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Abstract

Background
Regenerative medicine with peripheral blood mononuclear cells (PBMCs) transplantation sheds light on
the issue of premature ovarian insu�ciency (POI). However, the e�ciency of PBMCs treatment in patients
with natural ovarian aging (NOA) remain unclear.

Methods
13-month-old female Sprague–Dawley (SD) rats were used to verify NOA model. Seventy-two NOA rats
were randomly divided into three groups: the NOA control group, PBMCs group, and PBMCs + PRP group.
PBMCs and PRP were transplanted by intraovarian injection. The effects of ovarian function and fertility
ability were measured after transplantation.

Results
Transplantation of PBMCs could restoration of the normal estrus cycle, consistent with recovery of serum
sex hormone levels, increased follicle numbers at all stages, and restoration of fertility by facilitating
pregnancy and live birth. Moreover, when combined with PRP injection, these effects were more
signi�cant. The male-speci�c SRY gene was detected in the ovary at all four time points, suggesting
PBMCs continuously survived and functioned in NOA rats. In addition, after PBMCs treatment, the
expression of the angiogenesis-related and glycolysis-related markers in ovarian were upregulated, which
indicated that these effects were associated with angiogenesis and glycolysis.

Conclusions
PBMCs transplantation restore the ovarian functions and fertility of NOA rats by increasing ovarian
vascularization, folliculogenesis and glycolysis, and PRP could enhance the e�ciency.

Introduction
Aging is a universal natural destiny in organisms and a normal process that occurs when the body grows
and matures with age. Aging is also an irreversible problem that the body will eventually face and cannot
avoid(Ren & Zhang, 2018). Aging is accompanied by changes in behavior, neuroendocrine function,
immune regulation, and other physiological functions. With the aggravation of aging, the body will
gradually lose its ability to adapt to the environment and become vulnerable(Beard et al., 2016).
Signi�cantly, reproductive function is more vulnerable to aging. In female reproductive organs, ovaries
play an essential role in maintaining the stability of endocrine and reproductive functions. Aging in
ovaries occurs much earlier than in other body tissues and organs(Tatone et al., 2008).
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Natural ovarian aging (NOA), also known as ovarian physiologic aging, is a worldwide reproductive health
problem(White et al., 2012). It is a generalized, multifaceted, complex, and progressive degradation
process affected by genetics, environmental conditions, and lifestyles with age(Beard et al., 2016). As the
quantity and quality of ovaries decline with aging, women will face fertility reduction in a
lifespan(Broekmans, Soules, & Fauser, 2009). NOA interferes with fertility and causes menopausal
symptoms as well as severe psychological sequelae. Moreover, NOA is a devastating medical condition
with minimal treatment options. As the population of older women is rising globally and an increasing
number of women are willing to delay marriage and childbearing, the demand for e�cient strategies that
restore ovarian functions in NOA patients is increasing.

Currently, hormone replacement therapy (HRT), ovarian tissue cryopreservation, stem cell transplantation,
and arti�cial ovaries have been applied to patients with ovarian dysfunction(Dadashzadeh, Moghassemi,
Shavandi, & Amorim, 2021; Grosbois, Devos, & Demeestere, 2020; Khaleghi et al., 2021; Seok et al., 2020).
However, the e�ciency of these therapies lacks evidence. Thus, there is an urgent need to develop novel,
effective passageways for NOA treatment.

Recently, peripheral blood mononuclear cells (PBMCs) therapy has emerged as a novel option for tissue
and organ regeneration and angiogenesis(Kang et al., 2012; Koh et al., 2018; Wan Jamaludin et al., 2018).
It has been reported that intravenous infusion of nucleated peripheral blood cells restores fertility in
chemotherapy-induced premature ovarian failure (POF) mice(El Andaloussi, Igboeli, Amer, & Al-Hendy,
2018). However, the e�cacy of PBMCs in NOA has not yet been investigated. On the other hand, platelet-
rich plasma (PRP), derived from peripheral blood, is another well-known factor that stimulates and
accelerates tissue regeneration, skeletal muscle repair, wound healing, scar repair, skin regeneration, and
alopecia(Alves & Grimalt, 2018; Aydin et al., 2018). It was reported that PRP promotes the development of
presinusoidal follicles in POF rats(Ahmadian et al., 2020). It is encouraging that PRP could enhance the
proliferation and differentiation of transplanted cells. Therefore, PRP often combines with PBMCs in
transplantation(Sassoli et al., 2018).

