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Abstract
The mechanisms of aging-related oocyte meiotic defects and low competence remain elusive. Hi-C and
SMART-seq revealed aging-related decreases in chromosome condensation, particularly for genomic
regions proximal to the centromeres in metaphase I aged oocytes. Further transcriptomic analysis of
oocyte-surrounding granulosa cells (GCs) showed that oocyte meiotic maturation was accompanied by
robust increases in mevalonate (MVA) pathway gene expression in GCs, which was largely
downregulated in aged GCs. Suppression of MVA metabolism in GCs with statins resulted in marked
meiotic defects in young cumulus-oocyte complexes (COCs). Conversely, supplementation with the MVA
metabolite geranylgeraniol ameliorated meiotic defects in aged COCs. Meanwhile, geranylgeraniol also
activated LHR/EGF signaling in aged GCs and then enhanced the meiosis-associated gene expression in
oocytes. Generally, the MVA pathway in GCs is a critical regulator of meiotic maturation in oocytes.

Introduction
The ovaries are reproductive organs that have critical functions in producing mature oocytes and
secreting sexual hormones, especially for women of reproductive age (1). In recent decades, there has
been an increasing desire for childbearing among females of advanced maternal age (2, 3). Nevertheless,
a signi�cant decline in ovarian function occurs in women over age 35, which manifests as reduced
ovarian reserve and decreased oocyte quality (4, 5). These changes are caused mainly by meiotic defects
(6, 7). The proportion of aneuploid metaphase II (MII) oocytes rapidly increases from 23.6–53.5% after
women reach the age of 33 (8, 9). However, the mechanisms of aging-related meiotic defects in oocytes
remain to be clari�ed, and there are no effective methods to preserve oocyte meiosis in aged women.

Normal oocyte growth is a complex biological process characterized by dynamic transcriptional
regulation in oocytes and neighboring granulosa cells (GCs) (10). GCs supply products of glycolysis and
cholesterol biosynthesis and amino acids for oocyte growth and maturation (11). Epidermal growth
factor (EGF) signaling plays a key role in oocyte meiosis resumption by transmitting the LH signal from
GCs to the oocyte (12). Some previous studies have shown that maternal aging is related to disruption of
oocyte-GC interactions that leads to disorders of the oocyte meiotic process (13). Recent advances in
single-cell transcriptomics and genome-wide chromatin conformation capture (Hi-C) techniques have
provided unprecedented opportunities for exploring the changes in transcription and chromatin structure
during ovarian aging at the systems level (14–16). Although previous studies have characterized the
transcriptomes of oocytes and GCs across different ages, the relationships between age-associated
transcriptome changes and signal transmission in paired oocytes and GCs throughout the meiotic
process have not been explicitly investigated.

In this study, we systematically characterized the dynamic changes in the chromatin structure of oocytes
and the overall transcriptomic landscapes of oocytes and GCs from young and aged mice throughout
oocyte meiosis (during the growing oocyte [GO], full-grown oocyte [FGO], metaphase I [MI] oocyte [MIO],
and MII oocyte [MIIO] phases). Abnormal equatorial plate formation and decreased chromatin interaction
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frequency in MIOs accounted for the decreased oocyte quality in aged mice, which could be attributed to
disturbed expression of meiosis-associated genes (ZFP207, PTTG1, HAUS2, MSH5, and RBM38). We
further demonstrated that the de�cient mevalonate (MVA) pathway, an essential metabolic pathway that
uses acetyl-CoA to produce sterols and isoprenoids, in aged GCs at MI contributed to defective oocyte
meiosis via the downregulation of LHR/EGF signaling. Furthermore, the effect of MVA metabolism in GCs
on oocyte meiosis is mainly mediated by nonsterol isoprenoid pathways. Correspondingly, upregulation
of the MVA pathway in aged GCs ameliorated the depletion of ovarian reserve and disturbance of oocyte
meiosis by upregulating the expression of the above chromosome assembly related genes in aged mice.
Downregulation of MVA-associated gene expression was also observed in GCs from women of
reproductive advanced age. These �ndings not only reveal the MVA pathway in GCs as a key metabolic
regulator of oocyte meiotic defects during ovarian aging but also provide a new therapeutic target for
clinical intervention to improve oocyte quality.

Results
Oocytes from aged ovaries show chromatin structural abnormalities at MI

The ovarian reserves and quality of oocytes in mice, such as the number of follicles and MIIOs, the
germinal vesicle breakdown (GVBD) rate and the �rst polar body extrusion (PBE) rate, declined with
maternal age from 6 weeks old to 10 months old (�g. S1, A to C). The width of the chromosome plate at
the MI stage was wider in oocytes from aged mice (32.9 ± 3.7 µm) than in oocytes from young mice (18.7
± 1.3 µm) (P = 0.0009) (�g. S1D). Notably, a signi�cant fraction of oocytes (52.0% ± 2.0%) from 10-
month-old mice exhibited spindle and chromosome abnormalities, including chromosome misalignment
at metaphase, anaphase lagging/chromatin bridges, clumped chromosomes and spindle defects (�g. S1,
B and E).

To further illustrate the age-associated changes in chromosome structure in oocytes, we performed in situ
Hi-C on oocytes at four key stages of maturation, namely, the GO stage, FGO stage, MIO stage, and MIIO
stage, isolated from 6-week-old (young) and 10-month-old (aged) mice (Fig. 1A). For each cell type, Hi-C
was performed on two independent biological replicates consisting of 20~50 isolated oocytes, and
10~31 million unique valid pairs were obtained for each Hi-C experiment (table S1). Pearson correlation
coe�cients for pairwise combinations of datasets using either the Hi-C contact probabilities binned at
500 kb resolution (�g. S2A) or the insulation indices at 10 kb resolution (�g. S2, B and C) indicated good
reproducibility of the Hi-C datasets.

We examined the dynamic changes in chromosome organization during oocyte maturation in oocytes
from young mice. The genome-wide Hi-C interaction heatmaps from young oocytes (�g. S3A, YGO, YFGO,
YMIO and YMIIO) revealed a lower extent of trans interactions at the MIO and MIIO stages than at the
other stages. Chromosome condensation at the MIO and MIIO stages was evidenced by the signi�cant
increase in near-diagonal signals on the intrachromosomal heatmaps (Fig. 1B). Notably, the Hi-C
heatmap for MIO exhibited stronger diagonal signals than the MIIO heatmap, indicating different
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chromosome condensation levels at the two stages. Concordant with these observations, the P(s) curves
used to quantify the chromatin contact probability on autosomes (�g. S3B) or X chromosomes (�g. S3C)
as a function of genomic separation showed higher chromatin contact probabilities between 1 Mb and
~20 Mb at the MIO and MIIO stages than at the other stages.

Comparison of Hi-C datasets between stage-matched oocytes from young and aged mice revealed that
signi�cant age-associated changes in chromosome organization occurred at the MIO stage. For all four
stages, the young and aged oocytes exhibited similar TADs and compartment organization (Fig. 1B and
�g. S2C). However, the Hi-C interaction heatmap for aged MIOs exhibited greatly weakened near-diagonal
signals compared to that for young MIOs (Fig. 1B), indicating a decrease in chromosome condensation.
Concordantly, compared to that of the young MIOs, the P(s) curve of the aged MIOs exhibited a
signi�cant decay of chromatin contact probability between 1 Mb and ~20 Mb, while no other oocyte
stages exhibited such an age-associated change in the P(s) relationship (Fig. 1C and �g. S3, D to F). MIO-
speci�c decreases in chromosome condensation were observed on all autosomes and the X chromosome
(�g. S4).

To further evaluate the changes in chromosome condensation at different positions along the
chromosomes, we devised the “compaction index” by calculating the averaged chromatin interaction
frequency within 10 Mb for each 500 kb genomic interval. In young MIO, all autosomes exhibited elevated
compaction indices at the centromere-proximal chromosome end (�g. S5). Importantly, the compaction
indices at the centromere-proximal regions exhibited notable decreases in aged MIO compared to young
MIO (Fig. 1D), indicating that chromatin structure of pericentromeric regions was more severely affected
in aged MIO compared to the genomic regions in the middle of chromosomes. Such a phenomenon was
observed on 17 of 19 autosomes, with the greatest decreases in pericentromeric chromosome
compaction observed on chromosomes 1, 7, 17, and 19 (�g. S5). In contrast, the compaction indices for
aged FGOs and young FGOs exhibited minimal changes (Fig. 1D and �g. S6). These analyses suggest
that the meiotic defects of aged oocytes could result from the decreased compaction of pericentric
regions. Overall, our data demonstrate that the meiotic defects and decreased oocyte quality in aged mice
may be attributable to defects in chromosome condensation that primarily occur in MI. The lack of
discernible chromosome structure changes in aged GOs and FGOs suggests that the chromosome
structure defects observed in aged MIOs are not inherently associated with aged oocytes. Rather, these
defects may result from the abnormal expression of meiosis-related genes during MI progression.

