of additional iron homeostasis regulatory circulating and 
intracellular proteins [13]. Most ferric ions (Fe3+) in the plasma are 
loaded on transferrin (TF), and the TF - Fe3+ complex is delivered into 
cells under the facilitate of transferrin receptor 1 (TFR1). After the iron 
is dissociated, TFR1 is recycled to the surface of the cell membrane, and 
ferric ions are reduced back to ferrous ions (Fe2+), which are transported 
and released via metal-ion transporter 1 (DMT1) in the proton coupling 
model [14]. Free iron is either utilized in metabolic processes, such as 
the synthesis of hemoglobin and Fe–S cluster or sequestered in the 
cytosolic ferritin, including ferritin heavy chain (FTH), ferritin light 
chain (FTL) and mitochondrial ferritin (FTMT), serving as a cellular iron 
store [15]. Excess iron can be exported from the cell via ferroportin 1 
(FPN1) [16,17]. The expression/translation of iron-related genes 
mentioned above is post-transcriptionally regulated by iron regulatory 
proteins 1 and 2 (IRP1 and IRP2), which sense cellular iron concentra
tion [14,18]. Ferritin level is also regulated by autophagic degradation, 
a process mediated by nuclear receptor coactivator 4 (NCOA4), and 
known as ferritinophagy [16]. In addition, heme oxygenase-1 (HO-1) 
catalyzes the first and rate-limiting enzymatic step of heme degradation, 
producing carbon monoxide, biliverdin, and free iron, thereby involving 
iron homeostasis maintenance [19]. All the above proteins interact 
synergistically to maintain a dynamic iron homeostasis in cells under 
physiological conditions. As reported, these proteins become disordered 
in expression and function during aging, and are associated with 
age-related neurodegenerative diseases and neurotoxic ferric iron de
posits [20]. Iron chelators such as deferoxamine (DFO) can reduce the 
availability of iron by chelating non-transferrin bound iron (free iron), 
iron in transit between transferrin and ferritin (labile chelating iron 
pool), hemosiderin and ferritin. Such agents are proven to reduce 
cellular iron uptake and limit ROS production, exhibiting therapeutic 
value in diabetes, neurodegenerative and neurovascular diseases [21]. 

After puberty, the ovaries present periodic follicular development, 
ovulation and luteinization [22]. Essentially, it means repeated process 
of vascular establishment, rupture, and bleeding along female repro
ductive life [23]. Particularly, the corpus luteum is one of the most 
vascularized organs in the body, it undergoes extremely rapid cellular 
and vascular changes during luteal establishment and degeneration 
[24]. For this reason, the ovary itself is a hemin-rich microenvironment, 
thereby the follicles may live in an iron overload condition. However, to 
our knowledge, no study has examined the changing pattern of iron 
metabolism in aging ovaries, especially the local iron status, and protein 
changes related to iron storage, transportation and distribution at organ 
and cell levels. So far there lacks a complete description about the exact 
relationship of ovarian iron status with the local ROS accumulation and 
the decline in oocyte quality and quantity, not to mention any inter
vention strategy on iron metabolism to improve fertility in elderly 
women. Here we found the iron regulatory network becomes disordered 
and iron content is highly elevated in mouse aging ovaries, free Fe2+

level is increased by elevated ferrinophagy and is closely associated with 
oxidative stress and degenerative changes in oocytes, these degenerative 
trends can be greatly alleviated by the iron chelating agent. These data 
imply that excessive iron accumulation is surely associated with ovary 

aging, and iron-chelating may be a feasible intervention strategy. 

2. Material and methods 

2.1. Animals 

The animal experiment protocols were approved by the Animal Care 
and Use Committee of Capital Medical University, and carried out 
following the Administration Regulations on Laboratory Animals of 
Beijing Municipality. The female Balb/c mice aged at 2 months and 6 
months, and retired breeding mice at age of 8 months were obtained 
from Vital-River Experimental Animal Technology, Co, Ltd. (Beijing, 
China). Some retired breeding 8 months Balb/c mice were from our 
research group. All the aging mice were raised for 4 months before 
conducting experiments. All mice were housed and fed in a temperature- 
controlled room with a 12 h light-dark cycle and free access to food and 
water. For iron chelation with Deferoxamine (DFO) in vivo, 12-month- 
old mice were injected intraperitoneally with DFO (HY–B0988, MCE) 
at 100 mg/kg body weight at 16:00 o’clock every day for 14 consecutive 
days. Mice injected with the same volume of phosphate buffer saline 
(PBS) were used as control. 

2.2. Estrous cycle detection 

All females underwent estrous cycle monitoring between 9:00 and 
10:00 o’clock in the morning, by analyses of vaginal smears. Briefly, 10 
μl of saline was injected into the vagina and recollected by suction 3 
times, then smeared on a slide, and dried in air. The smear was fixed 
with 95 % ethanol and processed for hematoxylin-eosin staining. All 
mice involved in ovarian level testing have undergone estrus cycle 
testing, and only the mice in the dioestrum were used for further 
analysis. 

2.3. Hematoxylin-eosin (HE) staining and ovary follicle counting 

HE was carried out to identify ovarian structure and developing 
follicles. Mice were perfused with 4 % paraformaldehyde, bilateral 
ovaries were extracted in normal saline and fixed in 4 % para
formaldehyde, then dehydrated and embedded in paraffin. Paraffin- 
embedded tissues were consecutively cut into slices with a thickness 
of 4 μm. The slices were dewaxed by dimethylbenzene after 1 h of 
heating at 60 ◦C, and immersed in absolute alcohol, 95 % alcohol, 85 % 
alcohol, and 75 % alcohol, respectively, for 5 min each. After being 
processed with the HE staining procedure, the slices were dehydrated by 
gradient alcohol and xylene, and finally mounted. 

The follicle stages were classified according to Pederson’s standard 
[25]. n brief, a primordial or primary follicle is composed with an oocyte 
surrounded by a single layer of flattened or cubical granulosa cells; a 
secondary follicle consists of an oocyte and more than one layer of 
cuboidal granulosa cells with no visible antrum; an antral follicle refers 
to a follicle possessing a clearly antral space containing follicular fluid. 
For the follicle count, each follicle was tracked consecutively, from the 
appearance of the follicle to the observation of the oocyte nucleus and 
then to the disappearance of the follicle, which was counted as a follicle. 

2.4. Prussian blue staining and masson staining analysis and scoring 

As described in the above steps, the dewaxed slices of ovarian tissue 
were processed for Prussian blue staining (G1424, Solarbio) and Masson 
staining (G1346, Solarbio), according the instructions introduced by the 
manufacturer. After dehydrated by gradient alcohol and xylene, the 
slices were mounted and analyzed with an automatic Slide Scanner. The 
percentage of Prussian blue and Masson positive areas was calculated by 
IHC Toolbox of Image J software (Image J). 
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2.5. Immunohistochemistry analysis and scoring 

After repaired with sodium citrate at high temperature and pressure, 
the ovarian tissue slices were blocked with normal goat serum for 1 h 
and then incubated in primary antibodies to 4-HNE or 8-OHdG, specific 
antibody information is shown in the supplement, at 4 ◦C overnight. 
After washed with PBS 3 times, the slices were treated with horseradish 
peroxidase-conjugated secondary antibodies for 1 h at room tempera
ture, and then followed by color-reaction with a DAB visualization kit 
(ZLI-9017, ZSGB), and nucleus labeling with hematoxylin. After that the 
slices were dehydrated, mounted and analyzed as mentioned above. 

