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Abstract: Within the intricate regulatory network of the female reproductive system, growth factors secreted by oocytes
orchestrate follicular development through sophisticated paracrine signaling mechanisms. Among these factors, the transforming
growth factor-p (TGF-B) superfamily serves as a central regulatory hub, playing a pivotal role in this process. Growth
differentiation factor 9 (GDF-9), an essential member of the TGF-f superfamily, possesses multifaceted and indispensable
biological functions. It not only finely regulates cellular proliferation and differentiation but also participates extensively in the
entire course of oocyte growth and maturation, making it a crucial determinant for normal oocyte development. This review
focuses on the key gene GDF-9, aiming to provide a comprehensive and in-depth overview of its fundamental characteristics
and molecular structure, with particular emphasis on its dynamic expression patterns within ovarian tissues. Furthermore, we
explore the complex regulatory mechanisms and specific functions of GDF-9 during the critical process of in vitro oocyte
maturation (IVM), in order to offer a more systematic and insightful theoretical foundation and practical reference for research
in female reproductive health.
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. embryos for the purpose of reproduction [3].In Vitro
1. Introduction Maturation (IVM) of human oocytes has emerged in recent

According to the definition provided by the World Health years as a novel technique in the treatment of infertility,

Organization (WHO), infertility is a discase of the providit}g a uni'que therapeutic option for specific paFient
reproductive system, defined as the failure to achieve a populations. This approach generally needs to be combined
clinical pregnancy after 12 months or more of regular with in vitro fert1l1zgt10n technology to treat mfertlhty. [4].
unprotected sexual intercourse. Data from the WHO indicate IYM refer.s to the retrieval of oocytes from sma!l- to medium-
that approximately 48 million couples worldwide are affected sized f01119165 in the ovary before the mean diameter of the
by infertility, accounting for about 15% of couples of largest fqlhcle exs:eeds 13 mm. The retrieved oocytes are then
reproductive age [1]. The incidence of infertility has shown a cultured.m a speplﬁc n .Vl.tro .env¥r0nment to reach maturation,
gradually increasing trend in recent years. This phenomenon after which in vitro fertilization is performed. The success Qf
not only concerns the reproductive needs of individual IVM lgrgely depends on .the regulation of .cytoplasmlc
families but has also attracted widespread attention at the ~ Mmaturation, nuclear maturation, and the expression of genes
public health level, making infertility an important issue in ~ @associated with oocyte maturation [5]. Therefore, optimizing
the field of global reproductive health that urgently requires the culture conditions of IVM to improve oocyte maturation
further research and solutions. Common causes of infertility ~ quality and fertilization capacity has become a key focus and
include ovulatory dysfunction in women, uterine and challenge in current research in this field. ‘

fallopian tube diseases, genetic factors, or male factor The development of female follicles into mature oocytes is
infertility [2]. Current treatment strategies for infertility a cr1F1031 step 1n the reahzat‘lon of female reproductlye
include cyclic hormonal therapies or traditional Chinese func.tlon. This complex and h}ghly coordma.ted process 1s
medicine treatments, which regulate hormone levels and prec1sg1y regulated by multlpl.e fac.tors, 1pvolv1ng the
menstrual cycles, improve endometrial receptivity, and endocrmg system, .the local ovarian m1crpenv1ronment, and
thereby facilitate embryo localization, adhesion, invasion, the coordlnated. actions of numerous protein molecules [6J~ In
and eventual implantation. In addition to these approaches, recent years, increasing research evidence has provided
tubal recanalization techniques play a crucial role in cases of ~ Strong support for the existence of stem cells. These stem cells
infertility caused by fallopian tube factors. These techniques possess the capacity for self-renewal and differentiation into
remove tubal obstruction and adhesions through physical or various cell types and may play an important role in follicular
surgical methods, thereby restoring tubal patency and normal growth and deyelopment, prov1dlpg cellular sources and
function. Furthermore, Assisted Reproductive Technology repair mechanisms for the continuous development of
(ART) has become an important therapeutic option for many follicles [7]. During folhcplar growth and .de.velopm.ent,
women with infertility. ART refers to all interventions oocytes acquire th§ capacity to resume melosis, achle\{e
involving the in vitro handling of human oocytes, sperm, or complete fertilization, and support early embryonic