 

Meiosis-associated gene expression decreases in aged oocytes at MI

To investigate the gene expression changes associated with chromatin structural changes, SMART-seq
was performed on oocytes at different stages of meiosis (Fig. 2A). The sequencing results revealed that
su�cient numbers of genes were detected to proceed with gene expression and reliability analysis (�g.
S7A). Principal component analysis (PCA) showed that the mRNA expression patterns of oocytes differed
with age and stage (�g. S7B).
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To elucidate the cause of abnormal chromatin structure in aged MIOs, we compared the transcriptomes
of oocytes from young and aged mice. In total, 1,474, 1,077, 1,062, and 716 upregulated DEGs and 780,
1,874, 1,260, and 841 downregulated DEGs were identi�ed at the GO, FGO, MIO, and MIIO stages,
respectively (�g. S7C). As shown in Figure 2B, Gene Ontology analysis revealed aging-associated
changes in biological processes at the four oocyte stages. Many pathways associated with meiosis, such
as the “spindle assembly checkpoint” and “regulation of mitotic sister chromatid separation”, were
signi�cantly downregulated at the MIO stage. Interestingly, in�ammation-related pathways, including “T
cell differentiation” and “regulation of interleukin-6 production”, were upregulated in oocytes from aged
mice (�g. S7D). The expression levels of 406 genes associated with meiosis were upregulated in young
oocytes during meiosis under physiological conditions, whereas the tendency was reversed in aged
oocytes (Fig. 2C). In addition, the downregulated DEGs at the MIO stage in aged oocytes overlapped with
genes associated with meiosis, including ZFP207, PTTG1, HAUS2, MSH5, and RBM38, suggesting a
relation between the downregulation of multiple meiosis-related genes and abnormal chromatin structure
of aged MIOs (Fig. 2, D and E and �g. S7E). Collectively, the data indicate that oocytes from aged mice
are characterized by downregulation of meiosis-related genes, which may result in chromatin structural
abnormalities and meiotic defects.

 

MVA pathway is abnormally downregulated in aged GCs at MI

Bidirectional signal transmission between oocytes and GCs is critical for establishing a suitable follicular
microenvironment for oocyte growth and maturation (19-21). To investigate whether and how the age-
associated transcriptome changes in GCs in�uence meiosis-related gene expression in oocytes via
metabolites and molecular signaling, we next performed RNA-seq on mouse GCs at four follicular stages
matching those described for oocytes (GCs surrounding GOs [GCs], GCs surrounding FGOs [FGCs], GCs
surrounding MIOs [MIGCs] and GCs surrounding MIIOs [MIIGCs]) and human GCs (Fig. 3A). The average
number of genes with fragments per kilobase of transcript per million mapped reads (FPKM) > 1 was
between 10,861 and 13,332 at different stages in young and aged mice, and the mRNA expression
patterns of GCs differed with age and stage (�g. S8, A and B). Gene expression in GCs from young mice
was further analyzed, which revealed genes with stage-speci�c high expression (Fig. 3B). Gene Ontology
analysis revealed that many lipid metabolism-associated genes were speci�cally highly expressed in
MIGCs (Fig. 3C). Interestingly, MIGCs exhibited the highest proportion of genes related to lipid metabolism
among all of the highly expressed metabolic genes, and many of these genes were found to participate in
the MVA pathway, which is a critical cholesterol metabolic pathway (�g. S8, C and D). Further analysis
showed that the expression of genes involved in the MVA metabolic pathway was low in GCs and FGCs
but strongly upregulated in MIGCs, suggesting that this pathway plays important roles during oocyte
meiotic resumption (Fig. 3D and �g. S8E).

Then, the gene expression changes in aged mouse GCs were analyzed. Upregulated (604, 373, 1,852, and
1,359) and downregulated (9,775, 2,270, 417, and 623) DEGs were identi�ed at each stage (�g. S9A).
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Gene Ontology analysis revealed that genes associated with the “steroid biosynthetic process”,
“regulation of lipid metabolic process”, “regulation of lipid biosynthetic process”, “fatty acid beta-
oxidation”, and “ERBB signaling pathway” terms were downregulated in MIGCs from aged mice (Fig. 3E).
Among the downregulated metabolism-related genes in MIGCs from aged mice, 86% (30 genes) were
closely associated with lipid metabolism, and Gene Ontology analysis revealed that most of these genes
were involved in “cholesterol biosynthesis” (�g. S9B). The heatmap shown in Figure 3F suggests the
signi�cant downregulation of cholesterol biosynthesis-related genes in MIGCs and MIIGCs from aged
mouse ovaries. Immuno�uorescence and quantitative real-time PCR (qRT-PCR) analysis further con�rmed
the decreased expression of the MVA pathway step-limiting enzyme genes HMGCS and GGPPS in aged
MIGCs, consistent with the RNA-seq data (�g. S9, C to E). Surprisingly, all of the key metabolic enzymes
within the MVA pathway were signi�cantly decreased by 1.7- to 14.3-fold in aged MIGCs (Fig. 3G).
Moreover, in�ammation-associated processes, including “regulation of T cell activation” and “regulation
of chemotaxis”, were also upregulated in aged MIGCs (�g. S9F).

To further verify the reliability and clinical relevance of the disrupted MVA pathway in aged human GCs,
we analyzed the transcriptome of GCs from young women (age range, 21–28 years) and older women
(age range, 38–45 years) undergoing IVF (Fig. 3A). Compared to young women, aged women had
signi�cantly lower AMH levels (1.3 ± 0.3 vs. 3.3 ± 0.4, P = 0.002), antral follicle counts (AFCs) (8.9 ± 1.3
vs. 19.1 ± 1.8, P = 0.0005), and numbers of collected oocytes (4.3 ± 0.9 vs. 11.2 ± 0.9, P < 0.0001),
fertilized oocytes (3.9 ± 0.9 vs. 8.5 ± 0.9, P = 0.02) and transferred embryos (2.5 ± 0.7 vs. 5.7 ± 0.8, P =
0.01). However, BMI, LH, E2, T, and PRL values did not signi�cantly differ between the two groups (table
S2). Gene Ontology analysis suggested that genes associated with the “cholesterol biosynthetic process”,
“lipid transport”, and “cell cycle” were downregulated in GCs from aged women (Fig. 3H). MVA pathway-
associated gene expression in aged GCs from aged women was also decreased (�g. S9G). The
sequencing data were further validated by qRT-PCR analysis, which revealed that GCs from aged women
had lower expression levels of MVK (0.6 ± 0.2 vs. 3.1 ± 0.6, P = 0.008) and GGPPS (0.6 ± 0.4 vs. 2.3 ± 0.5,
P = 0.03) than those from young women (Fig. 3I). In addition, in�ammation-associated processes, such
as “positive regulation of chemokine production” and “cellular response to interleukin-6,” were
upregulated in GCs from aged women (�g. S9H). The above results demonstrated that genes associated
with the MVA pathway were highly expressed in MIGCs, while in aged GCs, genes encoding metabolic
enzymes at different biosynthetic steps from acetyl-CoA to cholesterol were expressed at signi�cantly
decreased levels.

 

Abnormal MVA pathway in GCs causes age-associated meiotic defects in oocytes at MI

To further clarify the function of the MVA pathway in GCs during oocyte meiosis, denuded oocytes (DOs)
and cumulus-oocyte complexes (COCs) were obtained from young mice. After atorvastatin, an MVA
pathway blocker, was added to the IVM medium, the GVBD and PBE percentages at 4 h and 18 h were
calculated (Fig. 4A). As displayed in �gure S10A, the expression levels of MVK and GGPPS were
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signi�cantly decreased in GCs from COCs treated with atorvastatin. Inhibition of the MVA pathway did
not affect the GVBD rates of DOs and oocytes gathered from COCs (�g. S10B). However, the PBE rate of
oocytes from COCs treated with atorvastatin (25.0% ± 4.5%) was signi�cantly lower than that of oocytes
from the control group (63.8% ± 6.6%) (P =0.0013) (Fig. 4B and �g. S10C). In addition, atorvastatin did
not affect the rate of PBE in DOs (Fig. 4B). Moreover, the rate of irregularly assembled spindles and
misaligned chromosomes was markedly higher in oocytes recovered from atorvastatin-treated COCs than
in oocytes from control COCs (49.6% ± 5.7% vs. 19.6% ± 7.0%, P = 0.02) (Fig. 4C). To further unravel
which part of the MVA pathway is essential for oocyte meiotic defects, several inhibitors of enzymes
downstream of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)-reductase, 6-�uoromevalonate (6-
FMVA), FTI-227, GGTI-298 and Zaragozic acid A (ZAA), were assessed for their effect on the process of
oocyte meiosis. 6-FMVA, which inhibits mevalonate, decreased the PBE extrusion rate (36.4% ± 7.7% vs.
76.3% ± 6.3%, P = 0.006) and increased the meiotic defect rate (39.6% ± 2.8% vs. 16.3% ± 5.7%, P = 0.04),
similar to atorvastatin treatment (Fig. 3G; Fig. 4D; �g. S10, D and E). ZAA, which inhibits squalene
synthase for cholesterol synthesis, did not signi�cantly affect the rate of PBE of COCs or
spindle/chromosome defects compared with the control (Fig. 3G; Fig. 4D; �g. S10, D and E). Inhibition of
the respective nonsterol isoprenoid pathways using farnesyl-transferase and geranyl-transferase
inhibitors, FTI-227 and GGTI-298, signi�cantly reduced the PBE rate (44.0% ± 9.0%, 46.0% ± 3.9% vs.
76.3% ± 6.3%, P = 0.02 and P = 0.004, respectively) and increased the rate of irregularly assembled
spindles and misaligned chromosomes (46.7% ± 10.2%, 31.8% ± 3.6% vs. 16.3% ± 5.7%, P = 0.03 and P =
0.004, respectively) (Fig. 3G; Fig. 4D; �g. S10, D, E and F), indicating that the oocyte meiosis process is
mainly regulated by isoprenoid in GCs and that this metabolic modi�cation is decreased in aged GCs (�g.
S10G).