2.6. Oocyte collection and culture 

Female mice were euthanatized with CO2 at 44–48 h after intra
peritoneal administration of 10 IU pregnant mare serum gonadotropin 
(PMSG, Ning Bo Second Hormone Factory). The ovaries were isolated 
and transferred into Hepes-buffered Minimum Essential Medium 
(HEPES-MEM), and cumulus-oocyte complexes (COCs) were released 
from the ovarian follicles punctured using 25-gauge needles. COCs were 
cultured in MEM with 3 mg/ml bovine serum albumin (BSA, Sigma) and 
10 % fetal bovine serum (FBS, Gibco), in an incubator with 5 % CO2 and 
saturated humidity at 37 ◦C. After cultured for 8 h, corresponding to the 
meiotic stage at metaphase I (MI), the surrounding cumulus cells were 
removed by gentle pipetting, and the denuded oocytes were collected for 
further analysis. To collect ovulated MII oocytes, 10 IU human chorionic 
gonadotrophin (hCG, Ning Bo Second Hormone Factory) was adminis
tered via intraperitoneal injection at 44–48 h after PMSG treatment. At 
14 h after hCG injection, the mice were sacrificed with CO2, and the 
oviducts were removed from each mouse. COCs were released in HEPES- 
MEM by puncturing the oviducts under a microscope. MII oocytes were 
derived from the surrounding cumulus cells by a short incubation in 0.1 
% hyaluronidase (H3506, Sigma) and selected for counting and further 
use. 

2.7. Treatment of ammonium iron (II) sulfate hexahydrate (FAS) and 
deferoxamine (DFO) 

FAS (BCCC7977, Sigma-alorich) and DFO (HY–B0988, Medche
mexpress) were dissolved in MEM. GV oocytes from 2-month-old mice 
were incubated with 3000 μM FAS or 3000 μM FAS +3000 μM DFO for 6 
h, and then collected for live cell fluorescence detection. Similarly, GV 
oocytes from 12-month-old mice were treated with 3000 μM DFO in 
MEM for 6 h or 16 h, and then processed for analysis. 

2.8. Inductively coupled plasma-mass spectrometry (ICP-MS) 

In order to assay iron content in ovarian tissue of naturally aging 
mice, the ovaries were harvested from mice at the age of 2 months, 6 
months, 12 months and 18 months, respectively. Tissues of liver and 
hippocampus were also collected in the same chronological order, and 
used as parallel controls. After thoroughly rinsed off the blood in PBS 
and suck dry with absorbent paper, the tissues were weighed and 
measured, and nitrated with nitric acid (3 ml) and hydrogen peroxide (1 
ml) in a microwave accelerated reaction/digestion system (MARS5, 
CEM). The sample solution was titrated to 8–10 ml. Similar measure
ments were also carried out in tissues of the hippocampus and livers for 
use as parallel controls. Forty denuded oocytes were stored in 1 ml ul
trapure water, and nitrated with nitric acid (1 ml) for 1 h at 80 ◦C. The 
oocyte sample solution was titrated to 5 ml. After building the curve of 
the fitting standard (GSB 04-1767-20041), the samples were injected 
into the ICP-MS instrument (8800, Agilent) for iron content 
determination. 

2.9. Western blot (WB) 

80-150 denuded oocytes in each sample were collected in Laemmli 
sample buffer (1610737, Bio-Rad) supplemented with protease inhibitor 
cocktail (P2714, Sigma), and boiled for 10 min. For ovarian tissue 
samples, the unilateral ovary of a mouse was placed in 50–80 μl RIPA 
Lysis Buffer (Beyotime Biotechnology) containing protease inhibitors 
and phosphatase inhibitors (Roche) and disrupted with a grinder 
(Tiangen). The BCA method was used to determine supernatant protein 
concentrations. Then the prepared protein solution was mixed with 5X 
loading buffer, and boiled for 10 min. The proteins were separated on 
10 % SDS-PAGE and blotted to PVDF membranes (IPVH00010, Milli
pore) at a current of 250 mA for 1.5 h. The membranes were blocked in 
5 % fat-free milk in Tris-buffered saline (TBS) containing 0.1 % Tween- 
20 (TBST) for 1 h at room temperature, and then incubated overnight at 
4 ◦C in diluted primary antibodies. Specific antibody information is 
shown in the supplement table1. After washing three times with TBST 
for 20 min each, the membranes were treated in horseradish peroxidase- 
conjugated secondary antibodies for 1 h at room temperature. After 
thorough washing, the bands were visualized with an enhanced chem
iluminescence system (E412-01, Vazyme) and imaged with Bio-Rad gel 
imager. The blots were processed for semiquantitative grayscale analysis 
using Image J software. 

2.10. Detection of cellular catalytic Fe2+, lysosome and mitochondria 

Catalytic Fe2+, lysosome and mitochondria were detected with a 
fluorescent turn-on probe, FeRhonox-1 (FerroFarRed, Goryo Chemical), 
LysoTracker Green (Beyotime Biotechnology) and MitoTracker Red 
(Beyotime Biotechnology), respectively, as previously described [26]. 
The denuded oocytes were incubated for 1 h at 37 ◦C in MEM with 20 μM 
FeRhonox-1, 2 μM LysoTracker Green, 600 nM MitoTracker Red and 20 
nM Hoechst. After being washed, the oocytes were settled in fresh M2 
medium and examined with a Confocal microscope (TCS SP8, Leica). 
The excitation/emission used for FeRhonox-1, LysoTracker, Mito
Tracker and Hoechst probes were 633/670, 504/511, 579/599 and 
350/461 nm, respectively. Signal intensity was further analyzed with 
Image J Software. 

2.11. Detection of cellular ROS 

The denuded oocytes were labeled with 10 μM dichlorofluorescein 
diacetate (DCFH-DA) green, 600 nM MitoTracker Red (Beyotime 
Biotechnology) and 20 nM Hoechst in MEM for 30 min at 37 ◦C. After 
carefully washing and settling in fresh M2 medium, the oocytes were 
observed with a confocal microscope (TCS SP8, Leica). The excitation/ 
emission used for ROS, MitoTracker and Hoechst probes were 504/511, 
579/599 and 350/461 nm, respectively. The intensity of each fluores
cence signal was analyzed with Image J Software. 

2.12. Annexin-V staining 

For the detection and quantification of apoptosis activity, the 
denuded oocytes were processed with the Annexin-V staining kit, ac
cording to the manufacturer’s instruction (Beyotime Biotechnology). 
Briefly, the oocytes were incubated with 180 μl of binding buffer con
taining 20 μl of Annexin-V-FITC and 20 nM Hochest for 30 min at 37 ◦C. 
The oocytes were washed and settled in M2 medium, followed by 
observation and photograph with a confocal microscope (880, ZEISS). 
The excitation/emission used for Annexin-V and Hoechst probes were 
504/511 and 350/461 nm, respectively. The signal intensity of Annexin- 
V was analyzed with Image J software. 

2.13. Mitochondrial membrane potential 

Mitochondrial membrane potential was assessed by JC-1 (HY-15534, 
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MCE), a fluorescent lipophilic carbocyanine dye. The denuded oocytes 
were co-stained with 400 nM JC-1 and 20 nM Hoechst in MEM for 30 
min at 37 ◦C. After proper washing, the oocytes were placed in fresh M2 
medium, then observed and photographed with a confocal microscope 
(880, ZEISS). JC-1 fluoresces green as a monomer and demonstrates 
potential-dependent accumulation in the mitochondria causing J- 
aggregate formation within polarized mitochondria and red fluores
cence. A decrease in J-aggregates produces a red (≈590 nm) to green 
(≈529 nm) fluorescence emission shift and indicates mitochondrial 
depolarization. The signal intensity of the oocytes was analyzed with 
Image J software for the determination and comparison of red:green 
ratio. 

2.14. Anti-müllerian hormone (AMH) enzyme-linked immunosorbent 
assay 

The mouse blood collected from the heart was placed at room tem
perature for 2 h, then centrifuged at 3000 g for 20 min, the supernatant 
was harvested and processed for serum AMH measurement with an 
ELISA kit (E-EL-M3015, Elabscience Biotechnology), according to the 
manufacturer’s protocol. The relative value was determined by Synergy 
H4 Hybrid Reader (BioTek). 