development [8]. This process depends on the coordinated
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action of multiple regulatory factors. In addition to the well-
known reproductive hormones such as estrogen, progesterone,
Follicle-stimulating  hormone  (FSH), Anti-Miillerian
hormone (AMH), and Luteinizing hormone (LH), as well as
their corresponding receptors [9], several protein molecules
are also involved in follicular development, oocyte
maturation, and ovulation. These include Growth
differentiation factor 9 (GDF-9), Bone morphogenetic protein
15 (BMP-15), Insulin-like growth factor 1 (IGF-1), and
Octamer-binding transcription factor 4 (Oct4) [10].

Among these factors, Growth differentiation factor 9
(GDF-9) has attracted considerable attention because of its
unique functions and critical role. Therefore, this paper
focuses on the regulatory mechanisms and roles of GDF-9 in
the in vitro maturation of oocytes. An in-depth investigation
of GDF-9 will contribute to a comprehensive understanding
of the molecular mechanisms underlying oocyte in vitro
maturation, provide experimental insights for the regulation
of ovarian function and the restoration of fertility, and offer
valuable references for inducing ovarian stem cells to develop
into mature oocytes.

2. Expression Distribution and
Biological Significance of Growth
differentiation factor 9 In Vivo

Growth differentiation factor 9 (GDF-9) is an oocyte-
derived growth factor and a member of the Transforming
growth factor-f superfamily (TGF-B) [11]. Its gene is located
on the long arm of chromosome 5, and the synthesis of GDF-
9 mRNA is highly specific to oocytes [12]. GDF-9 is
considered one of the most important genes involved in
oogenesis and is expressed throughout the stages of follicular
development and embryogenesis (Figure 1). The expression
of the GDF-9 gene increases during the formation of primary
oocytes and decreases during follicular development [13]. It
is expressed exclusively in oocytes from the primary
unilaminar follicle stage to the pre-ovulatory stage [14], and
it plays a crucial role in the development of Granulosa cells
(GCs) and ovarian folliculogenesis [15].

During the early stages of folliculogenesis, GDF-9 plays a
vital role through paracrine signaling. As an oocyte-secreted
paracrine factor, GDF-9 not only regulates cumulus
expansion but also maintains an optimal microenvironment
for oocytes. It participates in regulating the expression of
several key granulosa cell enzymes, including
cyclooxygenase-2, hyaluronan synthase-2, progesterone, and
urokinase-type plasminogen activator. Among these, the
production of progesterone and prostaglandins is particularly
important, as these substances stimulate cumulus expansion
and thereby provide the necessary conditions for effective
ovulation, fertilization, and the initiation of uterine
implantation [16].

In studies of follicular development, Bone morphogenetic
protein 15 (BMP-15) has attracted considerable attention in
recent years as a key oocyte-derived growth factor that plays
an irreplaceable role in oocyte quality, cumulus cell function,
and the ovulatory process. Existing studies have shown that
BMP-15 interacts with other factors and enhances oocyte
developmental competence through the extension of gap
junction coupling between oocytes and cumulus cells, thereby
promoting normal follicular growth and maturation [17]. In
recent years, the biological significance of the close
interaction between BMP-15 and GDF-9 has increasingly
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attracted the attention of researchers. Growing evidence
suggests that GDF-9 demonstrates stronger predictive ability
in reflecting ovarian reserve and follicular developmental
dynamics.

In different species, including mice, rats, pigs, sheep, cattle,
and deer, the mRNA expression levels of oocyte-derived
GDF-9 and BMP-15 are highly correlated, indicating tight
synergistic regulation between the genes encoding these two
growth factors. However, the ratio of GDF-9 to BMP-15
mRNA expression exhibits significant species specificity.
Oocytes from polyovulatory species typically display higher
GDF-9/BMP-15 ratios. For example, the ratios in mice and
rats are approximately 5.19 and 3.65, respectively. In contrast,
species with lower ovulation rates, such as sheep, dairy cattle,
and deer, show ratios of approximately 1.26, 0.24, and 0.10,
respectively, demonstrating markedly lower GDF-9/BMP-15
ratios [18].