            We next sought to determine whether supplementation with a metabolic activator of the MVA
pathway could decrease meiotic defects. DOs and COCs were isolated from the ovaries of 10-month-old
mice and then cultured in IVM supplemented with the GGPP precursor geranylgeraniol (GGOH), the key
metabolic intermediate of MVA (Fig. 3G and �g. S10H). As shown in �gure S10I, GGOH supplementation
signi�cantly increased the expression levels of MVK and GGPPS in aged GCs. GGOH did not affect the
GVBD rate of either DOs or COC-derived oocytes (�g. S10J). The PBE rate of COCs after GGOH
supplementation (54.2% ± 2.1%) was higher than that of the control COC group (46.4% ± 2.4%) (P = 0.05)
(Fig. 4E). However, GGOH supplementation did not affect the PBE rate of DOs, indicating that GGOH
improved the meiotic progression of oocytes by inducing the MVA metabolic pathway in GCs (Fig. 4E).
Remarkably, the rate of disordered spindles with misaligned chromosomes was signi�cantly lower in the
GGOH group (23.2% ± 4.0%) than in the control group (53.5% ± 6.3%) (P = 0.007) (Fig. 4F). In conclusion,
a surge in the MVA metabolic pathway in MIGCs induces oocyte chromosome assembly and meiosis, and
GGOH supplementation can improve meiotic maturation and reduce meiotic defects of aged oocytes by
regulating MVA metabolism in GCs.

 

MVA pathway in GCs regulates meiosis-related genes in oocytes via EGF signaling at MI
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Some known signal transduction from GCs determines oocyte meiotic arrest, resumption, and
maturation. NPPC and NPR2 are upregulated in the fully grown phase, resulting in meiotic arrest of
oocytes (�g. S11A) (22, 23). When the LH surge is initiated by the pituitary gland, LH interacts with LHR
and induces acute upregulation of the EGF signaling network in GCs, which promotes oocyte meiotic
maturation at the MI stage (Fig. 5A and �g. S11A) (12, 24, 25). MIIGCs express high levels of PTGS2,
PTX3, and TNFAIP6, inducing cumulus cell expansion and ovulation (�g. S11A) (26, 27). Considering the
ligand–receptor interactions between oocytes and GCs that ensure their proper linkage (28, 29), we
explored whether ovarian aging in�uences these interactions between oocytes and GCs. The network of
cellular interactions was analyzed using CellphoneDB2, which revealed that ovarian aging resulted in a
signi�cant decrease in the number of ligand–receptor pairs between oocytes and GCs, especially during
the MI stage, with decreases in up to two-thirds of these pairs (�g. S11, B and C). Among the ligand–
receptor interactions at the MI stage, EGF signaling was signi�cantly downregulated, with decreases in
“CGA_LHCGR”, “EREG_EGFR”, “EREG_ERBB4” and “EGFR_AREG” (Fig. 5B). The signi�cant decrease in
ligand–receptor pairs for EGF signaling characterizes abnormal meiosis signal transduction from GCs to
oocytes during ovarian aging, which might be regulated by the MVA pathway.

Interestingly, LHR and EGF signaling molecules, including AREG, EREG, and BTC, presented the same
expression patterns accompanying dynamic changes in the MVA pathway in MIGCs from young and
aged mice (Fig. 5C and �g. S11A). RNA-seq and qRT-PCR analysis con�rmed the downregulation of LHR,
AREG, and EREG in MIGCs of COCs from aged mice and GCs from aged women, consistent with the
downregulation of the MVA pathway at the MI stage (Fig. 5, C and D and �g. S11D). To identify the
association between the MVA pathway and LHR/EGF signaling, the expression levels of LHR, AREG, and
EREG in GCs from COCs treated with atorvastatin or GGOH were further analyzed. The results showed
that LHR, AREG, and EREG were signi�cantly downregulated (69%, 63%, and 64%, respectively) after
atorvastatin treatment and upregulated (1.6-, 1.7-, and 1.6-fold, respectively) after GGOH treatment (Fig. 5,
E and F). In addition, atorvastatin reduced the protein levels of MVK, LHR, and AREG, while GGOH
supplementation increased the expression levels of MVK, LHR, and AREG in cultured mouse GCs and the
human GC line KGN (Fig. 5G and �g. S11E). Moreover, the chromosome assembly related genes ZFP207,
PTTG1, HAUS2, MSH5, and RBM38 were signi�cantly upregulated in oocytes from COCs treated with
GGOH (Fig. 5H). These results indicate that the MVA pathway and metabolites may affect EGF signaling
activation by regulating LHR in GCs and that MVA pathway abnormalities downregulate EGF signaling,
contributing to meiotic abnormalities in oocytes during ovarian aging.

 

MVA metabolite GGOH treatment reduces meiotic defects in aged oocytes in vivo

To clarify the therapeutic effects of the MVA activator in vivo, 4 mg/kg GGOH was intraperitoneally
injected for 30 days into 9-month-old female mice (Fig. 6A). GGOH supplementation did not affect the
body weight but increased the ovarian size and index values of the aged mice (1.5 ± 0.04 vs. 1.2 ± 0.2,
P = 0.05) (Fig. 6, B and C and �g. S12A). GGOH signi�cantly increased the numbers of follicles at all
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developmental stages, especially the growing follicle stage (secondary follicles (143.8 ± 18.2 vs. 67.5 ±
12.0, P = 0.01) and antral follicles (51.3 ± 8.5 vs. 18.8 ± 8.5, P = 0.04)) (Fig. 6, D and E). COCs were
isolated from GGOH-treated or normal saline-treated mice and then cultured in maturation medium. The
results showed that in vivo GGOH supplementation enhanced the expression levels of MVK and GGPPS in
aged GCs, consistent with the immuno�uorescence results (Fig. 6F and �g. S12B). Similar to the results
after GGOH treatment in vitro, MIGCs from GGOH-treated old mice expressed high levels of LHR, AREG,
and EREG after GGOH treatment in vivo (Fig. 6F). In addition, in vivo GGOH supplementation increased
the PBE rate (45.2% ± 2.9% vs. 32.5% ± 0.8%, P = 0.01), although it did not improve the GVBD rate (�g.
S12, C to E). As expected, GGOH supplementation decreased the rate of meiotic defects (30.9% ± 2.4% vs.
57.0% ± 1.8%, P = 0.0004) in COC-derived oocytes (Fig. 6G). Moreover, the potential of MIIOs derived from
GGOH-treated mice to develop into blastocysts was higher than that of MIIOs derived from control mice
(58.1% ± 5.6% vs. 37.1% ± 2.9%, P = 0.03) (Fig. 6H). These results suggest that GGOH, as a key metabolic
intermediate of MVA, can activate the MVA pathway in aged GCs and ameliorate age-associated ovarian
reserve depletion and oocyte meiotic defects in vivo.

Discussion
Unraveling the mechanisms of oocyte meiotic defects that occur with advanced maternal age is a great
challenge in reproductive biology. In the present study, assessment of the transcriptomic landscapes of
young and aged oocytes and surrounding GCs from rodents at different meiotic stages revealed the
signal transduction and metabolic coupling between oocytes and GCs and elucidated the mechanism of
aging-associated meiotic defects in oocytes. First, decreased chromatin interaction frequency at the MI
stage and downregulation of meiosis-associated genes, ZFP207, PTTG1, HAUS2, MSH5, and RBM38,
may be the reasons for aged oocyte meiosis defects. Second, the resumption and process of oocyte
meiosis were accompanied by signi�cant upregulation of the MVA metabolic pathway. However,
signi�cant downregulation of the MVA metabolic pathway was observed in GCs from aged mice and
women. Blocking the MVA metabolic pathway in GCs with atorvastatin impaired oocyte meiosis, and the
effect of MVA on oocytes was mainly mediated by the nonsterol isoprenoid pathway. In vitro and in vivo
supplementation with the MVA metabolite GGOH improved the meiotic process of aged oocytes by
activating the MVA pathway in aged GCs. Third, the MVA pathway in GCs was found to regulate oocyte
meiosis through LHR/EGF signaling (�g. S13).

Meiotic abnormalities are an important reason for the observed reduction in quality in aged oocytes, and
transcriptomic studies on oocytes at different meiotic stages and their surrounding somatic cells improve
the understanding of the mechanisms underlying aging-associated meiotic defects (30, 31). The dynamic
transcriptional regulation and interactions that occur between oocytes and surrounding GCs during
human folliculogenesis were reported by Zhang et al., but the processes of meiosis and ovarian aging
were not considered (10). In 2020, Wang et al. examined the transcriptomic landscape of aged primate
ovaries via single-cell RNA-seq, and their �ndings suggested that oxidative damage played a critical role
in ovarian function decline, but they did not examine oocytes and GCs collected during the meiosis
process (15). Herein, for the �rst time, we produced transcriptome atlases of meiosis by separating
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oocytes and surrounding GCs at different stages of meiosis from young and aged mice, providing high-
quality data on oocyte meiotic defects for future investigations. Our Hi-C data revealed the landscape of
chromosome structure changes in young versus aged oocytes and showed that decreased chromosome
compaction at MI, particularly at the centromere-proximal regions, may account for meiotic defects in
aged oocytes. Interestingly, the extent of age-associated chromosome structure changes varies among
different chromosomes, with chromosomes 1, 7, 17, and 19 exhibiting the greatest losses in pericentric
chromosome compaction in aged mouse oocytes. We assume that chromosome-to-chromosome
variations in aging-related structural changes may cause certain chromosomes to be more prone to
segregation errors than others. Whether such a phenomenon also occurs in aged human oocytes requires
further experimental assessment, which may provide mechanistic insights into aging-related oocyte
aneuploidy in humans.