2.15. Chromosomal spreading 

MII oocytes without cumulus cells were gotten rid of zona pellucida 
by 2-min soak in acid Tyrode’s solution (T1788, Sigma) at 37 ◦C [27]. 
After a short recovery in pre-warmed HEPES-MEM, the oocytes were 
transferred into 20 μl hypotonic fixative (1 % PFA with 0.1 % Triton 
X-100 in distilled water) on glass slides. The cells were dilated, ruptured, 
and finally disintegrated on slides. The slides were air-dried at room 
temperature and stored at − 20 ◦C before use. Prior to 1 h blocking in 1 % 
BSA, slides were immersed in adequate PBS to wash off salts mixed in the 
chromosome samples [28,29]. The samples were immune-stained with 
human centromere auto serum (CREST) (1:100; 90C-CS1058, Fitzger
ald) and counterstained with mounting medium containing DAPI, then 
analyzed with ZEISS microscopic system and Image J software as stated 
above. 

2.16. Immunofluorescence 

Denuded oocytes were fixed in 1 % paraformaldehyde (PFA) in PEM 
buffer (100 mM Pipes, 1 mM MgCl2, and 1 mM EGTA, pH 6.9) with 0.5 % 
Triton X-100 for 1 h at room temperature. After washed in PBST 
(phosphate-buffered saline with 0.02 % Triton X-100) 3 times, the oo
cytes were blocked in PBS containing 10 % normal goat serum and 1 % 
BSA, then incubated in diluted mouse monoclonal anti-acetylated 
tubulin (1:5000; T7451, Sigma) at 4 ◦C, overnight. After thoroughly 
washed in PBST, the oocytes were labeled with anti-mouse Alexa-488 
(1:500; Molecular Probes) in the dark for 60 min at room temperature, 
then washed and mounted on slides with anti-fade mounting medium 
containing DAPI (H-1200, Vector Laboratories). The samples were 
examined using a fluorescent ZEISS microscope, and images were 
analyzed by using Image J software. 

2.17. Statistical analysis 

The results are presented as the mean ± SEM of three replicates at 
least. Student’s t-test was used to analyze the differences between two 
groups. Whereas, the One-way ANOVA tests followed by Tukey’s mul
tiple comparisons test or Kruskal-Wallis multiple comparisons test were 
used for the comparisons between multiple groups. P < 0.05 was 
considered statistically significant, in each of the statistical tests. The 
statistical data were obtained using the Prism software package (version 
6.0). 

3. Results 

3.1. Increasing iron content in aging mouse ovaries and oocytes 

Histochemical staining and follicle counting demonstrated that the 
number of follicles at all levels decreases in ovaries with the female mice 
aging (Fig. 1A and B). The absolute content of iron in ovaries continu
ously increased along with mouse age, and the value was substantially 
higher in mice aged at 12 months and 18 months than at 2 months and 6 
months, with the peak level at 18 months (Fig. 1C). Similarly, an 
increasing trend of iron content was also detected in hippocampus and 
livers with mouse aging, and statistically higher at 12 months and 18 
months in hippocampus, and at 12 months in liver sample. When 
comparing 12-month-old samples with 2-month-old ones, the increase 
of iron content was obviously higher in ovaries (71.1 %) than hippo
campus (31.6 %) and liver (47.2 %), with more significant difference 
between the ovaries and hippocampus. As showed in Fig. 1D, iron level 
in oocytes was greater elevated in mice aged at 12 months than 2 
months. Together, these data clearly indicate there is increasing iron 
accumulation in ovaries and oocytes during mouse natural aging. 

3.2. Disturbed iron metabolism regulation and elevated aging indexes in 
ovaries 

Western blot procedure was conducted to assess any possible 
changes in the regulating system of iron homeostasis, including iron 
uptake, output, intracellular transportation and storage. As showed in 
Fig. 2, the protein levels of FTH, FTL and FTMT, responsible for iron 
storage, were substantially higher in the ovaries of mice aged at 12 
months than at 2 months (Fig. 2 A line 1–3, D- F). In the same way, the 
levels of DMT1, which is in charge of intracellular iron transport, and 
FPN1, the cellular iron exporter, showed an increasing trend with age 
(Fig. 2 A line 4–5, G- H). TFR1, which is responsible for iron uptake from 
serum, was significantly reduced at 6 months and 12 months (Fig. 2 A 
line 6, I). The expression of heme oxygenase-1 (HO-1), which breaks 
heme down into ferrous iron, carbon monoxide and biliverdin [30], was 
apparently upregulated at 6 months and 12 months when compared 
with that at 2 months (Fig. 2 B line 1, J). In addition, the levels of IRP2 
were prominently reduced from 6 months to 12 months, IRP1 seems to 
be following a similar trend (Fig. 2 B line 2–3, K- L). The protein level of 
NCOA4, which seizes ferritin protein from binding to Fe2+, was 
enhanced outstandingly as early as 6 months, and remained high up to 
12 months (Fig. 2 B line 4, M). Along with iron rise, there exhibited a 
growing tendency in the protein expression of p53, p21, p16 and Tau 
(Fig. 2C line 1–4, N-Q), which are typical markers of senescence and 
cellular degeneration, and associated with dysfunctional iron meta
bolism [31,32]. Unexpectedly, no significant changes were detected in 
GPX4 expression in the ovaries of mice at different ages (Fig. 2C line 5, 
R). 

3.3. Oocyte quality decline with age is associated with iron homeostasis 
disturbance 

For further analysis about iron metabolic changes in oocytes, West
ern blot was employed in oocytes from mice aged at 2 months and 12 
months. As showed in Fig. 3, the critical iron storing protein FTH was 
substantially decreased in oocytes at 12 months (Fig. 3 A line 1, E), 
completely different from its increasing trend in the whole ovary tissue, 
but at the same time, FTL and FTMT were markedly increased (Fig. 3 A 
line 2–3, F- G). Apparently, DMT1 and FPN1 were also upregulated 
while TFR1 was downregulated in aging oocytes (Fig. 3 B line 1–3, H- J), 
this pattern is similar with that in ovaries. Unlike the simultaneous 
downregulation of IRP1 and IRP2 in aging ovaries, only IRP2 was 
significantly decreased but IRP1 was pronouncedly increased in aging 
oocytes (Fig. 3 B line 4–5, K- L). Moreover, NCOA4 and autophagic 
protein LC3-II were dramatically elevated while Beclin1 and SQSTM1 
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remained pretty stable in oocytes at 12 months (Fig. 3C line 1–4, M − P). 
In addition, the level of malondialdehyde (MDA) was also significantly 
increased (Fig. 3 D line 1, Q), suggesting an up-regulation of lipid per
oxidation in oocytes. Beyond expectation, the key antioxidant molecule 
mitochondrial superoxide dismutase (SOD2) [33] was up-regulated 
while GPX4 and Peroxiredoxin (PRX) [28] were not changed much in 
aging oocytes (Fig. 3 D line 2–4, R- T), it showed that the cellular 

antioxidant capacity was still not exhausted by ROS. What’s more, the 
mitochondrial fusion protein mitofusin-1 (MFN1) exhibited no signifi
cant changes (Fig. 3 D line 5, U), indicating no catastrophic changes in 
the outer mitochondrial membrane fusion dynamics [34]. 