Stem cell transplantation is a promising treatment. Previous studies suggest that the fundamental
mechanism by which stem cell therapy works is to promote angiogenesis, but other potential
mechanisms are still unknown(Aziz, Yusop, & Ahmad, 2020). Studies have shown that glycolysis is very
important for folliculogenesis and that the level of glycolysis changes during oocyte aging(Fontana,
Martínková, Petr, Žalmanová, & Trnka, 2020). Therefore, whether the regulation of glycolysis in the ovary
is also regulated by PBMCs transplantation raised our interest.

In our previous study, we reported that PBMCs were e�cient in treating cyclophosphamide (CTX)-induced
POI rats and that combination with PRP could improve this effect(Huang et al., 2019). In addition, a
recent study found that compared with intraperitoneal injection and tail intravenous injection,
intraovarian injection was a more conspicuous result effect for puri�ed MSC transplantation in a mouse
model(Wang et al., 2021). Therefore, in this study, we will use PBMCs combined with PRP to recover
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ovarian function in the NOA rat model via intraovarian injection. Our study will also investigate the
possible link between granulosa glycolysis and ovarian function in NOA rats.

Materials And Methods

4.1. Study designing
The animal study is divided into two parts (Fig. S1). In Part I, 36 NOA rats were divided into the NOA
control group, PBMCs, and PBMCs + PRP transplantation groups. The day of transplantation was
recorded as D0, and the ovarian function of the three groups was evaluated at D5, D10, D15, and D20.
The observation indices included the estrous cycle, serum sex hormone levels (AMH, E2, and FSH), follicle
count, and so on. In part II, based on the data analysis from Part I, which is that the recovery of ovarian
function in the transplantation groups reached a peak on D10 after transplantation, the fertility status of
the other 36 NOA rats was evaluated by mating trials starting on D10. More details can be found in the
speci�c method in the fertility examination section.

4.2. Experimental animal
Eighty 13-month-old female SD rats were used to verify the establishment of the NOA rat model, and
seventy-two NOA rats were randomly divided into three groups: the NOA control group, PBMCs group, and
PBMCs combined with platelet-rich plasma (PRP) group (PBMCs + PRP group). We also used six 12-week-
old SD female rats with regular estrus cycles as young controls. Moreover, twenty-four 5-week-old male
SD rats weighing between 90 and 100 g were used to isolate PBMCs and PRP. Rats were purchased from
the Experimental Animal Center of Guangxi Medical University, cultivated at a temperature of 28 ± 2°C,
and had a 12-hour light/dark cycle. All animal procedures were conducted by the Ethics Committee of the
experimental Animal Center of Guangxi Medical University for the care and use of laboratory animals
(NO.202003002).

4.3. Isolation of PBMCs
Sixteen adolescent male rats were subcutaneously injected daily with G-CSF (Qilu Pharmaceutical Co,
Ltd, China) at a dose of 100 µg/kg/day for 5 days. Blood samples were collected 12 h after the last
injection from the abdominal aortas of anesthetized rats. PBMCs were harvested by density gradient
centrifugation (Eppendorf, Hamburg, Germany) with FICOLL PLUS 1.083 (Solarbio, China) according to
the manufacturer's instructions. PBMCs were washed twice with PBS followed by centrifugation at 250 ×
g for 10 min at 4°C and then resuspended in PBS. After counting, the PBMCs were stored at 4°C for
transplantation use but for no more than four hours.

4.4. Isolation of PRP
Blood from eight adolescent male rats without G-CSF mobilization was collected from the abdominal
aorta and transferred into test tubes containing 3.2% sodium citrate (L14068, ShoeBio, China) at a
blood/citrate rate of 9/1. After centrifugation at 250 × g for 10 min, the supernatant was transferred to a
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new tube and centrifuged at 1000 × g for 10 min. Removing the top layer and the 0.5 mL leftover was
considered PRP and, after counting, stored at 4◦C for transplantation use but no more than four hours.

4.5. Estrus cycle observation and NOA rat identify
Cotton swabs took vaginal secretions of each rat at 10:00 am every day to make a smear. These smears
were dried at room temperature and stained with Swiss dye (G1040, Solarbio) for 1 min, and cell types
and their proportions were quanti�ed under an optical microscope (Bx53F, Olympus) to estimate the
different phases of estrus. Only those who showed abnormal estrus (over 5 days did not appear estrous
cycles) by vaginal smears were de�ned as NOA rats.