In serum, GDF-9 and BMP-15 levels show a positive
correlation. Studies have indicated that, similar to BMP-15,
GDF-9 is a stronger predictor of ovarian characteristics,
including ovarian volume, antral follicle count, regular
menstrual cycles, and Anti-Miillerian hormone (AMH) levels.
Moreover, the association of GDF-9 with ovarian
characteristics appears to be stronger than that of BMP-15.
During primordial follicle activation and follicular
development, GDF-9 enhances early follicular differentiation
by downregulating the stimulatory function of a-inhibin
production [19]. Evidence suggests that GDF-9 mRNA is
expressed in primordial and early primary follicle populations,
whereas BMP-15 mRNA expression begins at the early
secondary follicle stage, with only occasional extremely low
expression detected in late primary follicles. Therefore,
during human folliculogenesis, GDF-9 expression precedes
that of BMP-15 [20]. These findings indicate that GDF-9 may
better reflect ovarian reserve than BMP-15 and may serve as
a more critical potential biomarker of ovarian function and
reserve [21].

Recent studies increasingly demonstrate that high levels of
GDF-9 gene expression play an important role in maintaining
reproductive capacity. Variations in the GDF-9 gene have
been shown to affect the litter size of Mongolian sheep.
Specific Single nucleotide polymorphisms (SNPs) in the
GDF-9 gene, such as g.46547859C>T and c.1040T>C, can be
used as markers for marker-assisted selection to increase the
average litter size of Mongolian sheep [22]. Therefore, the
significance of GDF-9 extends beyond evaluating oocyte
quality. Its expression in vivo decreases with increasing age
and has been regarded as a potential biomarker for screening
ovarian aging [23].
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Figure 1. Temporal sequence of GDF-9 expression in oocytes
during developmental stages



3. Regulation of the Expression and
Functional Activity of Growth
differentiation factor 9

Growth differentiation factor 9 (GDF-9) was initially
identified as a bone-inducing cytokine that promotes bone and
cartilage formation [24]. However, current research has
primarily focused on its roles in the development of the
female reproductive system. In addition to serving as a
biomarker, the principal function of GDF-9 is to regulate
folliculogenesis through paracrine and autocrine mechanisms
[25]. The regulation of its expression and functional activity
can be summarized as follows. GDF-9 regulates follicular
development through both paracrine and autocrine pathways.
It is mainly secreted by oocytes and acts on surrounding
granulosa cells and cumulus cells, regulating their
proliferation and differentiation and thereby maintaining
normal follicular development. GDF-9 is also capable of
regulating the resumption of meiosis in oocytes within
preovulatory follicles. After the preovulatory surge of
luteinizing hormone (LH), GDF-9 modifies cumulus cell
function and activates the mitogen-activated protein kinase
pathway, thereby contributing to meiotic resumption [26]. In
addition, GDF-9 can directly promote nuclear maturation of
oocytes [27]. Gene knockout studies have further
demonstrated that follicular development in GDF-9 knockout
mice is arrested at the primary follicle stage, indicating that
GDF-9 is an essential local factor during the early stages of
follicular development.

The expression and functional activity of GDF-9 have also
been investigated in other physiological and pathological
processes. (1) Prostate cancer: Studies have shown that GDF-
9 is expressed in various normal and prostate cancer cell lines
as well as in bone tissue. By altering its endogenous
expression in human prostate cancer cells, such as PC-3 and
DU-145, GDF-9 can promote cell growth by protecting these
cells from caspase-3-mediated apoptosis [28]. (2) Gallbladder
cancer: GDF-9 expression has also been detected in
Gallbladder cancer, with relatively high expression observed
in adenocarcinoma cases (50.9%). However, its expression is
significantly reduced in poorly differentiated
adenocarcinomas, cases with lymph node metastasis, and
invasive tumors. Notably, the average survival time of
patients with positive GDF-9 expression is significantly
longer than that of GDF-9-negative patients [29]. (3) Keloids:
The expression of GDF-9 has also attracted attention in
Keloid tissues. GDF-9 promotes the proliferation and
migration of keloid fibroblasts by regulating the activity of
Smad2/3, a mechanism that may be associated with the
invasive hyperplasia observed in keloids [30].