Furthermore, we observed changes in organelles changes in oocytes 
through live cell imaging. As illustrated by live cell imaging, the total 
fluorescent intensity of Fe2+ signal was significantly higher in aging 

Fig. 1. The decrease in ovarian follicle number and increase in ovarian iron content during mice natural aging. The iron content in mouse ovary, hippocampus, liver 
and oocytes was detected by inductively coupled plasma mass spectrometry (ICP-MS). A. Representative images of ovarian HE staining section of 2, 6, 12 months 
group mice. The arrows point to: (a). Antral follicle; (b). Secondary follicle; (c). Primary follicles; (d). Primordial follicle; (e). Atretic follicle. (n = 3). Scale bar = 20 
μm. B. Statistical analysis of the number of follicles at each level in ovarian HE staining section of 2, 6, 12 months group mice. C. Iron content per gram in ovary, 
hippocampus and liver in mice at age of 2, 6, 12 and 18 months. (n = 8/group). D. The average iron content in oocyte of mice at age of 2, 6, 12 months. (2 m: 0.8663 
± 0.07412, 6 m: 0.8736 ± 0.03956, 12 m: 1.329 ± 0.2243; n = 280/group). Data were presented as mean ± SEM of at least three times independent experiments. *P 
< 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. 
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oocytes when labeled with FeRhonox-1 (Fig. 4 A- B). This indicates 
enhanced amount of free Fe2+ in cytosolic area, logically consistent with 
the higher total iron and lower FTH in aging cells. The purple Fe2+ signal 
was mainly aggregated in the area surrounding the speculative spindle 
and also presented as dots across the cytoplasm, and some dots were 
colocalized with lysosomes, which were labeled with LysoTracker probe 
in green. The dot-like signal of both Fe2+ and lysosomes were simulta
neously increased in size and number in aging oocytes (Fig. 4 A, C). The 
colocalization feature implies the cytosolic Fe2+ may be mainly sourced 
from lysosomal breakdown of FTH along ferritinophagic flux. Fe2+

signal was also colocalized with mitochondria in the area around the 
speculative spindle, a limited number of dot-like Fe2+ signal was also 
overlapped with mitochondria in the cytoplasmic area. Obviously, in 

aging oocytes, mitochondrial structure is more dispersed and the num
ber of dot- and patch-like clusters of mitochondria were increased in 
cytoplasm, which were overlapped by Fe2+ signal (Fig. 4 A, D- E). Sta
tistics further confirmed increased Fe2+ signal on mitochondria and 
lysosome in aging oocytes (Fig. 4 F- G). 

Additionally, the level of ROS, as labeled with DCFH-DA, was 
significantly enhanced in oocytes at 12 months, which was colocalized 
with the red signal of mitochondria probed with MitoTracker (Fig. 5 A- 
B), suggesting an up-regulation of mtROS. During JC-1 detection, the 
intensity ration of red/green fluorescent signal was dramatically 
reduced in aging oocytes (Fig. 5 C- D), clearly indicating a decrease in 
mitochondrial membrane potential, a landmark event in the early stage 
of cell apoptosis. This was further confirmed by the elevated signal of 

Fig. 2. Dynamic changes of iron metabolic proteins in natural aging ovaries. A. Western blot analysis of FTH, FTL, FTMT, DMT1, FPN1 and TFR1 in the ovaries from 
mice at age of 2, 6, 12 months. B. Western blot analysis of HO-1, IRP1, IRP2 and NCOA4 in the ovaries from mice at age of 2, 6, 12 months. C. Western blot analysis of 
p53, p21, p16, Tau and GPX4 in the ovaries from mice at age of 2, 6, 12 months. D-R. Statistical analysis of difference in protein levels of FTH, FTL, FTMT, DMT1, 
FPN1, TFR1, HO-1, IRP1, IRP2, NCOA4, p53, p21, p16, Tau and GPX4 in the ovaries from mice at age of 2, 6 and 12 months. (n = 8). Total proteins values were 
compared to the 2 months. Data were presented as mean ± SEM of at least three times independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005, ****P 
< 0.001. 
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Fig. 3. Changes in protein expression relevant to iron metabolism, autophagy and oxidative stress in natural aging oocytes. A. Western blot analysis of FTH, FTL and 
FTMT in the oocytes from mice at age of 2 and 12 months. B. Western blot analysis of DMT1, FPN1, TFR1, IRP1 and IRP2 in the oocytes from mice at age of 2 and 12 
months. C. Western blot analysis of NCOA4, LC3, SQSTM1 and Beclin1 in the oocytes from mice at age of 2 and 12 months. D. Western blot analysis of MDA, SOD2, 
GPX4, PRX and MFN1 in the oocytes from mice at age of 2 and 12 months. E-U. Statistical analysis of difference in protein levels of FTH, FTL, FTMT, DMT1, FPN1, 
TFR1, IRP1, IRP2, NCOA4, LC3 II, SQSTM1, Beclin1, MDA, SOD2, GPX4, PRX and MFN1 in the oocytes from mice at age of 2 and 12 months. (n = 3–5). Total proteins 
values were compared to the 2 months, which was normalized to 1.0. Data were presented as mean ± SEM of at least three times independent experiments. *P <
0.05, **P < 0.01, ****P < 0.001. 
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Fig. 4. Fe2+ accumulation in mitochondria and lysosome in aging oocytes. A. Representative images of LysoTracker, MitoTracker and FeRhonox-1 signal in the 
oocytes at age of 2 and 12 months. Hochest was showed in blue, Lysotracker was showed in green, Mitotracker was showed in red, FeRhonox-1 was showed in purple. 
(a) and (b) were enlarged diagram of marked square in representative images. (c) was enlarged diagram of arrow pointed coincident point in representative images. 
Scale bar = 10 μm. B-D. Relative fluorescence intensity of LysoTracker, MitoTracker and FeRhonox-1 signal in the oocytes of 2 and 12 months. (n = 35–46). E. 
Statistical analysis of mitochondrial clustering index in the oocytes of 2 and 12 months. (n = 28–29). F. Statistical analysis of spearman’s rank correlation value (ρ) of 
co-location between FeRhonox-1 with LysoTracker or Mitotracker in the oocytes of 2 and 12 months. (n = 38–48). G. Statistical analysis of co-localization migration 
rate of Fe2+ from mitochondria to lysosomes. The formula for calculation is as follows: ρ (co-location between FeRhonox-1 and LysoTracker)/ρ (co-location between 
feRhonox-1 and MitoTracker). (n = 37–47). Three 2-month-old mice and six 12-month-old mice were used in this experiment. Data were presented as mean ± SEM of 
at least three times independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. 
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Annexin V across the membrane in oocytes of 12-month-old mice (Fig. 5 
E− G). Western blot analysis revealed γH2AX level was significantly 
increased in aging cells, confirming the DNA damage was enhanced 
(Fig. 5 H– I). 

We further conducted in vitro experiments to verify Fe2+ impact on 

oocytes. Ferrous ammonium sulfate (FAS) was used as Fe2+ donor [35]. 
GV oocytes from 2-month-old mice were incubated in 3000 μM FAS for 
6 h, and then processed with fluorescent probes and live cell imaging. As 
showed in Fig. 6, the signal of Fe2+ (FeRhonox-1, purple) was pro
nouncedly increased across the cytoplasm in FAS-treated oocytes while 

Fig. 5. The aging oocytes exhibit high ROS, early apoptosis and DNA damage. A. Representative images of DCFH-DA and MitoTracker signal in the oocytes at age of 
2 and 12 months. DCFH-DA was showed in green, MitoTracker was showed in red. Scale bar = 10 μm. B. Relative fluorescence intensity of DCFH-DA signal in the 
oocytes at age of 2 and 12 months. (n = 30–36). C. Representative images of JC-1 signal in the oocytes at age of 2 and 12 months. JC-1/monomers were showed in 
green; JC-1/aggregates were showed in red. Scale bar = 10 μm. D. Relative fluorescence intensity of JC-1 red/green in the oocytes at age of 2 and 12 months. (n =
29–49). E. Representative images of Annexin V signal in the oocytes at age of 2 and 12 months. Scale bar = 10 μm. F. Relative fluorescence intensity of Annexin V 
signal in the oocytes at age of 2 and 12 months. Annexin V was showed in green. (n = 31–33). G. Fluorescence intensity profiling of phalloidin in representative 
images. Lines were drawn through the oocytes, and pixel intensities were quantified along the lines. H. Western blot analysis of γH2AX in the oocytes at age of 2 and 
12 months. I. Statistical analysis of difference in protein levels of γH2AX in the oocytes at age of 2 and 12 months. Total fluorescence intensity or proteins values were 
compared to the 2 months. Nine 2-month-old mice and eighteen 12-month-old mice were used in this confocal experiment. Data were presented as mean ± SEM of at 
least three times independent experiments. **P < 0.01, ****P < 0.001. 