4.6. Intraovarian injection of PBMCs and PBMCs combined
with PRP
Rats were anesthetized and underwent surgery under a sterile environment. Bilateral ovaries were
exposed, and the surrounding adipose tissues were carefully stretched to stabilize the ovary. The
concentrated cell suspension was extracted by a microsyringe and injected into each ovary. Notably, the
PBMCs group received an intraovarian injection of 4 × 106 PBMCs per ovary, and the PBMCs + PRP group
received an intraovarian injection of 4 × 106 PBMCs combined with 4 × 107 PRP platelets on each side. A
local upheaval was invisible after injection. The needle stayed in the injection site for 30 s followed by
gentle pull-out. A gentle and soft operation was required during the procedure to avoid injury to ovarian
blood vessels. Post-injection observation was required to avoid bleeding and the spillover of
transplantation suspension. The day of cell transplantation refers to Day 0. After that, the Sry gene was
used to track the transplanted PBMCs in the ovaries of the transplanted group.

4.7. Fertility examination
After analyzing the curative effect of cell transplantation in NOA rats, we chose the peak of AMH
hormone level curve D10, which means the peak of ovarian function recovery for the fertility experiment.
On the 10th day of cell transplantation, we began to mate overnight with female rats and sexually mature
male rats at 2:1, and the vaginal suppository was examined at 8 am every morning to determine whether
the mating was successful. If the vaginal suppository was positive, it was de�ned as the �rst day of
pregnancy, marked D1. Five rats in each group were anesthetized on the 9th-12th day of pregnancy to
check the number of embryos. Afterward, the remaining successfully mated rats will be caged
individually until parturition, and the litter number per rat will be recorded.

4.8. Serum sex hormone detection
Blood was collected when rats were sampled. The blood samples were left at room temperature for 1
hour. The serum was collected by centrifuging blood at 3000 rpm for 10 minutes at 4°C and then stored
at − 80°C for further use. Serum concentrations of FSH (CEA830Ra, Cloud-Clone Corp, Wuhan, China), E2
(CEA461Ge, Cloud-Clone Corp), and AMH (CEA228Ra, Cloud-Clone Corp) were measured by ELISA
according to the manufacturer's instructions.
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4.9. Sampling and histopathological studies
On the 5th, 10th, 15th, and 20th days after transplantation, the ovaries of each group were collected (n = 
2). Rats were anesthetized by intraperitoneal injection of 10% chloral hydrate prior, and ovaries were
removed and rinsed in phosphate-buffered saline (PBS) solution. Then, one side of the ovary was stored
in liquid nitrogen until use. The other side was �xed in neutral-buffered formalin overnight and embedded
in para�n, which was further serially sectioned at 5 µm and stained with hematoxylin-eosin for histology.
Imaging was performed by using an optical microscopic photography system (Hamamatsu, Japan), and
images were processed using NDP.VIEW. 2.6.17 software (Hamamatsu Photonics).

4.10. Immunohistochemical (IHC) staining and score
analysis
Ovarian tissue sections of each group at Day 10 were selected for IHC. Brie�y, after dewaxing and
rehydrating the tissue section, high-temperature antigen unmasking, as recommended by each supplier,
was performed, and sections were incubated overnight at 4°C with the following antibodies: AMH (1:500,
ab272221, Abcam, Inc., UK), FSHR (1:200, NBP2-36489, Novus, CHN), CD31 (1:600, ab182981, Abcam,
Inc., UK), VEGF (1:500, ab231260, Abcam, Inc., UK), α-SMA (1:500, ab124964, Abcam, Inc., UK), SIRT1
(1:600, ab189494, Abcam, Inc., UK) and LDH-A (1:500, ab52488, Abcam, Inc., UK).

The intensity of IHC staining was calculated according to the H-score equation: H score ⅀Pi (i + 1), where
i is the intensity of staining (0 = negative; 1 = weak; 2 = moderate; and 3 = strong) and Pi is the percentage
of cells stained at each intensity (0–100%). The H-scores were measured in stromal cells and granulosa
cells separately. Sections were scored by two observers independently.

4.11. Histomorphometric analysis of the vessels

To assess the angiogenic potential after transplantation with PBMCs or combined with PRP in ovarian
tissue. Vascular density was examined by IHC staining. We performed IHC staining of CD31 and anti-α-
SMA antibodies. In this study, counting of the blood vessels was carried out at a 200-fold �eld, and �ve
high-point �elds from three different sections were chosen for each sample.