Metabolism plays a signi�cant role in oocyte meiosis (32, 33). Li et al. identi�ed the metabolic features of
mouse oocytes at different meiotic stages through a metabonomic study and discovered that oocyte
fatty acid utilization signi�cantly increased during oocyte maturation (34). GCs are important sites of
glycolysis and important sources of fatty acids and certain amino acids for oocytes; thus, metabolic
disorders of GCs affect the quality of oocytes (11, 35–37). Previous reports have shown that glucose
consumption and lactate production are elevated in aged GCs and that treatment of COCs with linolenic
acid increases the percentage of oocytes at the MII stage, indicating that metabolic changes in aged GCs
are associated with oocyte aging (38, 39). In the present study, glycolysis- and amino acid uptake-
associated genes, including ALDOA, IDH3B, and SLC38A, were downregulated in MIGCs (data not shown).
Interestingly, in GCs, the MVA metabolic pathway was altered more obviously than other metabolic
pathways, as indicated by the GC transcriptomic pro�les produced via RNA-seq in the present study.

The MVA metabolic pathway is important for reproductive processes that use acetyl-CoA to produce
sterols and isoprenoids. Previous studies have indicated that GGPPS modulates the Rho-associated
kinase signaling pathway via regulation of RhoA isoprenylation (40). Thus, downregulation of MVA
pathway gene expression in aged GCs might lead to disturbance of RhoA isoprenylation, accounting for
the reduction in LHR. However, more studies are still needed to further investigate the effects of
isoprenoids on meiotic signaling in GCs. In addition, the MVA metabolic pathway is fundamental for the
biosynthesis of cholesterol, which is a precursor of steroid hormones, including estrogen and androgens.
It has been reported that estradiol stimulates the expression of LHR by modulating the activity of the
cAMP-PKA pathway in GCs (41). Therefore, the decrease in MVA metabolic pathway activity in aged GCs
may in�uence the synthesis of estradiol, resulting in insu�cient expression of LHR and disturbance of
EGF signaling and contributing to defects in oocyte meiosis.

For a long time, many studies aimed at improving senescence-associated meiotic defects through
strategies such as pharmacological intervention and mitochondrial transplantation focused mainly on
the oocyte itself (42, 43). The present study showed that the MVA pathway in GCs is an important target
for improving aged oocyte meiosis, and GGOH supplementation was able to restore MVA metabolism in
aged GCs and thus ameliorate oocyte meiotic defects with advanced age. Most importantly, our study
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suggests that MVA pathway are closely related to ovarian aging, and MVA metabolite may be effective to
prevent and treat reproductive senescence.

In conclusion, in this study, the transcriptomic landscapes of young and aged mouse oocytes and
surrounding GCs at different meiotic stages revealed the role of the MVA pathway in GCs in inducing the
meiotic maturation of oocytes. The downregulation of the MVA pathway in aged GCs, which leads to
suppressed meiosis-associated gene expression at MI, explains the chromosomal abnormality and
meiotic defects in oocytes during ovarian aging. Signal transduction and metabolic coupling between
oocytes and GCs during ovarian aging provide new insights into the mechanisms of meiotic defects in
aged oocytes, offer potential biomarkers for clinical oocyte quality assessment and ovarian aging
diagnosis, and propose new targets to improve oocyte quality in the clinic.

Materials And Methods

Ethics statement
All of the animal protocols used in the study were approved by the Experimental Animal and Welfare
Ethics Committee of Nanjing Drum Tower Hospital. Human GCs were obtained from donors with approval
from the Ethics Committee of Nanjing Drum Tower Hospital. All the donors gave written informed
consent.

Experimental models and biological samples
Six-week-old C57BL/6 mice were purchased from Nanjing Medical University (Nanjing, China). C57BL/6
mice at 3, 4, 5, 6, 7, 8, 9, and 10 months of age were purchased from SPF (Beijing, China) Biotechnology
Co., Ltd. (Beijing, China). The mice were raised in the Animal Laboratory Center of Nanjing Drum Tower
Hospital under speci�c pathogen-free (SPF) conditions with a 12 h light-dark cycle and free access to
food and water. C57BL/6 female mice at the age of 9 months were randomly divided into the control
group and treatment group. The mice in the treatment group were given 4 mg/kg GGOH (50 mM, diluted
with normal saline) or the equivalent volume of normal saline every day at 18:00 for 30 consecutive days.

Human GCs (hGCs) were isolated from donors younger than 29 years (range, 21–28 years) or older than
37 years (range, 38–45 years) who were undergoing in vitro fertilization (IVF) and embryo transfer
procedures due to sperm quality issues or tubal obstruction. The hGCs were washed with 500 µL of
phosphate-buffered saline (PBS) (Gibco) and centrifuged at 3,000 rpm for 5 min. Then, 50 µL of
hyaluronidase (Sigma) was added to digest the hGCs at 37°C for 5 min. The cell suspensions were
washed with 100 µL of PBS, and then 20 µL of PBS was added to resuspend the cell pellets.

Oocyte and GC collection
Ovaries were separated and transferred to M2 medium (Sigma). For oocytes and GCs at the growing
stage (GOs and GCs), follicles with a diameter of 200–250 µm were isolated using an insulin syringe
under a stereoscope. FGOs and FGCs were obtained 48 h after pregnant mare serum gonadotropin
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(PMSG) priming. For oocytes and GCs at the MI stage (MIOs and MIGCs), C57BL/6 female mice were
intraperitoneally injected with 10 units of PMSG; 48 h later, they were injected with 10 units of human
chorionic gonadotropin (hCG). Nine hours after hCG injection, the mice were sacri�ced by cervical
dislocation, and the ovaries were separated. The preovulatory follicles were punctured using a 1 mL
disposable syringe under a stereoscope, and COCs were transferred into new hyaluronidase droplets by
mouth pipetting for 5 min of digestion. For oocytes and GCs at the MII stage (MIIOs and MIIGCs), COCs
were isolated from the oviduct 13 h after hCG injection, and cumulus masses were separated in
hyaluronidase medium. Oocytes and GCs from young (6 weeks old) and aged (10 months old) mice at
these four stages were collected and processed for SMART-seq.

Body weight and ovarian index
The mice in each group were weighed and then euthanized. The main organs were exposed by a U-
shaped incision in the hypogastrium. The ovaries, which were connected with the bicornuate uterus via
the fallopian tubes, were isolated, and the adipose tissue around the ovaries was removed under a
stereoscope (Leica). After representative photos were taken, the ovaries were placed on dry sterile gauze
and weighed on an electronic analytical balance when no liquid remained. The ovarian index was
calculated as the ovarian wet weight (mg)/body weight (g) × 100%.

Histological analysis
Ovaries were �xed with 4% paraformaldehyde overnight, dehydrated in an ethanol gradient (70%, 80%,
90%, 95%, 100%), cleared with xylene, and embedded in para�n. The ovarian tissues were serially
sectioned at 5 µm, sequentially depara�nized in xylene, rehydrated in a descending series of graded
ethanol solutions, and stained with hematoxylin-eosin (HE).

Follicle counting
Histological slices of ovaries were observed under a microscope at a magni�cation of 200×. Primordial,
primary, secondary, and antral follicles were classi�ed according to the corresponding histological
morphology. The follicles at each stage were counted in every �ve slices in a double-blind manner by two
researchers using an unbiased stereological method, and only follicles containing a clearly visible
nucleus were counted. Five times the count value was taken as the result.

Ovarian tissue immuno�uorescence
After depara�nization and rehydration, ovarian slides were processed in 10 mM sodium citrate buffer
(pH 6.0) for heat-induced antigen retrieval. After permeabilization with 0.5% Triton X-100 for 10 min, the
slides were blocked with 3% BSA/PBS and incubated with prediluted primary antibodies at 4°C overnight.
The next day, the slides were washed with PBST and incubated with an Alexa Fluor 594-conjugated goat
anti-mouse IgG secondary antibody (Life Technology) at room temperature (RT) in the dark for 45 min.
The nuclei were stained using DAPI (Servicebio). Digital images were captured with a DM3000 LED
microscope (Leica). Antibodies used are listed in Supplemental Table 3.

Oocyte IVM in M16 medium
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FGOs from ovaries in different aged mice were obtained as described in the Oocyte and GC Collection
section. Then, the FGOs were transferred into M16 medium (Sigma) covered with liquid para�n oil in an
incubator at 37°C under 5% CO2. The GVBD rate was calculated after 4 h, and the PBE rate of oocytes
with intact and clear polar body was recorded after 13 h.

COC and DO IVM in M199 medium
C57BL/6 female mice were intraperitoneally injected with 10 IU of PMSG and sacri�ced after 48 h. To
release COCs and DOs, antral follicles were stabbed from the ovaries with a 1 mL syringe. The COCs and
DOs were later transferred into M199 (Gibco) maturation medium covered with liquid para�n oil in an
incubator at 37°C under 5% CO2. The GVBD rate was calculated after 4 h and the PBE rate of oocytes with
intact and clear polar body was recorded after 18 h (44). M199 maturation medium contains 0.23mM
sodium pyruvate (Gibco); 2mM glutamine (Gibco); 3mg/ml BSA (BioFroxx) and 1% penicillin-
streptomycin (Gibco).

Oocyte immuno�uorescence
After �xation in 4% paraformaldehyde for 30 min, oocytes were permeabilized in 0.5% Triton X-100 for 20
min. The oocytes were washed 3 times with 1% BSA for 5 min each time and blocked in 1% BSA for 1 h.
After incubation with 200 µL of primary antibody diluted with 1% BSA at 4°C overnight, the oocytes were
washed three times with PBST for 5 min each time. The oocytes were then treated with a secondary
antibody for 1 h at RT and washed three times with PBST for 5 min each time. After incubation with
Hoechst 33342 (blue) or propidium iodide (red) for 10 min at RT, the oocytes were washed 3 times. A
DM3000 LED microscope (Leica) was used to observe the oocytes after they were mounted on glass
slides. Antibodies used are listed in Supplemental Table 3.