Y. Chen et al.                                                                                                                                                                                                                                    



Redox Biology 73 (2024) 103195

10

it was moderate and mainly confined within the area of the suggestive 
spindle in control cells (Fig. 6 A, B). FAS incubation did not change the 
overall intensity of mitochondria signal (MitoTracker, red) in oocytes, 
but significantly decreased the mitochondrial population clustering in 
the spindle area, however increased the portion of dot-like mitochon
drial aggregates in the cytoplasmic area, and notably, mitochondrial 
dots were colocalized by Fe2+ signal (Fig. 6 A, D, E). Moreover, FAS also 
increased the signal intensity of lysosomes, which were aggregated as 
dots in different size across the cytoplasm (LysoTracker, green) (Fig. 6 A, 
C). The fluorescence intensity of DCFH-DA was apparently enhanced in 
FAS-treated oocytes (Fig. 6 A, F). As expected, all the FAS-induced 
changes could be properly reversed by a combined application of 
DFO, the iron chelating agent (Fig. 6A–F). In line with the above results, 
when oocytes from 12-month-old mice were cultured in DFO for 6 h, the 
levels of cytosolic Fe2+, ROS and Annexin V signal were significantly 
decreased (Fig. 7 A- E), additionally, MII rate and spindle morphology 
were also improved (Fig. 7 F– I). In general, these data indicate the free 
cytosolic Fe2+ excessively accumulates in aging oocytes and may induce 
the oxidative stress and lipid peroxidation through Fenton reaction [36]. 

3.4. Alleviation of age-related Fe2+accumulation and iron metabolism 
imbalance with DFO 

Because DFO can in vitro correct Fe2+ effects in oocytes, its effects 
were further in vivo investigated in 12-month-old mice. As showed by 
the ICP-MS results in Fig. 8A, after intraperitoneal injection of DFO for 
14 consecutive days, the ovarian iron content was significantly reduced 
in DFO treatment group than the control, which were injected with same 
volume of PBS. Western blot analysis demonstrated the protein levels of 
FTH, FTL and FTMT were effectively subsided in DFO group, especially 
that of FTH (Fig. 8 B, F– H). In contrast, the expression of IRP1 and IRP2 
were dramatically increased, with particularly sharp rise in IRP2 
(Fig. 8C line 1–2, I- J). Interestingly, no significant changes were 
detected in DMT1, TFR1 and FPN1 expression after DFO treatment 
(Fig. 8C line 3–5, K- M). The expression of NCOA4 was pronouncedly 
decreased (Fig. 8 D line 1, N), implying its binding to FTH is reduced. 
The autophagic protein LC3 II was significantly increased while Beclin1 
and SQSTM1 showed no significant difference between DFO and control 
group (Fig. 8 D line 2–4, O- Q), suggesting up-regulated autophagic flux 

Fig. 6. Ammonium iron (II) sulfate hexahydrate (FAS) leads to an increase of Fe2+ and ROS in oocytes, altering the state of lysosomes and mitochondria, which could 
be reversed by Deferoxamine (DFO). Mice oocytes at age of 2 months were processed with the LysoTracker, MitoTracker, FeRhonox-1 and DCFH-DA staining after 6 h 
incubation in DMSO, 3000 μm FAS, 3000 μm FAS +3000 μm DFO. A. Representative images of Lysotracker, Mitotracker, FeRhonox-1 and DCFH-DA signal in the 
oocytes of DMSO, FAS and FAS + DFO groups. Scale bar = 10 μm. B-D. Relative fluorescence intensity of LysoTracker, MitoTracker and FeRhonox-1 signal in the 
oocytes of DMSO, FAS and FAS + DFO groups. (n = 26–34). E. Statistical analysis of mitochondrial clustering index in the oocytes of DMSO, FAS and FAS + DFO 
groups. (n = 23–32). F. Relative fluorescence intensity of DCFH-DA signal in the oocytes of DMSO, FAS and FAS + DFO groups. (n = 38–44). Relative fluorescence 
intensity was compared to the DMSO group. Twelve 2-month-old mice were used in this experiment. Data were presented as mean ± SEM of at least three times 
independent experiments. */#P < 0.05, **/##P < 0.01, ***P < 0.005. 
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Fig. 7. Amelioration on free Fe2+, ROS level and degenerative changes in aging oocytes incubated with DFO. GV oocytes were collected from mice at age of 12 
months, and cultured in DMSO or 3000 μm DFO for 6 h, then processed with live imaging with FeRhonox-1, DCFH-DA and Annexin V or fixation for immuno
fluorescence staining. Some oocytes were cultured for 16 h in DMSO or 3000 μm DFO and collected for meiotic maturation analysis. A. Representative images of 
FeRhonox-1 and DCFH-DA signal in the oocytes of DMSO and DFO groups. Scale bar = 10 μm. B–C. Relative fluorescence intensity of FeRhonox-1 and DCFH-DA 
signal in the oocytes of DMSO and DFO groups. (n = 45–60). D. Representative images of Annexin V signal in the oocytes of DMSO and DFO groups. Scale bar 
= 10 μm. E. Relative fluorescence intensity of Annexin V signal in the oocytes of DMSO and DFO groups. (n = 42–44). F. Statistics of the rate of oocytes matured to 
MII phase after 16 h incubation in DMSO and DFO. G. Representative images of spindle in the oocytes of 2 m, 12 m- DMSO and 12 m- DFO group. The calculation 
model of the relative width of chromosome plate region. The radius of the oocyte is represented as R; the width of the chromosome plate is represented as d. The 
relative chromosomes region width = d/R. Scale bar = 10 μm. H. Statistical analysis of the abnormal rate of spindle in the oocytes from different groups. (n = 55–58). 
I. Statistical analysis of the d/R value of spindle in the oocytes from different groups. (n = 55–58). Relative fluorescence intensity was compared to the 12 m- DMSO. 
Fifteen 12-month-old mice were used in this confocal experiment. Data were presented as mean ± SEM of at least three times independent experiments. */#P < 0.05, 
**/##P < 0.01, ****P < 0.001. 
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Fig. 8. DFO can rectify iron content and the expression of iron regulatory and autophagy related proteins in the ovaries of aging mice. The 12 months mice were 
injected intraperitoneally with DFO for 14 days, while the control group was injected with PBS. A. Iron content per gram in the ovaries of 2 m, 12m- PBS and 12m- 
DFO group. (2 m: 170 ± 15.33, 12 m-PBS: 412.4 ± 18.48, 12 m-DFO: 347.7 ± 9.666; n = 7/group). B. Western blot analysis of FTH, FTL and FTMT in ovaries of PBS 
and DFO group. C. Western blot analysis of IRP1, IRP2, DMT1, TFR1 and FPN1 in the ovaries of PBS and DFO group. D. Western blot analysis of NCOA4, Beclin1, 
LC3, and SQSTM1 in ovaries of PBS and DFO group. E. Western blot analysis of p53 in the ovaries of PBS and DFO group. F–R. Statistical analysis of difference in 
protein levels of FTH, FTL, FTMT, IRP1, IRP2, DMT1, FPN1, TFR1, NCOA4, Beclin1, LC3 II, SQSTM1 and p53 in the ovaries of PBS and DFO group. (n = 5–8). Total 
proteins values were compared to the PBS group, which was normalized to 1.0. Data were presented as mean ± SEM of at least three times independent experiments. 
*P < 0.05, **P < 0.01. 
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in DFO-treated ovaries. The protein level of p53, the key inducer of 
organismal aging, was substantially decreased in ovaries after DFO 
administration (Fig. 8 E, R). Together, the ICP-MS and Western blot 
analysis indicate DFO application can effectively reduce the iron accu
mulation, and simultaneously call back the compensatory changes in 
iron metabolic regulatory proteins in ovaries of 12-month-old mice. 