4. Effects of Growth Differentiation
Factor 9 on the In Vitro Maturation
of Oocytes

(1) Effects of Growth differentiation factor 9 on Cumulus
cells (CCs)

Cumulus cells (CCs) are somatic cells surrounding the
oocyte and play crucial roles in mammalian oocyte growth,
meiotic maturation, ovulation, and fertilization. They
originate from undifferentiated granulosa cells (GCs) during
the transition from primordial follicles to preantral follicles
[31]. Recent studies have shown that the developmental and
maturation processes of CCs can be influenced by regulating
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the expression of Growth differentiation factor 9 (GDF-9).
GDF-9 can exert direct effects on CCs and can also act
synergistically with other factors to regulate their function.
Treatment of cultured CCs with exogenous GDF-9 has been
shown to increase blastocyst survival rates, suggesting that
GDF-9 - treated oocytes may potentially enhance
reproductive success [32]. A modified version of GDF-9,
known as super-GDF-9, has been developed in which the
receptor-binding region contains unique residues derived
from Bone morphogenetic protein 15 (Arg301, Gly304,
His307, and Met369). This modification enables efficient
activation of the SMAD2/3 signaling pathway. The biological
potency of super-GDF-9 is approximately 1000 times greater
than that of wild-type human GDF-9. Super-GDF-9 can
effectively promote the in vitro expansion of mouse CCs and
improve oocyte quality [33]. Furthermore, during standard
oocyte in vitro maturation, super-GDF-9 enhances oocyte
developmental competence [34], significantly increasing the
blastocyst formation rate. In addition, circular RNAs
(circRNAs) can upregulate GDF-9 mRNA expression,
thereby regulating the functional state of CCs and promoting
follicular development and maturation [35]. Oocytes may also
enhance the proliferation of CCs and inhibit their apoptosis
by increasing the secretion of GDF-9, which upregulates the
expression of Bone morphogenetic protein receptor type 2
(BMPR2) and subsequently downregulates the endogenous
expression of miR-375 in surrounding CCs [36].

(2) Effects of Growth differentiation factor 9 on Granulosa
cells (GCs) in Follicular cells

Granulosa cells (GCs) are the earliest differentiated
follicular cells. From the initiation of primordial follicle
formation, their differentiation and growth are closely
associated with follicular development [37]. Within ovarian
tissue, GCs represent the largest cellular population of the
follicle. They surround the oocyte and play a pivotal role in
determining follicular development and fate. GCs not only
protect the oocyte and facilitate bidirectional communication
but also possess steroidogenic and endocrine functions [38].
GCs actively participate in all stages of follicular maturation,
from primary and secondary oocytes to fully developed
follicles. Oocyte-derived Growth differentiation factor 9
(GDF-9) contributes to the formation of the follicular antrum,
while the synthesis of GDF-9 is, in turn, regulated by GCs
[39]. In patients with poor outcomes following in vitro
fertilization and embryo transfer (IVF-ET), GDF-9
expression in both follicular fluid and GCs is significantly
reduced [40]. Similarly, in patients with diminished ovarian
reserve, GDF-9 expression in GCs is markedly decreased [41].
These findings highlight the reciprocal influence of oocyte-
secreted GDF-9 and GCs during follicle development, where
crosstalk between the two cell types is essential for their
growth and functional competence [42]. Functionally, GDF-9
in follicular development inhibits GC apoptosis and promotes
their proliferation. It enhances the responsiveness of GCs to
Follicle-stimulating hormone (FSH) and Insulin-like growth
factor 1 (IGF-I), increasing estradiol (E2) production and
supporting  glycolytic  activity in  oocytes  [43].
Downregulation of GDF-9 induces GC apoptosis, reduces
proliferation, causes follicular atresia, and inhibits follicular
growth [44]. GCs also produce Anti-M iillerian hormone
(AMH), and GDF-9 can recruit the coactivator p300 to the
AMH promoter via the PI3K/Akt- B type I and II receptors,
notably via Activin A receptor type 1B (ACVRIB, ALKS)
and Bone Morphogenetic Protein type II receptor (BMPRII),



leading to phosphorylation of Smad2/3. Activated Smad2/3
forms a complex with Smad4 and translocates into the
nucleus, where it regulates transcription of downstream target
genes. Through this canonical Smad-dependent pathway,
GDF-9 not only promotes mitotic activity in GCs but also
prevents premature luteinization, ensuring normal follicular
maturation and developmental progression [47].