Chromosome spread
MII oocytes were exposed to Tyrode’s buffer for 3 min to remove the zona pellucida. Oocytes were
washed in PBS medium for 5 min and then �xed in 1% paraformaldehyde with 0.15% Triton X-100 on a
glass slide. Samples were incubated with primary antibody, and chromosomes were stained with Hoechst
33342 after air drying. Antibodies used are listed in Supplemental Table 3.

IVF and embryo culture
Twelve-week-old C57BL/6 mice were sacri�ced to obtain sperm from the epididymides. The released
sperm were capacitated for 1 h (37°C, 5% CO2) in HTF medium (Merck Millipore). Ovulated oocytes were
added and allowed to be fertilized for 4 h, and zygotes were cultured in KSOM medium (Merck Millipore)
at 37°C under 5% CO2.

qRT–PCR
Different primers were mixed into an assay pool with nuclease-free water to a �nal concentration of 0.1
µM. Five microliters of RT-PreAmp master mix was prepared with 2.5 µL of 2× reaction mix, 0.5 µL of
assay pool, 0.1 µL of RT/Taq enzyme and 1.9 µL of nuclease-free water. Cells were added to the master
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mix, preserved on ice and then placed in a -80°C freezer for 2 min. PCR was performed after the mixture
was centrifuged at 3,000 rpm for 2 min. After the reaction, 200 µL of nuclease-free water was added to
each tube. The qRT–PCR system contained 5 µL of SYBR-Green Mixture, 0.5 µL of Primer-F (10 µM), 0.5
µL of Primer-R (10 µM), 2 µL of cDNA and 2 µL of ddH2O. The relative expression levels were calculated

via the 2−ΔΔCt method. Primer sequences are given in Supplemental Table 4.

Western blot analysis
Cells were lysed with cell lysis buffer at 4°C for 30 min and then centrifuged at 15,000 rpm for 10 min.
The supernatant was collected and quanti�ed via a BCA assay kit. Equal amounts of protein were
subjected to standard Western blotting. The proteins were separated by SDS–PAGE and transferred to
polyvinylidene di�uoride (PVDF) membranes (Millipore). The PVDF membranes were incubated with
primary antibodies at 4°C overnight and with a secondary antibody at RT for 1 h. The blots were
examined with an enhanced chemiluminescence kit (Amersham Biosciences-Piscataway). Antibodies
used are listed in Supplemental Table 3.

Hi-C library construction
Hi-C libraries for different cell types were prepared using a previously described in situ Hi-C protocol with
minor modi�cations. Isolated oocytes were �xed with 920 µL of 1% v/v formaldehyde in 1× HBSS at RT
for 10 min. Next, 2.5 M glycine was added to the oocytes to a �nal concentration of 0.2 M. The oocytes
were incubated at RT for 5 min and on ice for at least 15 min to quench crosslinking. The �xed oocytes
were collected by mouth pipetting and washed twice in Hanks Buffer. The puri�ed oocytes were lysed
with 100 µL of ice-cold Hi-C lysis buffer (10 mM Tris-HCl pH 8.0, 10 mM NaCl, 0.2% Igepal CA630) with
protease inhibitors. The samples were incubated on ice for 15 min and centrifuged for 5 min at 3,000 ×g
at 4°C to isolate nuclei. The nuclear pellets were washed once with 100 µL of 1× NEBuffer 3.1,
resuspended in 2 µL of 10× NEBuffer 3.1, 14 µL of ddH2O, and 4 µL of 0.5% SDS, and then incubated at
65°C for 5 min to open the chromatin. Then, 2.2 µL of 10% Triton X-100 (Sigma) was added to the
samples, and the samples were incubated at 37°C for 15 min to quench the SDS. To digest chromatin, 0.5
µL of 10× NEBuffer 3.1, 1.5 µL of ddH2O, and 1 µL (50 U) of DpnII restriction enzyme were added to the
samples to bring the total reaction volume to ~ 25 µL. Digestion was performed overnight at 37°C on a
thermomixer with interval shaking (shaking at 950 rpm for 10 sec with 5 min intervals). Following
digestion, the samples were incubated at 65°C for 20 min to inactivate the restriction enzyme and then
cooled to RT on ice. To �ll the restriction overhangs, 6 µL of �ll-in master mix (3.75 µL of 0.4 mM biotin-
14-dATP (Life Technologies), 0.15 µL of 10 mM dCTP/dGTP/dTTP, 1 µL of 5 U/µL Klenow fragment
(3’→5’ exo-), 0.6 µL of 10× NEBuffer 3.1, and 0.2 µL of Milli-Q water) was added to the reaction, and the
samples were incubated at 37°C for 1 h in a thermomixer (shaken at 950 rpm for 10 sec with 5 min
intervals). Ninety microliters of ligation master mix (49.8 µL of water, 24 µL of 5× T4 DNA ligase buffer
(Invitrogen), 10 µL of 10% Triton X-100, 1.2 µL of 10 mg/mL BSA (100×), and 5 µL of 1 U/µL T4 DNA
ligase (Invitrogen) were then added. The samples were mixed by inversion and incubated at 16°C for 4 h.
After ligation, the samples were centrifuged for 5 min at 3,000 ×g. The pellets were washed with 100 µL
of 1× NEBuffer 3 and resuspended in 50 µL of 1× NEB Buffer. To reverse crosslinking, 3 µL of 20 mg/mL
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proteinase K (NEB) and 5 µL of 10% SDS were added to the samples, and the samples were then
incubated at 65°C for 2 h. Phenol–chloroform extraction and ethanol precipitation were performed. The
puri�ed DNA was dissolved in 130 µL of 1× Tris buffer and sheared with a Covaris M220 (peak incidence
power: 50 W; duty factor: 20%; cycles per burst: 200; treatment time: 65 sec). To minimize sample loss,
size selection was not performed after shearing. End repair of DNA fragments and ligation with Illumina
TruSeq adapters were performed using the End Repair/dA-Tailing Module (NEB) and the Ligation Module
(NEB) according to the product manuals. Following adaptor ligation, the total volume of DNA samples
was brought to 300 µL with Milli-Q water. To purify biotinylated DNA fragments, 50 µL of Dynabeads
MyOne Streptavidin T1 beads (Life Technologies) was washed twice with 100 µL of 1× Tween Washing
Buffer (TWB, 5 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween 20) and then resuspended in
300 µL of 2× Binding Buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 2 M NaCl) before being added to the
DNA samples. The samples were incubated at RT for 15 min with rotation to bind the biotinylated DNA to
the streptavidin beads. The beads were washed twice with 100 µL of 1× TWB on a Thermomixer at 55°C
for 2 min with mixing and resuspended in 50 µL of Milli-Q water. The samples were ampli�ed with
Phusion High-Fidelity DNA Polymerase (Thermo Fisher) for 14–16 cycles. For size selection, 0.6 volumes
of AMPure XP beads (Beckman Coulter) prewarmed to RT were added to the PCR products, and the
samples were incubated at RT for 5 min. The samples were then separated on a magnet. The clear
solution was mixed with another 0.2 volume of AMPure XP beads by pipetting and incubated at RT for 5
min. The samples were again separated on a magnet, and the clear solution was discarded. The beads
were washed once with 700 µL of freshly made 70% ethanol without mixing. After removing the ethanol,
the tubes containing the beads were left on the magnet for 5 min with their lids open to allow the
remaining ethanol to evaporate completely. DNA was eluted from the beads with 25–50 µL of 1× Tris
buffer. All Hi-C libraries were sequenced on an Illumina NovaSeq 6000 platform in PE150 mode.
Commercial assays used are listed in Supplemental Table 5.

Mapping, binning and heatmap generation
The Hi-C reads were mapped to the mm10 genome and �ltered using the hiclib pipeline
(https://bitbucket.org/mirnylab/hiclib) as reported previously (45). The mapping statistics are
summarized in Table S1. The mapped Hi-C fragments of replicates were combined and converted into
cool format using the cooler package (https://github.com/mirnylab/cooler) (46). The cool �les were
balanced and binned to multiple resolutions (10 kb, 50 kb, 500 kb and 1 Mb) for subsequent downstream
processing. The cis and trans expected contact probability at different genomic separations was
calculated using the cooltools package (https://github.com/mirnylab/cooltools). The observed heatmaps
and observed/expected heatmaps at 10 kb, 50 kb, and 1 Mb resolutions in the �gures were generated
using scripts derived from the cooltools package.

Evaluation of reproducibility of Hi-C replicates
Pearson correlation coe�cients between Hi-C replicates for each stage or between datasets of different
stages were calculated using cool �les binned at 500 kb and the HiCRep package (47). The optimal
smoothing parameter was set as 1, which was determined by the function htrain, and the lower and upper
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bounds of the genomic distance between interaction loci were set to 0 and 5,000,000 as recommended.
Reproducibility scores for the whole genome of each sample were generated as the mean value of all
chromosomes. Pearson correlation coe�cients were also calculated for pairwise combinations of the
insulation pro�les at 10 kb resolution for the Hi-C datasets.

P(s) curves and Loop size derivation
Contact probability (P[s]) curves were computed from the cool �les binned at 10 kb resolution. The linear
genomic separations were divided into logarithmic bins with a factor of 1.12. The P(s) values were
calculated by averaging the chromatin interaction frequencies within each log-spaced bin for the
combined autosomes as well as individual autosomes and the X chromosome. The P(s) values were
plotted in log space versus the genomic distances using custom R scripts to generate P(s) curves.