In vivo DFO treatment also induced a shift of protein expression in 
oocytes. As showed in Fig. 9, NCOA4 was apparently reduced in oocytes 
from 12-month-old mice with DFO injection (Fig. 9 A line 1, D), at the 
same time, LC3 II was significantly decreased while SQSTM1 and FTH 
were elevated (Fig. 9 A line 2–5, E− H). Here, it can say that the ferri
tinophagic flux is in low activity after DFO treatment, inducing the re
turn of FTH level. In contrast to FTH, the level of FTMT was decreased in 
DFO oocytes (Fig. 9 A line 4, G), indirectly implying a weakened need for 
mitochondria membrane to take over free Fe2+ after iron chelating by 
DFO. In addition, the protein level of RAB7 was up-regulated while that 
of Parkin was down-regulated (Fig. 9 B, I-J), this shows that Parkin- 
mediated mitophagy pathway is inhibited, maybe due to an increase 
in RAB7 activity, and thus reducing mitochondria damage in oocytes 

[37]. Concurrently, lipid peroxidation and DNA damage were also 
alleviated by DFO, as indicated by the decrease of MDA and γH2AX in 
oocytes (Fig. 9C, K- L). 

3.5. Amelioration of fertility by DFO treatment 

As showed in Fig. 10, ovary follicle development and survival were 
examined with HE staining after DFO treatment in 12-month-old mice. 
Compared to control group, the number of follicles, including primor
dial follicles, primary follicles, secondary follicle and antral follicle, was 
significantly higher in DFO group (Fig. 10 A- B). Meanwhile, the serum 
level of AMH was also higher in DFO group than control (Fig. 10C). 
These results suggest the decline in ovarian reserve was effectively 
delayed. Of course, the protective ability of DFO is limited, the number 
of follicles at different stages in the DFO group was still much lower than 
the 6-month-old mice (Table 2 in supplement). 

Consistent with the ICP-MS results, the prussian blue staining 
revealed that the level of hemosiderin deposition was markedly elevated 
in ovaries from 12-month-old mice, and could be greatly lowered down 

Fig. 9. DFO can correct ferritinophagy, mitophagy and oxidative stress in aging oocytes. The 12 months mice were injected intraperitoneally with DFO for 14 days, 
while the control group was injected with PBS. A. Western blot analysis of NCOA4, LC3, SQSTM1, FTMT and FTH in the oocytes of PBS and DFO group. B. Western 
blot analysis of RAB7 and Parkin in the oocytes of PBS and DFO group. C. Western blot analysis of MDA and γH2AX in the oocytes of PBS and DFO group. D-L. 
Statistical analysis of difference in protein levels of NCOA4, LC3, SQSTM1, Parkin, RAB7, FTMT, FTH, MDA and γH2AX in the oocytes of PBS and DFO group. (n =
3–4). Total proteins values were compared to the PBS group, which was normalized to 1.0. Data were presented as mean ± SEM of at least three times independent 
experiments. *P < 0.05, **P < 0.01, ***P < 0.005. 
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by DFO administration (Fig. 11 A- B). As demonstrated by Masson 
staining, there were obvious fibrotic changes in aging ovaries, which 
was also alleviated after in vivo treatment with DFO (Fig. 11 C- D). 
Immunohistochemical analysis illustrated the application of DFO in vivo 
could diminish the accumulation of 4-HNE and 8-OHdG, the oxidative 
damage products, in the aging ovarian stroma (Fig. 11 E− H). 

As indicated with live cell fluorescent imaging and statistical anal
ysis, the fluorescent intensity of intracellular Fe2+ signal was dramati
cally lowered (Fig. 12 A, C), simultaneously, lysosome abundance was 
also sharply reduced (Fig. 12 A, D), and the proportion of abnormal 
mitochondria distribution was decreased in DFO oocytes (Fig. 12 A, E−
F). In addition, the co-localization of Fe2+ and lysosomes also decreased 
in DFO oocytes (Fig. 12 G- H). In line with the reduction in cytosolic free 
Fe2+ level, the intensity of ROS probe DCFH-DA was apparently 
decreased (Fig. 12 B, I), and mitochondrial membrane potential index, 
the ratio of JC-1 red signal to green signal, was significantly elevated 
(Fig. 12 B, J), as well as the index of early apoptosis, as labeled with 
Annexin V-FITC, was dramatically diminished (Fig. 12B–K). 

Logically consistent with the above data, the number of MII oocytes, 
retrieved after superovulation, was increased significantly in DFO 
group, and simultaneously, the fragmentation rate was decreased 
dramatically (Fig. 13 A- C). Further, as illustrated by staining on chro
mosome spreads, abnormal chromosome morphology, especially chro
mosome compacting, was less frequently observed in DFO group 

compared to control (Fig. 13 G, I). The chromosome counting of MII 
oocytes, only including the countable chromosome samples, demon
strated the aneuploid rate was markedly lower in DFO group (Fig. 13 G, 
H). The egg aneuploidy is mainly due to chromosome separation errors 
in meiosis I, and usually associated with defects in MI spindle apparatus. 
As the immunofluorescence showed, the abnormal spindles were 
frequently observed in MI oocytes from 12-month-old mice, when 
compared to that from 2-month-old mice. As expected, the proportion of 
abnormal spindles could be greatly reduced by DFO application, that is, 
the defects in microtubule density, spindle long axis length and bipo
larity, as well as the chromosomes alignment, were all perfectly rectified 
(Fig. 13 D- F). 

According to the above results, it may be safe to assume that in vivo 
application of DFO effectively reduced the cytosolic Fe2+ in oocytes, 
specifically by weakening ferritinophagy, and alleviated the oxidative 
stress toxicity on oocytes. 

4. Discussion 

This study demonstrated that the impairment in iron metabolism 
regulatory system induces excessive iron accumulation in mouse aging 
ovaries, leading to ferrous iron superfluity and subsequently, oxidative 
stress and degenerative changes in oocytes, and ultimately the decline in 
ovarian reserve. In vivo iron chelating can delay ovary reserve decline 
and ameliorate oocyte degeneration. 

Ovarian aging is classically considered the main cause of female 
reproductive infertility, and mainly due to the imbalance in active ox
ygen metabolism, involving a complex and multifaceted process [38]. 
Fe2+ forms cytoplasmic labile iron pool (LIP) which acts as an inter
mediate between imported, stored, and utilized iron, and is critical for 
iron homeostasis maintenance [39]. In cellular physiological activities, 
Fe2+ is used as the carrier to deliver oxygen by participating in the 
Fenton reaction, and the byproduct of this process is hydroxyl radical. 
Hyperactive Fenton reaction surely produces redundant hydroxyl 
radical, thereby causes oxidative damage, lipid peroxidation, and thus 
tissue injury [40]. As in oocytes, excessive hydroxyl radical seriously 
damages the spindle microtubules and chromosome alignment [41,42]. 
In humans, multiple organs including the liver, kidney, and brain show 
age-related iron accumulation [9], and some neurodegenerative path
ogenesis, such as Alzheimer’s disease, are closely correlated with iron 
overload in the aging brain [43]. Till now, there have been some studies 
which report age-related accumulation of non-heme ferric iron and Fe2+

in mouse ovary, but much less attention has focused on the changes in 
iron homeostasis regulatory mechanism in aging ovaries or oocytes [44, 
45]. In our study, we found a rising trend in the iron content per unit 
mass of ovary, hippocampus and liver in aging mice, remarkably, the 
degree of iron increase was higher in ovary than in hippocampus and 
liver. This may be due to the ovary is a highly vascularized organ [1,40, 
46]. The ovaries experience periodic events of follicle development, 
rupture, ovulation and luteinization during female reproductive life 
span, that means repeated cycles of angiogenesis and bleeding [1,40, 
47], and thereby continuous accumulation of erythrocyte degradation 
products. As a support for this assumption, we detected an increased 
hemosiderin deposition and HO-1 expression in ovarian tissue of aging 
mice, this implies constant and high iron release from heme decompo
sition [48]. For human, women’s menstrual cycle represents another 
substantial hemoglobin lysis in the uterus, so the pelvic cavity, which 
embraces the ovaries, is also an iron-rich microenvironment [49]. Pre
vious studies have showed that the increase in free iron of patients with 
endometriosis promotes oxidative stress through the Fenton reaction, 
leading to infertility [50]. It may be right that the follicular granulosa 
cells and oocytes are exposed to continuous ferrous iron from heme 
breakdown along with the age [45]. 