4.12. Immuno�uorescence(IF) staining

The protein expression of CD31 and α-SMA was detected by immuno�uorescence staining. Brie�y, after
being depara�nized, rehydrated, and washed in 0.01 M PBS (pH = 7.2), sections were incubated with 3%
H2O2 for 10 min at room temperature to block endogenous peroxidase, subjected to high-pressure
antigen recovery sequentially in 0.01 M citrate buffer (pH = 6.0) for 5 min, washed three times in PBS, and
incubated with blocking solution (5% goat serum and 0.1% BSA in PBS) for 2 h at room temperature and
then with diluted primary antibodies overnight at 4°C. The following primary antibodies were used: CD31
(1:600, ab182981, Abcam, Inc., UK) and α-SMA (1:500, ab124964, Abcam, Inc., UK). After washing with
PBS, sections were incubated with appropriate secondary antibodies for one hour, Alexa Fluor® 594
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rabbit anti-goat IgG or Fluor® 488 goat anti-rat IgG. Nuclei were stained with 0.5 µg/ml DAPI. Slides were
stored in the dark at 4°C prior to microscopy (Bx53F, Olympus, Japan). Images were taken from �ve high
point �elds (×200), and the positive area was counted on Image-Pro Plus 6.0.

4.13. Quantitative real-time PCR (qPCR)

Total RNA was extracted with TRIzol reagent (Thermo Fisher Science, Germany) combined with
chloroform extraction and ethanol precipitation. cDNA was synthesized using the Revert Aid First Strand
cDNA Synthesis Kit (K1622, Thermo Fisher Science). Real-time PCR analyses for the gene expression
level were performed on the Applied Biosystems 7500 Real-time PCR System (Applied Biosystems, Foster
City, CA, USA). GAPDH was used as a reference control, and gene expression levels were calculated using
the comparative Ct method. PBMCs can be tracked by continuous Sry gene expression. The primers were
used to detect Sry gene expression in female recipient rats(Ahmed et al., 2016). The PCR product was
separated by 0.2% agarose gel electrophoresis, and the results were processed by Image Lab version 4.01
software. See Table 1 for the gene sequence.

Table 1
Sequences of PCR primers and length of products.

Gene Sequence of primer (5’−3’) Gene Bank No. Length of product(bp)

GAPDH F: CCTCAAGATTGTCAGCAATG NM−017008.4 134

  R: CAGTCTTCTGAGTGGCAGTG    

SRY F:CATCGAAGGGTTAAAGTGCCA NM−012772.1 104

  R:ATAGTGTGTAGGTTGTTGTCC    

SIRT1 F:AGATACCTTGGAGCAGGTTGC NM-001372090.1 117

  R:TCTCCACGAACAGCTTCACAA    

LDH-A F: GGTTGACAGTGCATACGAAT NM−017025.1 106

  R: CCGCCTAAGGTTCTTCATTA    

HK F: AGAGGCTACGGACAGAGATG NM−012734.1 121

  R: AGGAAGTCACCGTGTTCAGT    

PFK F: GGCGTGTGTTCATTGTAGAG NM−017008.4 125

  R: CTTCAAGTCGTGGATGTTGA    

PKM F: ACATCCTGTGGCTGGACTAT NM−053297.2 130

  R: TCCACTTCTGTCACCAGGTA    

4.14. Statistical analysis
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All experiments were repeated at least three times. The statistical analyses were performed using SPSS
20.0. One-way ANOVA was used to determine signi�cant differences among the three groups. All data are
presented as the mean ± SD. All statistical charts were created on GraphPad Prism 7 (San Diego). ∗P < 
0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. A P value less than 0.05 was considered to be statistically signi�cant.

Result

5.1. Veri�cation of NOA rat model
To verify the NOA model, we assessed and compared several speci�c physiological indices between 13-
month-old SD rats and young control rats (Fig. 1). Compared with NOA control ovaries, the ovaries from
the young control group were larger, and the ovarian cortex medulla was clear. The follicles at all stages
were active, arranged regularly, and developed normally. In contrast, the NOA control rats had severe
ovarian atrophy and decreased volumes (Fig. 1A). In addition, the ovaries of NOA control rats showed
disordered cortical and medullary structures, a portion of the zona pellucida was abnormal, and the
number of follicles at all levels was signi�cantly reduced (Fig. 1B, 1C). Compared with young control rats,
the estrous cycle of NOA control rats was irregular, and the estrous cycle could not be observed in 5 days
(Fig. 1D). The ovarian/body weight ratio of NOA control rats was signi�cantly lower (Fig. 1E). More
importantly, the levels of AMH and E2 signi�cantly decreased in NOA control rats, while the levels of FSH
obviously increased (Fig. 1F, 1G, 1H). At the same time, the number of follicles of NOA control rats at all
stages was signi�cantly reduced compared to that in young control rats (Fig. 1I). These results suggested
that the NOA rat model was suitable for our subsequent study.