(3) Effects of Growth differentiation factor 9 on the
Cumulus—oocyte complex (COCs)

The conventional and widely accepted definition of oocyte
in vitro maturation (IVM) [48] refers to the process in which
immature cumulus - oocyte complexes (COCs) collected
from antral follicles mature from the germinal vesicle (GV)
stage to metaphase I (MI), and subsequently, following the
recovery of follicles not previously exposed to preovulatory
triggers, reach metaphase II (MII) [49]. During this process,
cumulus cells remain closely associated with the oocyte,
forming the COCs. Numerous signaling interactions within
COC:s sustain oocyte growth [50]. The extracellular matrix of
COCs plays a key role in ovulation and fertilization and
serves as a major predictor of oocyte quality [51]. Studies
have shown that treatment of COCs with progesterone,
combined with coculture with fallopian tube cells,
significantly improves both COC development and
subsequent embryonic development. Progesterone-treated
COCs exhibit upregulated expression of EGFR-related genes,
and GDF-9 expression in oocytes is also increased [52].
Earlier research reported that GDF-9 promotes COC
development and survival [53]. Furthermore, treatment with
L-cysteine during oocyte [IVM significantly increases both the
number of COCs and the degree of expansion of individual
COCs. L-cysteine exerts these effects by activating the oocyte
maturation - related gene GDF-9, thereby effectively
enhancing both cytoplasmic and nuclear maturation of in vitro
oocytes [54]. Recent studies have demonstrated that GDF-9
binds to Bone morphogenetic protein type II receptor/ALKS,
triggering phosphorylation of Smad2/3 (p-Smad2/3).
Activation of this pathway subsequently upregulates the
mRNA and protein expression of estrogen receptor B (ER
B ) and G protein - coupled estrogen receptor (GPER) in goat
COCs, ultimately enhancing COC proliferation [55]. During
oocyte IVM, the cumulus - oocyte complex maintains oocyte
growth through close intercellular signaling. As a key
regulatory factor, GDF-9 promotes COC expansion and
improves oocyte maturation quality via multiple signaling
pathways.

5. The application of traditional
embroidery art in modern fashion
design

(1) To strengthen the combination of traditional hand
embroidery skills and modern industrialization

In the development of contemporary embroidery art,
traditional embroidery is made by hand, so the overall
production quality has been greatly guaranteed. However,

because of labor, the cost is higher and the efficiency is slower.

Facing the contemporary fashion design needs, mass
production cannot be carried out. Therefore, it is necessary to
meet the needs of consumers, properly carry out
industrialization treatment, and make the development of the
whole embroidery art serve the marketization, thus providing
help for the promotion of artistic influence. For relevant
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personnel, let hand embroidery and modern industry be
effectively combined. By wusing intelligent modern
manufacturing technology instead of traditional manual
methods, embroidery art can develop sustainably. New
technologies and processes can improve the quality of
embroidery production. Moreover, through the new
technology, under the requirements of high standards, it can
not only preserve the original aesthetic feeling, but also
satisfy people's love for free art. Therefore, when designing
clothing, it is necessary to consider whether the machinery
and equipment can be produced, print and dye the pattern in
the clothing, and form a hollow design, which

6. Key Factors Regulating the
Expression of Growth differentiation
factor 9

Growth differentiation factor 9 (GDF-9) is a key regulatory
factor in germ cell development, and its expression and
functional activity are finely controlled by a multilayered
regulatory network. Evidence from current studies indicates
that the regulation of GDF-9 primarily involves activation of
signaling pathways, synergistic interactions with other
oocyte-derived growth factors, and transcriptional, post-
transcriptional, and epigenetic mechanisms.