It has been evidenced that HO-1 upregulation is associated with 
neurotoxic iron deposition in aging and age-related diseases [19],and 
the genetic or chemical inhibition of HO-1 could induce apparent 

Fig. 10. DFO can delay the decline of ovarian reserve in aging mice. The 12 
months mice were injected intraperitoneally with DFO for 14 days, while the 
control group was injected with PBS. A. Representative images of ovarian HE 
staining section of PBS and DFO group mice. The arrows point to: (a). Antral 
follicle; (b). Secondary follicle; (c). Primary follicles; (d). Primordial follicle; 
(e). Atretic follicle. (n = 3–4). Scale bar = 50 μm. B. Statistical analysis of the 
number of follicles at each level in ovarian HE staining section of PBS and DFO 
group mice. C. Statistical analysis of AMH content in serum of PBS and DFO 
group mice. (n = 6/group). Data were presented as mean ± SEM of at least 
three times independent experiments. */#P < 0.05, ****P < 0.001. 
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improvement in iron status and degenerative alterations in aging mice 
[43]. Similarly, the increase in ovarian HO-1 expression and iron con
tent may be also associated with degenerative changes in aging ovaries, 
such as follicular atresia, ovarian fibrosis and cell cycle arrest. But 
cannot be ignored is that HO-1, with its ability to reverse oxidative 
damage and stress, has also been proved to play critical roles in anti
oxidant defense and various pathophysiologic processes in an 
age-related manner [51,52]. Therefore, it is highly necessary to further 
explore whether HO-1 can be targeted for intervention strategy on 
ovarian aging. 

Iron exists in two forms: heme and non-heme. Heme iron is degraded 
into Fe2+ by HO-1, the released Fe2+ is transported into the cytoplasm 
through DMT1 and incorporated into the labile iron pool [53]. 
Non-heme iron binds to TFR1 and enters the cell through endocytosis, 
and is transported to the lysosomes where Fe3+ ions dissociate from 
TFR1 and are reduced back to Fe2+ ions, then incorporated into the 
labile iron pool by DMT1 [9]. In our study, we found that the protein 
expressions of above iron regulators were changed in mouse aging 
ovaries. TFR1 was decreased in both ovaries and oocytes, this reduction 
suggests, combined with HO-1 increase, the main source of ovarian iron 
may be from heme degradation after puberty, and properly not from 
serum non-heme source [22]. In contrast, the level of DMT1 and FPN1 
was elevated in ovaries and oocytes, this indicates active intracellular 
Fe2+ release and transporting, also an increasing iron export. The ex
pressions of three iron storage proteins, FTH, FTL and FTMT, were also 
ascended in aging ovaries. Ferritin members, especially FTH, work to 
reduce iron from ferrous to ferric, and store it in a non-oxidizing active 
state [16,38]. Their upregulation may suggest an increasing antagonistic 
mechanism to sequester Fe2+ in the ovarian microenvironment. 
Consistently, these changes are in line with decreased levels of IRP2 in 
aging ovaries and oocytes. It was previously showed that IRP2 can in
crease the translational expression of TRF1, and simultaneously 
decrease the expression of FTH, FTL, FTMT and DMT1, so as to upre
gulate iron uptake, and meanwhile downregulate iron storage [18]. 
Therefore, IRP2 reduction may be specific response to iron accumulation 
in aging ovaries, attempting to increase iron storing. Here we can 
conclude that all these regulators coordinate to balance the iron ho
meostasis in condition of iron rise, which may be derived from HO-1 
catabolism. Although the body actively responds to the increase in 
iron, the imbalance of iron homeostasis ultimately leads to oxidative 
stress in aging ovaries [1]. Here we found the signal intensity of MDA, 
4-HNE and 8-OHdG was increased in aging ovaries, which was also 
accompanied with upregulated expression of p21, p16, Tau and p53, 
suggesting an increasing trend in lipid peroxidation and oxidative DNA 
damage, as well senescence traits in ovaries [54]. 

NCOA4 is a cargo protein able to promote selective autophagic 
ferritin degradation, essential for maintaining intracellular and systemic 
iron homeostasis [55]. Current evidences have proved that NCOA4 
upregulation is associated with iron redundance in aging brains of mice 
[56,57], additionally, it’s over expression is also reported in aging 
ovaries of mice and human [58]. The increasing NCOA4 is supposed to 
hijack the newly synthesized FTH, reducing the portion of FTH for 
buffering Fe2+, thereby boosting the labile iron pool in cytoplasm [59]. 

In line with previous reports, we detected enhanced expression of 
NCOA4 in aging ovaries and oocytes of mice. Interestingly, NCOA4 
elevation was not responded by FTH downregulation in the whole 
ovarian tissue, instead these two proteins were simultaneously 
increased. Actually, such change pattern is also found in aging brain, 
and may be due to the non-immediate degradation of NCOA4-FTH 
complex by the dysfunctional autophagy process [57]. In contrast, 
high NCOA4 and LC3-II, and simultaneously low FTH, were detected in 
aging oocytes, this means the NCOA4-mediated ferritinophagy is active 
and promotes FTH degradation, which is supposed to release more Fe2+

into the cytosolic area. As expected, Fe2+ signal was increased in cyto
plasm and mainly labeled on the lysosomes, which were also hyperac
tive, further supporting active Fe2+ release from FTH degradation by 
lysosomes. Unlike FTH, the other two iron storing proteins, FTL and 
FTMT, were not decreased but increased significantly in aging oocytes, 
that may be because FTL has lower affinity for NCOA4 [60], or these two 
ferritins compensate for the loss of FTH. 

As the major iron transporter, DMT1 is initially identified in intes
tinal cells, enabling dietary iron uptake in the duodenum [30]. Recently, 
a differentially spliced DMT1 isoform is validated in most peripheral 
tissues, which is expressed at the cell surface and in endosomes, facili
tates transferrin-independent iron uptake [61]. An iron challenge can 
trigger the internalization of apical membrane DMT1, and the intra
cellular ROS produced during iron uptake is also instrumental in 
inducing DMT1 internalization. Preincubation with the hydroxyl radical 
scavengers could block iron-induced endocytosis of DMT1 [62]. 
Importantly, the post-transcriptional expression of Dmt1 is not just 
regulated by IRP alone, as proved, the IRP-independent DMT1 upregu
lation is apparent during aging in the central nervous system, and can be 
induced by inflammation and neurotoxic stimuli in primary rat hippo
campal neurons. Altered DMT1 expression leads to iron deposition in 
neuronal cells and neurodegenerative disorder [61,62]. In the present 
study, we identified DMT1 expression in mouse oocytes for the first 
time, which has been previously validated only in Xenopus oocytes [63, 
64]. Noteworthily, the protein level of DMT1 was elevated in aging 
ovaries and oocytes, such elevation may contribute to, at least partially, 
the redundancy of cytosolic Fe2+ in oocytes. Perhaps similar to nerve 
cells, DMT1 upregulation in aging oocytes is in response to the increase 
of extracellular iron and intracellular ROS production via the Fenton 
reaction [61]. Concurrent with the rise in DMT1 and cytosolic Fe2+ was 
the elevation in FPN1 expression in aging oocytes, arguably, FPN1 in
crease may try to mobilize more iron out of oocytes. 