5.2. Tracking of transplanted PBMCs
To ensure that the PBMCs were transplanted and survived, the male rat speci�c gene Sry expression in
ovaries was analyzed. The PCR results showed that Sry was detected in the ovarian tissues of PBMCs
and PBMCs + PRP group rats at all four time points after PBMCs or PBMCs + PRP transplantation.
Interestingly, the Sry gene was still detected until the 15th day when combined with PRP, which was
longer than PBMC transplantation alone, indicating that PRP contributes to prolonging PBMC survival
(Fig. 2A).

5.3. Ovarian function was restored by PBMCs and PBMCs + 
PRP in an NOA rat model
Ameliorates estrus cycle disorder

Compared with the NOA control group, the rats in the PBMCs and PBMCs + PRP groups showed recovery
of the estrous cycle, which was similar to the route of the young control group. Meanwhile, the estrous
cycle of NOA control group rats remained irregular throughout the entire experiment, which suggested
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that PBMCs and PBMCs + PRP transplantation facilitated the amelioration of sexual cycle disorder
(Fig. 2B).

Regulates the sex hormone expression

The serum sex hormones of all groups were examined on the 5th, 10th, 15th, and 20th days after
transplantation. The expression of AMH and E2 in the rats in the PBMCs and PBMCs + PRP groups
increased gradually until reaching a peak at Day 10 and then decreased (Fig. 2C, 2D). The peak levels
were closed to the young control. Meanwhile, the expression of FSH was contradictory, which was
decreased before the day of the 15th and then increased (Fig. 2E). This suggested that PBMCs and
PBMCs + PRP transplantation regulates aberrant hormone expression in NOA rats, and the effect of
combined use is more effective.

Increasing the number of follicles

We counted the number of follicles at all stages of the three groups of rats on the 5th, 10th, 15th, and
20th days after transplantation. The results showed that the number of follicles at all levels in the PBMCs
group was signi�cantly increased compared to that in the NOA control group. The number of primordial
and primary follicles increased signi�cantly on the 15th day, and the number of secondary and antral
follicles increased signi�cantly on the 10th day. The increase in follicles was more signi�cant in the
PBMCs + PRP group (Fig. 2F, 2G, 2H, 2I). These results indicate that PBMC transplantation may restore
ovarian function in NOA rats to some extent and that combination with PRP was more effective.

Facilitating pregnancy and live birth

To explore whether PBMCs and PBMCs + PRP transplantation improve the fertility of NOA rats, the
embryo-implantation e�ciency and the pregnancy rate were examined in each group. As shown in
Fig. 3G, the time to pregnancy in the NOA control group was signi�cantly longer than that in the PBMCs
and PBMCs + PRP groups (p < 0.05), which means that the NOA control rats after cell transplant treatment
were more likely to become pregnant. As shown in Fig. 3H and 3I, the e�ciency of embryo implantation
and live birth rates in the NOA control group were signi�cantly lower than those in the PBMCs and
PBMCs + PRP groups. As expected, the combined use of PBMCs and PRP increased the implantation
rates and live birth rates more effectively. In summary, the above data suggested that PBMCs + PRP
transplantation can restore the fertility of NOA rats.

5.4. PBMCs and PBMCs + PRP signi�cantly increase the
expression of angiogenesis- and folliculogenesis-related
markers
To explore the potential mechanisms of ovarian function restoration by PBMCs + PRP transplantation, we
assessed ovarian folliculogenesis and angiogenesis-related markers at Day 10 after transplantation. The
expression of AMH, mainly localized to primary follicles, sinus follicles, and the corpus luteum, was
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relatively high in the PBMCs and PBMCs + PRP groups compared to the NOA control group (Fig. 4A).
FSHR was mainly observed in sinus follicles, preovulation follicles, and the corpus luteum in the
transplantation groups except for the NOA control group, and expression was more robust in the PBMCs 
+ PRP group but weaker in the PBMCs group (Fig. 4B). The expression of VEGF in the interstitium and
corpus luteum was signi�cantly higher in the PBMCs and PBMCs + PRP groups than in the NOA control
group (Fig. 4C). Signi�cantly increased numbers of CD31-positive and α-SMA-positive cells were observed
in the vascular wall around each follicle and in numerous capillaries uniformly spread in the cortex after
transplantation (Fig. 4D, 4E).