At the level of signal transduction, GDF-9 predominantly
binds to Activin A receptor type 1B (ALKS5) and Bone
morphogenetic protein type II receptor (BMPRII) to activate
the canonical Smad2/3 signaling pathway. Phosphorylated
Smad2/3 forms a complex with Smad4 and translocates into
the nucleus, where it regulates the transcription of target
genes associated with granulosa cell (GC) and cumulus cell
proliferation, differentiation, and apoptosis inhibition. This
mechanism maintains normal follicular development and
prevents premature luteinization. In specific physiological
contexts, GDF-9 can also synergistically activate
noncanonical pathways, such as PI3K/Akt, further enhancing
its regulatory effects on follicular survival and function, and
participates in the regulation of oocyte meiotic resumption
during folliculogenesis [56].

Regarding interactions with other growth factors, GDF-9
exhibits a significant synergistic effect with Bone
morphogenetic protein 15 (BMP-15), another member of the
TGF- B superfamily, during follicular development. Both
factors bind to serine/threonine kinase receptors on the GC
surface, co-activating the Smad2/3 signaling axis with highly
coordinated temporal expression and receptor utilization.
This synergy enhances the biological efficacy of the relevant
signaling pathways, collectively promoting GC and cumulus
cell proliferation, acquisition of oocyte developmental
competence, and maintenance of follicular
microenvironmental homeostasis. These observations suggest
that GDF-9 and BMP-15 have complementary, rather than
completely overlapping, functions during folliculogenesis
[57].

At the transcriptional and post-transcriptional level, GDF-
9 expression is directly regulated by oocyte-specific
transcription factors, such as NOBOX and USF1, which
precisely modulate its transcriptional activity via the GDF-9
promoter. Additionally, regulatory networks involving
circular RNAs (circRNAs) and microRNAs, RNA
methylation modifications (e.g., NSUNS5-mediated m5C), and
histone acetylation act through effects on GDF-9 mRNA
stability, translational efficiency, and chromatin accessibility,



finely tuning its expression and functional activity [58].
Beyond endogenous regulation, exogenous pharmacological
interventions can also influence GDF-9 expression and
biological effects. Studies have shown that sitagliptin and
metformin significantly upregulate GDF-9 protein levels in
follicles of patients with polycystic ovary syndrome, thereby
improving fertilization rates and embryo quality. These
findings suggest that GDF-9 may serve as a critical molecular
target for pharmacological modulation of ovarian function
and reproductive outcomes [59] (Figure 2).
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Figure 2. Major factors regulating GDF-9 expression

7. Conclusion

As an oocyte-specific growth factor, Growth differentiation
factor 9 (GDF-9) holds landmark academic significance in the
field of reproductive biology. Firstly, the synergistic
regulatory network between GDF-9 and Bone morphogenetic
protein 15 (BMP-15) has elucidated the molecular
mechanisms underlying oocyte—granulosa cell
communication, providing a critical theoretical framework
for understanding the paracrine regulation of follicular
development. Secondly, as a biomarker of oocyte quality,
studies correlating GDF-9 expression levels with embryonic
developmental potential offer a scientific basis for oocyte
selection in clinical assisted reproductive technologies, such
as in vitro fertilization and embryo transfer (IVF-ET).
Moreover, the development of engineered variants, such as
super-GDF-9, and the discovery that pharmacological agents,
including sitagliptin and metformin, can improve follicular
function by modulating GDF-9 expression, have not only
expanded the interventional approaches in reproductive
endocrinology but also opened new avenues for investigating
the interplay between metabolic disorders and reproductive

function. Collectively, these advances deepen our
understanding of mammalian reproductive regulation and
provide important theoretical support and technical

groundwork for addressing human fertility disorders and
enhancing the success rates of assisted reproductive
technologies.

Research on Growth differentiation factor 9 (GDF-9) is
currently at a critical transitional stage, shifting from basic
mechanistic exploration toward clinical translational
applications. In the future, integrated multi-omics analyses,
cross-species model validation, and clinical cohort studies are
expected to comprehensively elucidate the central role of
GDF-9 in reproductive health. These efforts will advance
assisted reproductive technologies toward more personalized
and precise approaches, ultimately contributing innovative
strategies and solutions to address challenges in human
reproductive health.
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