During ferritinophagy, the mitochondrial membranes serve as a 
temporary buffer to accept Fe2+ from lysosome digestion of FTH [7]. In 
line with this assumption, we noticed that the Fe2+ signal was increased 
on mitochondria in aging oocytes. However, excess Fe2+ is supposed to 
exceed the buffering capacity of mitochondria, so the redox-active iron 
produces highly reactive hydroxyl radical via the Fenton reaction on the 
local lipid membranes, and inevitably induces oxidative stress, as 
illustrated by mitochondrial injury and membrane potential decline. 
Thereby the energy supply and Fe2+ buffering by mitochondria may fall 
further, and in turn causing more free cytosolic Fe2+ and cellular 
oxidative stress with increased lipid peroxidation, protein and nucleic 

Fig. 11. DFO can reduce the levels of iron accumulation, fibrotic changes, and 8-OHdG and 4-HNE in aging ovaries. The 12 months mice were injected intraper
itoneally with DFO for 14 days, while the control group was injected with PBS. A. Representative images of Prussian blue staining in ovary sections of 2 m, 6 m, 12 m- 
PBS and 12 m- DFO group mice. B. Statistical analysis of the intensity of Prussian blue signal in ovary sections of 2 m, 6 m, 12 m- PBS and 12 m- DFO group mice. C. 
Representative images of Masson staining in ovary sections of 2 m, 6 m, 12 m- PBS and 12 m- DFO group mice. D. Statistical analysis of the intensity of Masson signal 
in ovary sections of 2 m, 6 m, 12 m- PBS and 12 m- DFO group mice. E. Representative images of 8-OHdG immunohistochemical staining in ovary sections of 2 m, 6 
m, 12 m- PBS and 12 m- DFO group mice. F. Statistical analysis of 8-OHdG level in ovary sections from different groups. G. Representative images of 4-HNE 
immunohistochemical staining in ovary sections of 2 m, 6 m, 12 m- PBS and 12 m- DFO group mice. H. Statistical analysis of 4-HNE level in ovary sections from 
different groups. This portion of the experiment involved sectioning and staining wax blocks prepared from one side of the ovaries of three different mice. Spe
cifically, the statistical approach involved serially sectioning approximately 45 slices near the largest surface of the mouse ovary. Every 15th slice was chosen for 
staining and statistical analysis. The average of the statistical results from three selected slices represented the proportion of positive staining or antibody expression 
area in the ovary. Finally, statistical analysis was performed on the results from the three mice. Data were presented as mean ± SEM of at least three times inde
pendent experiments. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. 
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Fig. 12. DFO can alleviate the levels of free Fe2+, ROS, apoptosis, and also changes in lysosome and mitochondria in aging oocytes. The 12 months mice were 
injected intraperitoneally with DFO for 14 days, while the control group was injected with PBS. A. Representative images of LysoTracker, MitoTracker and FeRhonox- 
1 signal in the oocytes of PBS and DFO group. Scale bar = 10 μm. B. Representative images of DCFH-DA, JC-1 and Annexin V signal in the oocytes of PBS and DFO 
group. Scale bar = 10 μm. C-E. Relative fluorescence intensity of LysoTracker, MitoTracker and FeRhonox-1 signal in the oocytes of PBS and DFO group. (n = 44–62). 
F. Statistical analysis of mitochondrial clustering index in the oocytes of PBS and DFO group. (n = 35–39). G. Statistical analysis of spearman’s rank correlation value 
(ρ) of co-location between FeRhonox-1 with LysoTracker or MitoTracker in the oocytes of PBS and DFO group. (n = 42–49). H. Statistical analysis of co-localization 
migration rate of Fe2+ from mitochondria to lysosome. The formula for calculation is as follows: ρ (co-location between FeRhonox-1 and Lysotracker)/ρ (co-location 
between FeRhonox-1 and Mitotracker). (n = 44–49). I. Relative fluorescence intensity of DCFH-DA signal in the oocytes of PBS and DFO group. (n = 42–48). J. 
Relative fluorescence intensity of JC-1 red/green in the oocytes of PBS and DFO group. (n = 37–42). K. Relative fluorescence intensity of Annexin V signal in the 
oocytes of PBS and DFO group. (n = 38–40). Relative fluorescence intensity was compared to the PBS group. Twenty-four 12-month-old mice treated with PBS and 
twenty-four 12-month-old mice treated with DFO were used in this experiment. Data were presented as mean ± SEM of at least three times independent experiments. 
*P < 0.05, **P < 0.01. 
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acid modifications in aging oocytes [65]. Though the levels of DNA 
damage, apoptosis and lipid peroxidation were increased in aging oo
cytes, the antioxidant enzyme GPX4 and Prx were not changed much 
except for an increase in SOD2. This suggests the overall antioxidant 
capacity is not collapsed, still able to resist ferroptosis in aging ovaries 
and oocytes. It can be considered that the main ROS type should be 
hydroxyl radical (•OH) from Fenton reaction, rather than superoxide 
radical (O2-), as supported by the increase in lipid peroxidation index, 

including MDA, 4-HNE and 8-OHdG [66,67]. The anti-superoxide abil
ity, as indicated by SOD2 and Prx, may be not the dominant force in 
resisting oxidative stress in aging ovaries. 

All the ROS index and age-related degenerative changes were phe
nocopied in young oocytes treated with Fe2+ agent in vitro, and effec
tively ameliorated with combined application of DFO, an iron chelating 
drug. It is thus clear that iron is a net ROS producer in the intracellular 
environment [62]. In vivo administration of DFO could alleviate fibrotic 

Fig. 13. DFO can improve the reproductive potential of aging mice. The 12 months mice were injected intraperitoneally with DFO for 14 days, while the control 
group was injected with PBS. A. Representative images of super-ovulated oocytes from mice in injected with PBS or DFO. The arrows point to fragmented oocytes. B. 
Statistical analysis of the number of super-ovulated oocytes in PBS and DFO group mice. (n = 6/group). C. Statistical analysis of fragmentation rate of oocytes in PBS 
and DFO group. (n = 6/group). D. Representative images of spindle in the oocytes of 2 m, 12 m - PBS and 12 m - DFO group. Scale bar = 10 μm. E. Statistical analysis 
of the rate of abnormal spindle in the oocytes from different groups. (n = 82–96). F. Statistical analysis of the d/R value of spindle in the oocytes from different 
groups. (n = 82–96). G. Representative images of chromosome spreading of MII oocytes in PBS and DFO group. Scale bar = 5 μm. H. Statistical analysis of aneuploid 
rate of MII oocytes in PBS and DFO group. (n = 8–23). I. Statistical analysis of the proportion of oocytes with compacted chromosomes in 12 m - PBS and 12 m - DFO 
groups. (n = 23–30). Data were presented as mean ± SEM of at least three times independent experiments. */#P < 0.05, **P < 0.01, ####P < 0.001. 
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changes in aging ovaries, and slow down the decline in oocyte quantity 
and quality. This improvement may be based on the favorable turns in 
iron homeostasis and redox status, especially the recovery of mitophagy 
activity and mitochondrial potential. As reported, RAB7 works to bal
ance mitophagy flux by suppressing Parkin activity [37], here we found 
DFO could increase RAB7 but decrease Parkin in mouse aging oocytes, 
thereby rectified the mitophagy activity, and recovered mitochondrial 
morphology and structure, as confirmed by improved JC-1 index. It may 
be reasonable to say that the age-related Fe2+ elevation plays a key role 
in oocyte aging and may be attributed to the dysregulated ferritinophagy 
and mitophagy. Besides oocytes, the granular cells also inevitably suffer 
Fe2+-induced ROS and mitochondrial damages in aging ovaries, as well 
as in the pathological conditions of endometriosis and endometriosis, 
such injuries may be another facet of ovary degeneration [68]. 

In conclusion, the present study revealed disrupted iron metabolism 
and accumulation of iron in the ovaries and oocytes of aging mice, the 
application of iron chelating agent was showed to normalize intracel
lular Fe2+, as well as modulate the activity of ferritinophagy and 
mitophagy activity, thereby this intervention effectively suppressed 
cellular oxidative stress and degenerative changes in aging oocytes. This 
study provides new perspectives and evidence for the understanding of 
fertility decline in elderly women and potential strategy for clinical 
intervention. It may possible to decrease the production of heme-derived 
iron by chemically inhibiting HO-1 or to reduce the iron content by 
using iron chelators, thereby alleviate iron overload and balance the 
redox status in the ovarian environment, so as to improve ovarian 
function in elder women. 
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