To evaluate the effect of angiogenesis in NOA more obviously, we detected the protein expression of
CD31 and α-SMA in each group by IF on Day 10 (Fig. 5). The periendothelial cell area and endothelial cell
area in the ovary were evaluated by counting CD31-positive cells and α-SMA-positive cells per high-power
�eld, respectively. The results showed that the percentages of CD31- and α-SMA-positive areas were
signi�cantly decreased in the NOA group compared to the PBMCs and PBMCs + PRP groups (Fig. 5A, 5B).
PBMCs combined with PRP more effectively upregulated ovarian angiogenesis. The injection of PBMCs
and PBMCs + PRP increased the vascular density on Day 10 after treatment. The ovarian blood vessels
were counted by immuno�uorescence staining of CD31 and α-SMA. The data showed that the
application of PBMCs alone or in combination with PRP in NOA rats could enhance the blood vessel
density and blood supply in ovarian tissue (Fig. 5C).

5.5. Effects of cell transplantation treatment on ovarian
glycolysis-related rate-limiting enzymes and SIRT1
expression
The expression of lactate dehydrogenase A (LDH-A) and sirtuin 1 (SIRT1) was detected by
immunohistochemistry. SIRT1 protein was expressed in follicular granular cells, including ovarian
cumulus. Compared with the young control group, the number of SIRT1-positive cells in the NOA control
group was signi�cantly decreased. After transplantation, the protein expression of SIRT1 was
signi�cantly increased (Fig. 6A). The same effect was also consistent in LDH-A (Fig. 6B). Furthermore, the
expression of SIRT1, LDH-A, and glycolysis-related rate-limiting enzymes in the ovary was analyzed by
qRT–PCR. The mRNA expression of hexokinase (HK), phosphofructokinase (PFK), pyruvate kinase
isozyme M2 (PKM2), SIRT1, and LDH-A in ovaries from the NOA control group was lower than that in
ovaries from the young control group and was increased after PBMCs and PBMCs + PRP treatment
(Fig. 6C, 6D, 6E). These results suggested that PBMCs treatment may be associated with glycolysis
enhancement.

5.6. Possible signaling pathways in the study
The schematic diagram illustrates the possible mechanisms responsible for the restorative effects of
PBMCs + PRP-based therapy in Supplementary FigS2. The paracrine proteome of VEGF functions in the
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ovarian microenvironment of a natural ovarian aging rat model by promoting angiogenesis and glycolytic
pathway activity. The paracrine proteome signaling function in the ovarian microenvironment with
resistance to natural ovarian aging may mainly be upregulated by angiogenesis-, glycolysis-, and
folliculogenesis-related genes. As a consequence, the ovarian function of NOA rats recovered.

Discussion
Human follicle development strictly depends on angiogenesis, which enables the follicle to receive the
necessary supply of nutrients and oxygen and facilitates the release of steroids(Q. Xie, Cheng, Chen,
Lobe, & Liu, 2017). The current knowledge and understanding of female reproductive aging is limited.
Previous studies have shown that decreased ovarian function is a consequence of excessive dormant
primordial follicle activation(Kalich-Philosoph et al., 2013), massive granulosa cell apoptosis(Spears et
al., 2019), persistent vascular damage(Meirow et al., 2007), and ROS overproduction(Song et al., 2016).
Research on organ aging mechanisms can be roughly divided into free radical theory, metabolism theory,
telomere theory, and immune system degeneration theory, but none of them can fully explain the
phenomenon(Dennis & Thompson, 2014; Ren & Zhang, 2019; Rizzo et al., 2014). Aging leads to a decline
in vascular dysfunction, and it is undeniable that most importantly, for the reversal of POI ovarian
function, the increase in vascularization in ovaries to provide an increase in blood nourishment
contributes to the acceleration of the healing procedure and scavenging tissue debris(Liang, Li, & Chung,
2017).