TAD analysis
Insulation analysis and TAD calling were performed on cooler matrices of combined Hi-C replicates
binned at 10 kb resolution using the diamond-insulation utility from cooltools. Insulation indices were
calculated by averaging the signals within a 500 kb insulation square. To assess the reproducibility of the
Hi-C datasets, Pearson correlation coe�cients were calculated for pairwise combinations of the
insulation pro�les. TAD boundaries were identi�ed using the default parameter. A noise threshold of 0.1
was further used to select the most prominent TAD boundaries. Insulation pro�les were plotted using
custom scripts in R.

Compaction index
To quantify the compaction scores for each 500 kb genomic interval, we calculated the mean signal
within 21 bins × 21 bins square centered at each diagonal bin on every single autosome. These values
were then normalized using the mean interaction frequency per 500 kb bin for each corresponding
autosome, which was de�ned as the compaction index. Comparison of the compaction index for young
and aged oocytes at different stages was performed using custom scripts in R.

RNA-Seq library construction and sequencing
A Discover-sc™ WTA Kit V2 (Vazyme) was used to obtain cDNA from single oocytes and GCs. A
TruePrep™ DNA Library Prep Kit V2 for Illumina (Vazyme) was used to construct the libraries. An Illumina
HiSeq X platform (Shanghai) was used to perform library sequencing. High-quality reads were aligned to
the Mus musculus UCSC mm9 reference genome, and the FPKM value of each gene was calculated.
Commercial assays used are listed in Supplemental Table 5.

PCA
The psych package in R was used to analyze the RNA-seq data (oocytes and GCs) to observe the whole
clustering pro�le (48). Highly variable genes (coe�cient of variation > 1) were used for PCA. The PCA plot
was mapped using the ggplot2 package in R Studio.
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DEG identi�cation and gene ontology analysis
DEGs were identi�ed using a DESeq2 package (53). The Database for Annotation, Visualization, and
Integrated Discovery (DAVID) was used to perform Gene Ontology analysis of the DEGs (49).

Identi�cation of meiosis- and metabolism-associated
genes
Biological processes involved in meiosis and metabolism in the Gene Ontology database
(http://geneontology.org/) were selected, and the genes associated with these items were obtained
separately. Using this method, we obtained 406 meiosis-associated genes and 2,986 metabolism-
associated genes for further analysis.

Differential temporal expression analysis
The temporal changes in the expression patterns of MVA pathway-associated genes were investigated
with the TCseq package (50).

Cell–cell communication analysis
To identify interactions between oocytes and their surrounding GCs, we used CellPhoneDB 2
(www.cellphonedb.org/) to identify biologically relevant ligand–receptor interacting pairs from RNA-seq
data, as described in a previous study (51). CellPhoneDB 2 identi�ed interaction pairs in the MI stage in
which the ligand belonged to the EGF family.

Statistical analysis
All analyses were performed using GraphPad Prism 8.0, and all experiments were repeated at least three
times. Statistical comparisons were performed using Student’s t test or two-way ANOVA. (*P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001, NS, not signi�cant). The data in bar plots are presented as the mean ± 
SEM. Software and algorithms used are listed in Supplemental Table 6.

Schematics
Schematic cartoons in Fig. 5A were created with BioRender.com.

References
1. J. S. Richards, The Ovarian Cycle. Vitamins and hormones. 107, 1-25(2018).

2. E. Bosch, M. De Vos, P. Humaidan, The Future of Cryopreservation in Assisted Reproductive
Technologies.

Front Endocrinol (Lausanne). 11, 67(2020).

https://bitbucket.org/mirnylab/hiclib


Page 19/26

3. Y. Zeng, T. Hesketh, The effects of China's universal two-child policy. Lancet (London, England). 388,
1930-1938(2016).

4. Q. Li, X. Geng, W. Zheng, J. Tang, B. Xu, Q. Shi, Current understanding of ovarian aging. Science China.
Life sciences. 55, 659-669(2012).

5. T. Laisk, O. Tšuiko, T. Jatsenko, P. Hõrak, M. Otala, M. Lahdenperä, V. Lummaa, T. Tuuri, A. Salumets, J.
S. Tapanainen, Demographic and evolutionary trends in ovarian function and aging. Human reproduction
update. 25, 34-50(2019).

6. R. Beverley, M. L. Snook, M. A. Brieño-Enríquez, Meiotic Cohesin and Variants Associated With Human
Reproductive Aging and Disease. Frontiers in cell and developmental biology. 9, 710033(2021).

7. S. Katari, M. Aarabi, A. Kintigh, S. Mann, S. A. Yatsenko, J. S. San�lippo, A. J. Zeleznik, A. Rajkovic,
Chromosomal instability in women with primary ovarian insu�ciency. Human reproduction (Oxford,
England). 33, 531-538(2018).

8. Z. Holubcová, M. Blayney, K. Elder, M. Schuh, Human oocytes. Error-prone chromosome-mediated
spindle assembly favors chromosome segregation defects in human oocytes. Science (New York, N.Y.).
348, 1143-1147(2015).

9. J. R. Gruhn, A. P. Zielinska, V. Shukla, R. Blanshard, A. Capalbo, D. Cimadomo, D. Nikiforov, A. C. Chan,
L. J. Newnham, I. Vogel, C. Scarica, M. Krapchev, D. Taylor, S. G. Kristensen, J. Cheng, E. Ernst, A. B. Bjørn,
L. B. Colmorn, M. Blayney, K. Elder, J. Liss, G. Hartshorne, M. L. Grøndahl, L. Rienzi, F. Ubaldi, R. McCoy, K.
Lukaszuk, C. Y. Andersen, M. Schuh, E. R. Hoffmann, Chromosome errors in human eggs shape natural
fertility over reproductive life span. Science (New York, N.Y.). 365, 1466-1469(2019).

10. Y. Zhang, Z. Yan, Q. Qin, V. Nisenblat, H. M. Chang, Y. Yu, T. Wang, C. Lu, M. Yang, S. Yang, Y. Yao, X.
Zhu, X. Xia, Y. Dang, Y. Ren, P. Yuan, R. Li, P. Liu, H. Guo, J. Han, H. He, K. Zhang, Y. Wang, Y. Wu, M. Li, J.
Qiao, J. Yan, L. Yan, Transcriptome Landscape of Human Folliculogenesis Reveals Oocyte and Granulosa
Cell Interactions. Molecular cell. 72, 1021-1034.e1024(2018).

11. Y. Q. Su, K. Sugiura, J. J. Eppig, Mouse oocyte control of granulosa cell development and function:
paracrine regulation of cumulus cell metabolism. Seminars in reproductive medicine. 27, 32-42(2009).

12. D. Richani, R. B. Gilchrist, The epidermal growth factor network: role in oocyte growth, maturation and
developmental competence. Human reproduction update. 24, 1-14(2018).

13. L. Gu, H. Liu, X. Gu, C. Boots, K. H. Moley, Q. Wang, Metabolic control of oocyte development: linking
maternal nutrition and reproductive outcomes. Cellular and molecular life sciences : CMLS. 72, 251-
271(2015).

14. F. E. Duncan, S. Jasti, A. Paulson, J. M. Kelsh, B. Fegley, J. L. Gerton, Age-associated dysregulation of
protein metabolism in the mammalian oocyte. Aging cell. 16, 1381-1393(2017).



Page 20/26

15. S. Wang, Y. Zheng, J. Li, Y. Yu, W. Zhang, M. Song, Z. Liu, Z. Min, H. Hu, Y. Jing, X. He, L. Sun, L. Ma, C.
R. Esteban, P. Chan, J. Qiao, Q. Zhou, J. C. Izpisua Belmonte, J. Qu, F. Tang, G. H. Liu, Single-Cell
Transcriptomic Atlas of Primate Ovarian Aging. Cell. 180, 585-600.e519(2020).

16. S. Llonch, M. Barragán, P. Nieto, A. Mallol, M. Elosua-Bayes, P. Lorden, S. Ruiz, F. Zambelli, H. Heyn, R.
Vassena, B. Payer, Single human oocyte transcriptome analysis reveals distinct maturation stage-
dependent pathways impacted by age. Aging cell. 20, e13360(2021).

17. X. X. Dai, H. Xiong, M. Zhang, S. Sun, B. Xiong, Zfp207 is a Bub3 binding protein regulating meiotic
chromosome alignment in mouse oocytes. Oncotarget. 7, 30155-30165(2016).

18. I. Nabti, R. Grimes, H. Sarna, P. Marangos, J. Carroll, Maternal age-dependent APC/C-mediated
decrease in securin causes premature sister chromatid separation in meiosis II. Nature communications.
8, 15346(2017).

19. D. A. Dumesic, D. R. Meldrum, M. G. Katz-Jaffe, R. L. Krisher, W. B. Schoolcraft, Oocyte environment:
follicular �uid and cumulus cells are critical for oocyte health. Fertil Steril. 103, 303-316(2015).

20. V. Veikkolainen, N. Ali, M. Doroszko, A. Kiviniemi, I. Miinalainen, C. Ohlsson, M. Poutanen, N. Rahman,
K. Elenius, S. J. Vainio, F. Naillat, Erbb4 regulates the oocyte microenvironment during folliculogenesis.
Human molecular genetics. 29, 2813-2830(2020).

21. E. Fragouli, M. D. Lalioti, D. Wells, The transcriptome of follicular cells: biological insights and clinical
implications for the treatment of infertility. Human reproduction update. 20, 1-11(2014).

22. M. Zhang, Y. Q. Su, K. Sugiura, G. Xia, J. J. Eppig, Granulosa cell ligand NPPC and its receptor NPR2
maintain meiotic arrest in mouse oocytes. Science (New York, N.Y.). 330, 366-369(2010).

23. L. C. Shuhaibar, J. R. Egbert, A. B. Edmund, T. F. Uliasz, D. M. Dickey, S. P. Yee, L. R. Potter, L. A. Jaffe,
Dephosphorylation of juxtamembrane serines and threonines of the NPR2 guanylyl cyclase is required for
rapid resumption of oocyte meiosis in response to luteinizing hormone. Dev Biol. 409, 194-201(2016).

24. H. Wang, H. Cai, X. Wang, M. Zhang, B. Liu, Z. Chen, T. Yang, J. Fang, Y. Zhang, W. Liu, J. Han, Q. Guo,
H. Zhang, H. Wang, G. Xia, C. Wang, HDAC3 maintains oocyte meiosis arrest by repressing amphiregulin
expression before the LH surge. Nature communications. 10, 5719(2019).

25. L. Abbassi, S. El-Hayek, K. F. Carvalho, W. Wang, Q. Yang, S. Granados-Aparici, R. Mondadori, V.
Bordignon, H. J. Clarke, Epidermal growth factor receptor signaling uncouples germ cells from the
somatic follicular compartment at ovulation. Nature communications. 12, 1438(2021).

26. W. T. Hung, X. Hong, L. K. Christenson, L. K. McGinnis, Extracellular Vesicles from Bovine Follicular
Fluid Support Cumulus Expansion. Biology of reproduction. 93, 117(2015).



Page 21/26

27. Y. J. Jang, J. I. Park, W. J. Moon, P. T. Dam, M. K. Cho, S. Y. Chun, Cumulus cell-expressed type I
interferons induce cumulus expansion in mice. Biology of reproduction. 92, 20(2015).

28. N. Hubbard, R. D. Prasasya, K. E. Mayo, Activation of Notch Signaling by Oocytes and Jag1 in Mouse
Ovarian Granulosa Cells. Endocrinology. 160, 2863-2876(2019).

29. R. Li, D. F. Albertini, The road to maturation: somatic cell interaction and self-organization of the
mammalian oocyte. Nature reviews. Molecular cell biology. 14, 141-152(2013).

30. B. Mogessie, K. Sche�er, M. Schuh, Assembly and Positioning of the Oocyte Meiotic Spindle. Annual
review of cell and developmental biology. 34, 381-403(2018).

31. A. P. Zielinska, E. Bellou, N. Sharma, A. S. Frombach, K. B. Seres, J. R. Gruhn, M. Blayney, H. Eckel, R.
Moltrecht, K. Elder, E. R. Hoffmann, M. Schuh, Meiotic Kinetochores Fragment into Multiple Lobes upon
Cohesin Loss in Aging Eggs. Current biology : CB. 29, 3749-3765.e3747(2019).

32. L. Sanchez-Lazo, D. Brisard, S. Elis, V. Maillard, R. Uzbekov, V. Labas, A. Desmarchais, P. Papillier, P.
Monget, S. Uzbekova, Fatty acid synthesis and oxidation in cumulus cells support oocyte maturation in
bovine. Molecular endocrinology (Baltimore, Md.). 28, 1502-1521(2014).

33. M. Paczkowski, E. Silva, W. B. Schoolcraft, R. L. Krisher, Comparative importance of fatty acid beta-
oxidation to nuclear maturation, gene expression, and glucose metabolism in mouse, bovine, and porcine
cumulus oocyte complexes. Biology of reproduction. 88, 111(2013).

34. L. Li, S. Zhu, W. Shu, Y. Guo, Y. Guan, J. Zeng, H. Wang, L. Han, J. Zhang, X. Liu, C. Li, X. Hou, M. Gao,
J. Ge, C. Ren, H. Zhang, T. Schedl, X. Guo, M. Chen, Q. Wang, Characterization of Metabolic Patterns in
Mouse Oocytes during Meiotic Maturation. Molecular cell. 80, 525-540.e529(2020).

35. X. Yang, L. L. Wu, L. R. Chura, X. Liang, M. Lane, R. J. Norman, R. L. Robker, Exposure to lipid-rich
follicular �uid is associated with endoplasmic reticulum stress and impaired oocyte maturation in
cumulus-oocyte complexes. Fertil Steril. 97, 1438-1443(2012).

36. S. Takeo, K. Kimura, K. Shirasuna, T. Kuwayama, H. Iwata, Age-associated deterioration in follicular
�uid induces a decline in bovine oocyte quality. Reprod Fertil Dev. 29, 759-767(2017).

37. Y. Yun, Z. Wei, N. Hunter, Maternal obesity enhances oocyte chromosome abnormalities associated
with aging. Chromosoma. 128, 413-421(2019).

38. S. Nagata, K. Tatematsu, K. Kansaku, Y. Inoue, M. Kobayashi, K. Shirasuna, H. Iwata, Effect of aging
on mitochondria and metabolism of bovine granulosa cells. The Journal of reproduction and
development. 66, 547-554(2020).

39. W. F. Marei, D. C. Wathes, A. A. Fouladi-Nashta, The effect of linolenic Acid on bovine oocyte
maturation and development. Biology of reproduction. 81, 1064-1072(2009).



Page 22/26

40. P. J. Mullen, R. Yu, J. Longo, M. C. Archer, L. Z. Penn, The interplay between cell signalling and the
mevalonate pathway in cancer. Nature reviews. Cancer. 16, 718-731(2016).

41. K. C. Liu, W. Ge, Evidence for gating roles of protein kinase A and protein kinase C in estradiol-induced
luteinizing hormone receptor (lhcgr) expression in zebra�sh ovarian follicle cells. PloS one. 8,
e62524(2013).

42. Y. Miao, Z. Cui, Q. Gao, R. Rui, B. Xiong, Nicotinamide Mononucleotide Supplementation Reverses the
Declining Quality of Maternally Aged Oocytes. Cell reports. 32, 107987(2020).

43. E. Labarta, M. J. de Los Santos, M. J. Escribá, A. Pellicer, S. Herraiz, Mitochondria as a tool for oocyte
rejuvenation. Fertil Steril. 111, 219-226(2019).

44. J. Li, G. Miao, G. Xia, FSH modulates PKAI and GPR3 activities in mouse oocyte of COC in a gap
junctional communication (GJC)-dependent manner to initiate meiotic resumption. PloS one. 7(9),
e37835(2012).

45. E. Crane, Q. Bian, R. P. McCord, B. R. Lajoie, B. S. Wheeler, E. J. Ralston, S. Uzawa, J. Dekker, B. J.
Meyer, Condensin-driven remodelling of X chromosome topology during dosage compensation. Nature.
523, 240-244(2015).

46. N. Abdennur, L. A. Mirny, Cooler: scalable storage for Hi-C data and other genomically labeled arrays.
Bioinformatics (Oxford, England). 36, 311-316(2020).

47. T. Yang, F. Zhang, G. G. Yardımcı, F. Song, R. C. Hardison, W. S. Noble, F. Yue, Q. Li, HiCRep: assessing
the reproducibility of Hi-C data using a stratum-adjusted correlation coe�cient. Genome research. 27,
1939-1949(2017).

48. E. Z. Macosko, A. Basu, R. Satija, J. Nemesh, K. Shekhar, M. Goldman, I. Tirosh, A. R. Bialas, N.
Kamitaki, E. M. Martersteck, J. J. Trombetta, D. A. Weitz, J. R. Sanes, A. K. Shalek, A. Regev, S. A.
McCarroll, Highly Parallel Genome-wide Expression Pro�ling of Individual Cells Using Nanoliter Droplets.
Cell. 161, 1202-1214(2015).

49. W. Huang da, B. T. Sherman, R. A. Lempicki, Systematic and integrative analysis of large gene lists
using DAVID bioinformatics resources. Nature protocols. 4, 44-57(2009).

50. M. Wu, and Gu, L, TCseq: Time course sequencing data analysis. R package version 1.12.0.
https://www.bioconductor.org/packages/release/ bioc/html/TCseq.html. (2020).

51. M. Efremova, M. Vento-Tormo, S. A. Teichmann, R. Vento-Tormo, CellPhoneDB: inferring cell-cell
communication from combined expression of multi-subunit ligand-receptor complexes. Nature protocols.
15, 1484-1506(2020).



Page 23/26

52. M. Kanehisa, Y. Sato, KEGG Mapper for inferring cellular functions from protein sequences. Protein
science : a publication of the Protein Society. 29, 28-35(2020).

53. M. I. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome biology. 15, 550(2014).

54. C. Trapnell, L. Pachter, S. L. Salzberg, TopHat: discovering splice junctions with RNA-Seq.
Bioinformatics (Oxford, England). 25, 1105-1111(2009).

55. B. Langmead, S. L. Salzberg, Fast gapped-read alignment with Bowtie 2. Nature methods. 9, 357-
359(2012).

Declarations
Funding: This work was supported by grants from the National Key Research and Development Program
of China (2018YFC1004701), National Natural Science Foundation of China (81871128, 81571391), and
Jiangsu Provincial Medical Youth Talent (QNRC2016006) to Lijun Ding; grants from the Jiangsu Province
Social Development Project (BE2018602) to Haixiang Sun; grants from the National Key Research and
Development Program of China (2018YFC1004703) and National Natural Science Foundation of China
(31801056, 31970585) to Qian Bian; and grants from the National Key Research and Development
Program of China (2018YFC1004703) and National Natural Science Foundation of China (31530046) to
Chaojun Li. Author contributions: L.J.D., H.X.S., Q.B. and C.M.L. conceived this project. L.J.D. and C.M.L.
isolated oocytes and GCs and performed RNA-seq library construction and bioinformatics analysis of the
database. Q.B., W.Z. and C.M.L. isolated the oocytes and performed the Hi-C experiments and analysis.
C.M.L., C.J.C., H.Q.W., W.W.L., S.S.W., J.S.F., Y.Z., J.D.Z., X.Z., T.X.F. and L.J.D. performed the oocyte- and
COC-related experiments. S.M.S. and Z.B.W. performed chromosome spread. L.J.D., Q.B., H.X.S., C.M.L.,
W.Z., G.J.Y., Y.L.H., S.Y.L., X.Y.T., Y.F.L. and C.J.L. wrote and revised the manuscript. Competing
interests: The authors declare no competing interests. Data and materials availability: All raw Hi-C
sequencing data and processed �les for young and aged oocytes used in this study have been deposited
in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) under
accession number GSE175830. The mouse oocyte and GC RNA-seq data can be found under accession
numbers GSE175835 and GSE175834. Human GC RNA-seq data can be found under accession number
GSE175832.