Currently, stem cell transplantation is generally considered a promising therapeutic for preserving or
recovering lost, damaged, or aging tissues. Transplantation of stem cells can promote homing and
differentiation in injured ovaries(Tuan & O'Brien, 2015). Therefore, the present study aimed to analyze the
effect of PBMC + PRP transplantation on the vasculature of ovarian tissues in NOA rats and investigated
the correlation between angiogenesis of the granulosa on the recovery of ovarian function in NOA rats.

Our previous studies reported that intraovarian injection of PBMCs restores fertility in a chemotherapy-
induced POI rat model. However, the e�ciency of PBMCs and PRP transplantation in NOA rats has not
been explored. Therefore, we planned to evaluate the therapeutic effect and underlying mechanisms of
PBMCs or PBMCs + PRP on NOA rats. PBMCs alone or in combination with PRP may be a facile, quick,
accessible, safe, and relatively cheap alternative therapeutic strategy to revert NOA-related pathology.

PBMCs maintain the biological properties of other stem cells and possess a great ability to proliferate
and differentiate. In addition, compared with other stem cells, PBMCs have many advantages: (1) the
process of obtaining PBMCs and PRP creates less pain for patients; (2) most vitally, they can be obtained
repeatedly and easily; and (3) autologous transplantation of PBMCs and PRP will not lead to severe
immunological rejection. Therefore, PBMCs and PRP may be an ideal replacement for BMSCs, promoting
clinical use with promising potential.

Paracrine cytokines exert substantial effects in repairing ovarian function by inhibiting granulosa cell
apoptosis(Q. Zhang et al., 2017), promoting angiogenesis(Cho et al., 2021; Seok et al., 2020), and
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reducing oxidative stress(Na et al., 2020; Seok et al., 2020). As a consequence, stem cells could
reconstitute ovarian functions. Many studies have indicated that the reproductive treatment effect of
stem cells is linked to their secretome, which is rich in bioactive factors that support ovarian function(Liu
et al., 2019). These molecules include insulin-like growth factor (IGF)(Ling et al., 2019), vascular
endothelial growth factor (VEGF)(Cho et al., 2021), epidermal growth factor (EGF)(Ding et al., 2020), and
other growth factors that trigger cell growth, differentiation, and immunoregulation to restore ovarian
function. On the other hand, it is well known that PRP is highly enriched in platelets and growth factors,
such as VEGF, TGF-β, HGF, IGF-1, GDF-9, BMP15, and EGF(Alsousou, Thompson, Harrison, Willett, &
Franklin, 2015; Alves & Grimalt, 2018; Dehghani, Aboutalebi, Esmaeilpour, Panjehshahin, & Bordbar,
2018). Moreover, among the many proangiogenic factors, VEGF is one of the major candidates for the
regulation of angiogenesis in the ovary(Ferrara, Gerber, & LeCouter, 2003). Therefore, we further
investigated the potential role of VEGF in ovarian vasculature and follicular development after PBMC + 
PRP treatment and explored the regulatory mechanism. Our data showed that the functional recovery
effect of PBMC and PBMC + PRP transplantation on NOA rats is likely to bene�t from the upregulation of
VEGF secretion.

Growing evidence has shown that energy metabolism disorder of granulosa cells is an important cause
of abnormal follicular genesis and fertility decline in females(S. Zhang et al., 2020). It is widely accepted
that the function of granulosa cells is essential for the growth and development of mammalian
oocytes(Buccione, Schroeder, & Eppig, 1990). Since oocytes themselves cannot carry out some metabolic
processes, such as glycolysis and amino acid uptake, these processes are dependent on the cooperation
of granulosa cells(Sugiura & Eppig, 2005). The effects of glycolysis metabolism during in vivo and in
vitro cytoplasmic maturation of oocytes are essential(Boland, Humpherson, Leese, & Gosden, 1994; H. L.
Xie et al., 2016). In particular, pyruvate and lactic acid both play vital roles in follicle formation and oocyte
maturation(Tu, Lei, Huo, Le, & Zhang, 2019). However, oocytes themselves lack glycolysis ability, and the
energy of follicle formation is mainly provided by metabolites such as pyruvate and lactic acid produced
during glycolysis of granulosa cells(Sugiura, Pendola, & Eppig, 2005). Quiescent primordial follicles in the
ovarian cortex undergo glycolysis/Krebs cycle located away from the vasculature in a hypoxic
environment(Makanji, Tagler, Pahnke, Shea, & Woodruff, 2014). As follicles grow to the secondary stage,
they move to the vascular ovarian medulla. From secondary follicles growing to antral follicles,
vascularization of the theca cell layer occurs(Brown & Russell, 2014), providing increased access to
oxygen, and oocytes shift toward metabolism consistent with oxidative phosphorylation. Increased
oxygen supply promotes oxidative phosphorylation in mural granulosa cells. With the increase in oxygen
supply, the glycolysis pathway is upregulated, consistent with previous studies(Harris, Leese, Gosden, &
Picton, 2009). It has long been believed that oocytes are passive recipients of the nutrients produced by
cumulus cells, at least with regard to glucose metabolism. Actually, oocytes orchestrate the rate of
follicular development and the expression of glycolysis genes in the surrounding granulosa cells(Sugiura
& Eppig, 2005).

Then, we examined the changes in the products and rate-limiting enzymes during glycolysis in granulosa
cells. Our data showed that the HK, PKM2, PFK, SIRT1, and LDH-A genes related to glycolysis in
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granulosa cells were upregulated. This result indicated that glycolysis in the ovaries of NOA rats was
decreased compared with that in young rats, and PBMC transplantation treatment reversed these
processes, suggesting that PBMC transplantation could improve the glycolytic capacity of granulosa
cells. Furthermore, combined with PRP injection, there were additive effects. However, the mechanisms by
which PBMCs or PBMCs combined with PRP regulate angiogenesis and glycolysis under different
conditions have not been fully elucidated. The protective effect veri�ed it as a potential therapeutic
method that may be widely used in various pathological conditions.

HRT is widely used in POI patients but has limitations. For example, it increases the risk of heart disease,
stroke, breast cancer, and colorectal cancer in POI patients(Sullivan, Sarrel, & Nelson, 2016). Ovarian
tissue cryopreservation is a new therapy employed in POF patients, but the low survival rate in the thawed
ovary makes it di�cult to conceive naturally after ovarian tissue transplantation (Silber, 2016). Various
stem cell transplantation methods have been shown to both effectively restore ovarian function and
promote fertility in preclinical animal experiments(Igboeli et al., 2020; Seok et al., 2020). Transplantation
of stem cells can reconstitute ovarian functions that are sustained for a limited short period, limiting the
potential application of stem cells in the preservation of fertility and endocrine function. The arti�cial
ovary is also a promising alternative that will be used in in vitro growth and maturation approaches or to
improve ovarian transplant in the future. Although it has been applied successfully in animal models, its
e�cacy and safety have to be proven before it is clinically used for patients(Sfakianoudis et al., 2020).

Our study provides new insights into the great clinical potential of PBMCs combined with PRP in treating
NOA. PBMCs combined with PRP restored structure and function in ovarian aging and premature aging
rat models. PRP greatly extends the effects of follicle development and endocrine functions in PBMCs.
Although our study focused on using PRP to extend the functions of PBMC transplants, our �ndings may
also have implications in extending the e�cacy of other somatic stem cells in regeneration and
transplantation. However, more studies are required to evaluate the feasibility, safety, and e�cacy of
fertility-preserving methods. Improved therapeutic strategies to prevent natural aging-induced ovarian
function decline are needed for these patients.

Conclusions
Intraovarian transplantation of PBMCs resulted in restoration of the normal estrus cycle, recovery of
serum sex hormone levels, increased follicle numbers at all stages, and restoration of fertility. Importantly,
PBMCs transplantation into ovaries by local ovarian injection could exert the most conspicuous effect on
antagonizing age-associated ovarian hypofunction without any sign of tumorigenicity. Moreover, PRP
could enhance these effects, which suggested the potential value of stem cells and PRP in NOA and
provided a new strategy for female fertility preservation.
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Figures

Figure 1
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Veri�cation of NOA rat model.

Figure 2

Observation of the curative effect of NOA rat ovarian PBMCs cells transplantation
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Figure 3

Rescue of embryonic development and live birth by PBMCs or combined with PRP.
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Figure 4

PBMCs and PBMCs+PRP signi�cantly increase the expression of angiogenesis and folliculogenesis-
related markers
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Figure 5

PBMCs and PBMCs+PRP could restore the ovarian function of aged rats by up-regular the ovarian
angiogenesis in NOA rats
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Figure 6

PBMCs restored the ovarian function of aged rats via glycolysis modulation; combined with PRP could
help this effect
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