Figures

Figure 1

Oocytes from aged ovaries show chromatin structure abnormalities at MI. (A) Experimental work�ow for
isolating young and aged oocytes of different stages. GO, growing oocyte; FGO, full-grown oocyte; MIO, MI
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oocyte; MIIO, MII oocyte. (B) Chr1 heatmaps binned at 1 Mb resolution show the chromosome
conformation change from the GO to the MIIO stage and the dramatic change at the MIO stage. The plots
of eigenvector 1 values on top of the heatmaps indicate the positions of the A (red) and B (blue)
compartments. The dashed diagonals are added manually to emphasize the compaction differences at
MIO stages. (C) P(s) curves indicating the relationships between chromatin contact probability and
genomic distances for chromatin interactions on autosomes of young and aged oocytes at different
meiotic stages. The dotted line corresponding to P(s) ~ s−0.6 is shown as a reference. (D) Plots
quantifying the compaction index of young and aged FGOs and MIOs. Centromere proximal regions
presented elevated compaction scores in FGO and MIO, while aged MIO showed decreased compaction
on centromere proximal regions compared with young MIO.

Figure 2

Meiosis-associated gene expression decreases in aged oocytes at MI. (A) Schematic illustration showing
the preparation of oocytes for RNA-seq and qRT–PCR. (B) Gene Ontology analysis of downregulated
DEGs in the four oocyte subtypes. The blue font denotes biological processes associated with meiosis.
(C) Violin plots showing the mean expression levels of meiosis-associated genes in the four oocyte
subtypes from young and aged mice. (D) Heatmap showing the expression levels of meiosis-associated
DEGs at MI. (E) mRNA levels of ZFP207, PTTG1, HAUS2, MSH5, and RBM38 in MIOs from young (n=15)
and aged (n=15) mice. The data are shown as the mean ± SEM, *P < 0.05, ***P < 0.001, ****P < 0.0001,
Student’s t test.

Figure 3

MVA pathway is abnormally downregulated in aged GCs at MI. (A) Schematic illustration showing the
preparation of mouse and human GCs for RNA-seq and qRT–PCR. GC, GC surrounding GO; FGC, GC
surrounding FGO; MIGC, GC surrounding MIO; MIIGC, GC surrounding MIIO. (B) Heatmap showing stage-
speci�c highly expressed genes in GCs (GC, FGC, MIGC, and MIIGC). (C) Gene Ontology analysis of stage-
speci�c highly expressed genes in the four GC subtypes. The red font denotes biological processes
associated with lipid metabolism. (D) Mean temporal expression patterns (Z-scaled) of genes in the MVA
pathway in young GCs. (E) Gene Ontology analysis of downregulated DEGs in the four aged GC subtypes.
The blue font denotes biological processes associated with lipid metabolism and the cell cycle. (F)
Heatmap showing the expression levels of MVA pathway-associated genes in young and aged
MIGCs/MIIGCs. (G) Overview of the MVA pathway and relative expression of genes associated with the
MVA pathway in aged MIGCs compared to young MIGCs on the basis of the RNA-seq results. 6-FMVA, 6-
Fluoromevalonate; ZAA, Zaragozic Acid A. The blue font denotes downregulated genes. (H) Gene
Ontology biological processes of downregulated DEGs in human GCs. The blue font denotes biological
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processes associated with lipid metabolism and the cell cycle. Signi�cance is indicated as the -log10 P
value. (I) MVK and GGPPS mRNA levels in GCs from young (n=34) and aged (n=16) women. The data are
shown as the mean ± SEM, *P < 0.05, **P < 0.01, Student’s t test.

Figure 4

Abnormal MVA pathway in GCs causes age-associated meiotic defects in oocytes at MI. (A) Schematic
illustration of the experimental protocol used to con�rm the effects of atorvastatin supplementation on
mouse oocyte maturation. (B) Rate of PBE in the CTL (DO: n=70, COC: n=63) and ATO (DO: n=69, COC:
n=88) groups. The data are shown as the mean ± SEM of at least �ve independent experiments, NS, not
signi�cant, **P < 0.01, Student’s t test. (C) Left: Spindle and chromosome morphologies of oocytes in the
CTL and ATO groups. Scale bar, 25 µm. Right: Percentages of oocytes with meiotic defects in the CTL
and ATO groups. The data are shown as the mean ± SEM of at least three independent experiments, *P <
0.05, Student’s t test. (D) Percentages of oocytes with meiotic defects in different groups. The data are
shown as the mean ± SEM of �ve independent experiments, *P < 0.05, **P < 0.01 Student’s t test. (E) Left:
Images of PBE from oocytes in the control (CTL) and GGOH groups. CTL group: aged COCs cultured in
IVM medium. GGOH group: aged COCs cultured in IVM medium supplemented with 10 µM GGOH. Black
arrowheads denote oocytes with PBE. Right: Rate of PBE in the CTL (DO: n=76, COC: n=52) and GGOH
(DO: n=82, COC: n=63) groups. Scale bar, 100 µm. The data are shown as the mean ± SEM of at least
four independent experiments, NS, not signi�cant, *P < 0.05, Student’s t test. (F) Left: Morphology of
spindles and chromosomes in oocytes derived from COCs in the CTL and GGOH groups. Scale bar, 25
µm. Right: Meiotic defect rates of oocytes derived from COCs in the CTL and GGOH groups. The data are
shown as the mean ± SEM of four independent experiments, **P < 0.01, Student’s t test.

Figure 5

MVA pathway in GCs regulates meiosis-related genes in oocytes via EGF signaling at MI. (A) Schematic
illustration showing signal transduction in GCs during meiotic maturation. (B) Ligand–receptor pairs in
GCs and oocytes at the MI stage in young and aged mice. (C) Heatmap showing the expression levels of
meiosis-associated genes in young and aged FGCs/MIGCs/MIIGCs. (D) mRNA levels of LHR, AREG, and
EREG in young (n=12) and aged (n=12) MIGCs. The data are shown as the mean ± SEM, *P < 0.05, **P <
0.01, Student’s t test. (E) mRNA levels of LHR, AREG, and EREG in young MIGCs from the CTL (n=15) and
ATO groups (n=15). The data are shown as the mean ± SEM, *P < 0.05, Student’s t test. (F) mRNA levels
of LHR, AREG, and EREG in aged MIGCs from the CTL (n=18) and GGOH (n=18) groups. The data are
shown as the mean ± SEM, *P < 0.05, Student’s t test. (G) MVK, LHR, and AREG protein expression in
young mouse GCs treated with atorvastatin or GGOH. (H) mRNA levels of ZFP207, PTTG1, HAUS2, MSH5,
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and RBM38 in aged MIOs from the CTL (n=13) and GGOH (n=13) groups. The data are shown as the
mean ± SEM, *P < 0.05, **P < 0.01, ****P < 0.0001, Student’s t test.

Figure 6

Supplementation with the MVA activator GGOH in vivo reduces meiotic defects in aged oocytes. (A)
Schematic illustration of GGOH supplementation in vivo. (B) Micrographs of ovaries in the CTL and
GGOH groups. Scale bar, 1 mm. CTL group: aged mice treated with normal saline. GGOH group: aged
mice treated with 40 mg/kg/d GGOH. (C) Ovary index in the CTL (n=6) and GGOH (n=6) groups. The data
are shown as the mean ± SEM, *P < 0.05, Student’s t test. (D) HE-stained micrographs of normal saline-
treated and GGOH-treated mouse ovaries. Scale bar, 100 µm or 500 µm. (E) Follicle counts of normal
saline-treated (n=4) and GGOH-treated (n=4) mouse ovaries. The data are shown as the mean ± SEM, *P <
0.05, Student’s t test. (F) mRNA levels of MVK, GGPPS, LHR, AREG, and EREG in MIGCs from the normal
saline-treated (n=18) and GGOH-treated (n=18) groups. The data are shown as the mean ± SEM, *P <
0.05, **P < 0.01, ***P < 0.001, Student’s t test. (G) Left: Morphologies of spindles and chromosomes in
oocytes derived from COCs in the normal saline-treated and GGOH-treated groups. Right: The meiotic
defect rates of oocytes derived from COCs in the normal saline-treated (n=40) and GGOH-treated (n=43)
groups. Scale bar, 25 µm. The data are shown as the mean ± SEM of at least three independent
experiments, ***P < 0.001, Student’s t test. (H) Left: Micrographs of IVF outcomes from normal saline-
treated and GGOH-treated mice. The black arrowheads denote oocytes that failed to develop into
blastulas. Right: The rates of oocytes developing into blastulas in the normal saline-treated and GGOH-
treated groups. Scale bar, 100 µm. The data are shown as the mean ± SEM of three independent
experiments, *P < 0.05, Student’s t test.
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